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Abstract  
 

Ever since their discovery, carbon nanotubes have been touted as a new material for the future 

and a correspondingly lengthy list of possible applications are often cited in the literature.   

This excitement for carbon nanotubes is a result of their richly varying physical, electronic and 

optical properties, where it is possible to have single, double and multiple carbon walls with each 

wall potentially being either semiconducting or metallic and possessing unique optical transitions 

covering the ultraviolet to infrared spectral range.  However, to date the realization of many of the 

proposed applications has been hindered by exactly the characteristic that made carbon 

nanotubes so attractive in the first place, namely the inherent inhomogeneity and varying 

properties of as-prepared or grown material.  In order to become a true advanced material of the 

future, methods to prepare carbon nanotubes with defined length, wall number, diameter, 

electronic and optical property are necessary.  Additionally, such methods to sort carbon 

nanotubes must afford high purity levels, be amenable to large-scale preparation and be 

compatible with subsequent integration into device architectures. 

 

In this work these issues are addressed with the use of gel based sorting techniques, which with 

the use of an automated gel permeation system allows for the routine preparation of milligram 

quantities of metallic and semiconducting carbon nanotubes, chirality pure single walled carbon 

nanotubes and even double walled carbon nanotubes sorted by their outer-wall electronic type.  

Having developed techniques to prepare large quantities, methodologies to control the order and 

orientation of this 1 D nanomaterial on the macro scale are developed.  Inks of carbon nanotubes 

with liquid crystal concentrations and aligned films thereof are developed and this newfound control 

over the electronic and structural property opened the door for energy related applications.  For 

example the use of thin films as the transparent electrodes in silicon:carbon nanotube solar cells or 

as the light harvesting layer in combination with fullerenes with the goal of creating an all carbon 

solar cell.  Likewise on the few nanotube level the unique optical transitions of different nanotube 

chiralities are used in the fabrication of nanoscale photosensitive elements.  
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1.1 Carbon Nanotubes 
 

1.1.1 Structure and Property 

 

Carbon nanotubes are an allotrope of carbon having the form of hollow cylinders, often compared 

to rolled-up sheets of graphene, which is itself an extended hexagonal lattice of purely sp2 bonded 

carbons. Strictly speaking, carbon nanotubes are either single-walled (SWCNTs) or multi-walled 

(MWCNTs), but the term double-walled carbon nanotubes (DWCNTs) is also often used in the 

literature in the case of two walls. A single carbon cylinder, be it a SWCNT or a component wall of 

a DWCNT or MWCNT, can be completely described, except for its length, by an intrinsic geometric 

property, Ch, known as the chiral vector.1-4 The chiral vector is defined by the equation  

Ch = na1 + ma2 where the integers (n,m) are the number of steps along the zig-zag carbon bonds 

and a1, a2 are the graphene lattice basis vectors in real space (Figure 1 (a)). The chiral vector 

makes an angle, q, known as the chiral angle, with the zig-zag or a1 direction. This angle 

determines the amount of ‘twist’ in the nanotube and two limiting cases exist where the chiral angle 

is at 0° and 30°. These are known as zig-zag (0°) and armchair (30°) based on the geometry of the 

carbon bonds around the circumference of the nanotube (Figure 1 (b) and Figure 1 (c)). All other 

conformations in which the C–C bonds lie at angles 0° < q < 30° are known as chiral (Figure 1 (d)).  

 

Because the n,m integers completely describe nanotube chirality, they also determine the 

electronic band structure. Thus, it is the chirality that has the most impact on the optical and 

electronic properties of carbon nanotubes.5 In particular, a slight change of the chiral angle yields 

nanotubes that are metallic conductors, low band gap or high band gap semiconductors. In the 

case of semiconductors, the band gap energy is inversely dependent on the nanotube diameter. 
The armchair nanotubes are the only type that are intrinsically metallic (zero band gap), although 

approximately a third of the zigzag nanotubes also exhibit metallic properties at room temperature 

because the band gap is smaller than the thermal energy, kBT, allowing thermal excitation of 

carriers into the conduction band. All chiral nanotubes and the remaining two thirds of zigzag 

nanotubes are therefore semiconducting at room temperature. This leads to the observation that 

approximately 60 % of all nanotube chiralities are semiconducting with the remaining 40 % 

metallic.6  

 

Carbon nanotubes are so small that they exhibit quasi-one dimensional properties, with the 

confinement of electrons into allowed momentum states giving rise to van Hove singularities in 

their electronic density of states (Figure 1(e) and Figure 1 (f)). In bulk semiconducting materials, 

the energy gap between the valance and conduction bands defines the absorption onset 

wavelength of the optical spectra, but in the case of carbon nanotubes the discrete electronic 
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transitions in their DOS produce a series of characteristic peaks in the optical absorption spectra at 

correlated energies (Figure 1 (g)). In the case of bulk semiconducting materials the single particle 

model (an electron absorbs a photon and thus moves from a lower energy level to a higher one) 

provides a reasonably close approximation of empirical observations. However, the 1D 

confinement of electrons in carbon nanotubes causes a significantly higher electron-hole binding 

energy (eh) and electron-electron repulsion (ee), meaning that true consideration of the optical 

absorption spectra of nanotubes must be entirely excitonic in nature (light energy is absorbed by 

the material creating excited states a.k.a bound electron-hole pairs) with the many-body effects (eh 

and ee) included for an accurate description.7 This means that the actual light energy required to 

produce a “vi – ci” transition is (Eci - Evi) + binding energy (eh) - self energy (ee), and leads to the 

experimental finding that E22/E11 tends to a value of 1.8 with decreasing tube diameter, rather than 

the value of 2 as would be expected from density functional theory (DFT) calculations alone.8 The 

excitonic nature of the optical properties is an important consideration for specialists however, in 

the interests of simplicity the single particle approximation is often sufficient to appreciate the 

concepts. There are two other important processes in nanotubes which, in addition to optical 

absorption spectroscopy, provide vital information regarding nanotube type and character. These 

are photoluminescence, in which semiconducting nanotubes are excited by an S22 photon which 

then decays emitting a detectable S11 photon and allowing chiral identification, and Raman 

spectroscopy, in which the magnitude of the shift in Raman scattered light, which is exquisitely 

sensitive to the strong vibrational phonon modes present in the lattice of carbon nanotubes, is 

plotted to yield a rich variety of structural information. Detailed treatments of these phenomena are 

readily available in the literature and the reader is referred to Pfeiffer et al.,9 Shen et al.10 and  

Kim et al.11 

 

The simplest form of a MWCNT, the DWCNT, consists of two co-axially aligned SWCNTs and as 

such they share many of the same properties of SWCNTs,12, 13 but owing to the presence of a 

second wall are more physically robust and electronically more complex.14-16 Similarly to SWCNTs, 

DWCNTs are uniquely characterized by the chiral indices of the constituent inner and outer walls 

(ni,mi)@(no,mo), where each wall can be either semiconducting (S) or metallic (M) depending on its 

chiral index (Figure 1 (h)).17 This gives rise to four possible combinations of inner@outer wall, 

namely; M@M, M@S, S@M and S@S.18 This is in contrast to MWCNTs, which display overall 

metallic behaviour due to the complex inter-wall coupling whereas in DWCNTs the inter-wall 

coupling is highly dependent on whether the lattice stacking of the two walls is commensurate or 

incommensurate.13, 19-25 A DWCNT is commensurate if the ratio between the unit cell lengths of the 

two walls is a rational number and as a result, the DWCNT has a periodic lattice structure (Figure 

1(i)). In an incommensurate DWCNT the ratio is an irrational number and the nanotube 
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Figure 1 (a) A graphene sheet showing the geometry of a nanotube where the vectors OA and OB 

define the chiral and translational vectors Ch and T, respectively, and the rectangle OAB'B defines 

the nanotube’s unit cell. O, A, B and B' are reference atoms, a1 and a2 are the graphene lattice 

basis vectors and θ is the chiral angle. (b-d) Examples of the three classes of nanotube;  

zig-zag, armchair, and chiral. (e) and (f) Schematics of the electronic density of states of 

semiconducting and metallic (zigzag) nanotubes showing the valence and conduction bands, vi 

and ci, and optically active electronic transitions, Sii and Mii. (g) Optical absorption spectrum of the 

(6,5) semiconducting nanotube showing the S11 and S22 absorption features. (h) Schematic of a 

double walled nanotube. (i) and (j) Representations of commensurate and incommensurate lattice 

stacking. 
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experiences broken symmetry (Figure 1(j)). This causes reduced inter-wall coupling because the 

inter-wall transfer at each lattice site oscillates around zero in a quasiperiodic manner, resulting in 

a net interference that is destructive.26 In general, the extra Coulomb interaction due to inter-wall 

coupling reduces the electron-hole binding energy and thus lowers the optical band gap (red 

shifting the absorption features) relative to the same (n,m) isolated tube however, there are some 

wall configurations in which inter-wall coupling interactions can increase the band gap (blue shifting 

the absorption features). 

 

The richly varying optical and electronic properties of carbon nanotubes combined with their 

chemical reactivity provide great potential for both applications-based and fundamental research.27-

39 Indeed, the concentric structure of a MWCNT or DWCNT allows for the opportunity to 

simultaneously exploit the chemical reactivity of the outer wall whilst maintaining the pristine inner 

wall. During reactions, only the outer wall is exposed to the chemical environment and can be 

decorated with a high density of chemical moieties.40-48 As a result of such shielding by outer wall, 

the inner wall does not suffer the drawbacks associated with functionalization, such as reduced 

conductivity due to degradation of the pristine sp2 hybridized framework.49, 50 However, to date the 

realisation of many of the literature proposed applications has been limited by the inability to 

synthesize pure, electronically well-defined raw material. While several synthesis methods can be 

optimized to produce high purity material each method inevitably produces a myriad of species 

including SWCNTs, MWCNTs, residual catalyst, amorphous carbon and fullerenes. This has 

spurred the development of a new research field investigating the sorting of carbon nanotubes by 

diameter, length and/or electronic character and is one of the focuses of this Habilitation.  

 

1.1.2 Suspension and Dispersion 

 

All sorting strategies share one commonality, namely the requirement for the production of 

suspensions of individualized carbon nanotubes in either water51-54 or organic solvents.55-60 This is 

achieved through either covalent,40, 61, 62 or non-covalent methods.51, 63-67 Covalent chemistry routes 

involve the introduction of functional groups to the nanotube ends and sidewalls, rendering them 

soluble.61, 68-71 Such processes are extremely good at producing well dispersed, individualized 

nanotube suspensions, and often also exhibit some selectivity towards certain diameters61, 72 or 

electronic types,73, 74  which can provide useful routes toward separation based on these 

characteristics. However, covalent functionalization is often disadvantageous as it causes 

disruption of the conjugated π system of the nanotube by introducing sp3 hybridization into the 

pristine sp2 network.49, 50 Non-covalent approaches include the use of surfactants such as sodium 

cholate (SC) or sodium dodecyl sulphate (SDS), 53, 54, 75-81 or dispersing agents such as DNA52, 82-84 

and organic polymers.55-60, 85, 86 Dispersion of the nanotubes in these stabilizing agents is achieved 
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via ultrasonication and often followed by centrifugation to remove remaining bundles and residual 

catalyst particles.67  

 

For surfactant stabilized dispersions, the surface concentration and orientation of surfactant 

molecules on the nanotube sidewalls is highly dependent upon the type of surfactant, the 

concentration in solution and the diameter and electronic type of the nanotube.75, 79, 80, 87-91 

Generally, the surfactant first forms a random layer and, as more surfactant molecules bind to the 

surface, begins to form hemimicelles. Further addition of surfactant can cause the formation of a 

highly packed cylindrical micelle.92 However, this varies for different diameters, with smaller 

nanotube diameters exhibiting less ordered surfactant structures.87 For example, SDS wrapping of 

small diameter nanotubes (< 1 nm) tends to result in a highly disordered, random configurations at 

low SDS concentrations (packing densities of ~1.0 molecules nm-2)93, 94 and more ordered, 

cylindrical wrapping at high SDS concentrations (2.8 molecules nm-2).93 The wrapping of large 

diameter nanotubes (> 1 nm) is also disordered at low concentration but forms hemi-micelles at 

high SDS concentration.93, 94 Experiments suggest that the correlation between nanotube structure 

and wrapping is due to differences in the surface π-electron states of the various SWCNT 

curvatures, which affect the SDS/nanotube interaction.79 When an SDS molecule wraps around a 

small diameter nanotube with a large bond curvature, it encounters a larger energetic barrier due 

to bending.94 Therefore, it is energetically more favourable for the SDS to adsorb to larger diameter 

nanotubes with smaller curvatures, which is an underlying principle of several of the sorting 

methodologies described later.75, 93, 95 The extent of SDS encapsulation is also dependent upon 

electronic character with metallic nanotubes having a higher degree of SDS wrapping than 

semiconducting nanotubes, owing to the increased polarizability.53, 75, 90, 96  

 

Suspension of nanotubes with DNA97-99 and proteins100-106 relies primarily on strong π-stacking 

onto the nanotube sidewalls. This effectively individualizes the nanotubes and at the same time 

provides a negative surface charge density due to close proximity of the phosphate backbone to 

the nanotube.97 As such, DNA wrapped SWCNTs have been sorted by electronic type82, 97 and 

(n,m) species83 through the use of ion-exchange gels. Likewise the dispersion and separation of 

SWCNTs with aromatic polymers in organic solvents relies upon π-stacking interactions and has 

the ability to prepare suspensions with a high semiconducting content (>99 %).107-110  In this one-

pot approach, raw carbon nanotube material is typically dispersed by ultrasonication in the 

presence of a chosen polymer followed by ultracentrifugation.  Consequently, only those 

nanotubes with a preferential interaction with the polymer and those that have become 

individualized during ultrasonication remain suspended in the organic solvent.  In pioneering works 

by Nish et al.,85 Chen et al.,86 and Hwang et al.,57 organic polymers with the fluorene structure as 

part of their repeat unit were used, such as poly(9,9-dioctylfluorene-2,7-diyl) (PFO), poly[9,9-



  

 6 

dihexylfluorenyl-2,7-diyl)-co-(9,10-anthracene)] (PFH-A) and poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-

1,4-benzo-[2,1’-3]-thiadiazole)] (PFO-BT). After almost 10 years of development the polymer library 

has grown dramatically to now include polythiophenes, polycarbazoles and copolymers thereof,111-

121 alongside research to develop new polymers via click chemistry in an effort to avoid the strict 

synthetic conditions associated with Suzuki polycondensation or Yamamoto coupling.122  Using the 

currently available polymer library, mixtures of semiconducting SWCNTs through to  

near-monochiral and monochiral suspensions and most recently even optical isomers thereof123 

have been demonstrated.  For example, poly(9,9-dialkyl-2,7-fluorene) has been shown to be 

sensitive to large chiral angles (close to armchair: θ ≥ 25°)57, 86, 124 and poly(N-decyl-2,7-carbazole) 

to lower chiral angles (typically 10° ≤ θ ≤ 20°).118  

  

Despite the wide spread application of the polymer wrapping the exact mechanism responsible for 

separation remains poorly understood and is the subject of current discussion.108, 109, 122, 125  

Nevertheless, it is commonly agreed upon that the polymer interacts by aligning its aromatic 

backbone along the surface of a carbon nanotube so as to maximize π- π stacking.108, 112, 114, 117, 126, 

127  Peripheral groups are then believed to branch away from the nanotube into the solvent and 

facilitate solubility.109, 125  Berton et al.111 have developed a hybrid coarse grain model to describe 

this interaction by treating the nanotube and polymer as geometrical objects and assuming 

maximal (attractive) π- π interactions can be reached by maximizing the contact area.  In this way 

a set of solutions for which the polymer lies flat on the surface of the nanotube were calculated.  

Intuitively, and also in agreement with Berton’s model the number of favourable wrapping solutions 

increase with diameter, which may explain why certain polymers are highly (n,m) specific in the 

small diameter regime (i.e. due to other species having limited possible wrapping solutions). 

 

1.1.3 Separation 

 

Once a suspension of nanotubes has been obtained there are several techniques with varying 

degrees of complexity, specificity and success to separate carbon nanotubes by length, electronic 

type and chirality.  A detailed review of these techniques can be found in section 2.1.5, where 

techniques traditionally developed for SWCNT separation are first explained followed by a 

discussion of how these techniques can be applied to more complicated systems such as DW- and 

MWCNTs.128  However as the work presented in this Habilitation specifically pertains to aqueous 

gel based sorting an excerpt of this review is provided below. 

 

The use of gel permeation chromatography was first demonstrated by Moshammer et al.,129 and 

has since been shown to be extremely successful in the preparation of (n,m)-purified SWCNT 

suspensions.  For SWCNTs, this technique has allowed for the high throughput separation of 
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metallic from semiconducting species,90, 91, 129 the isolation of specific (n,m) species53, 79, 80  and 

most recently, the separation of optical isomers.130  In general, the gel permeation method involves 

passing SDS suspended nanotubes through a stationary phase gel bed contained within a column, 

at which point semiconducting nanotubes with the highest affinity for the gel (an interaction 

determined by the SDS wrapping, and hence, the individual nanotube structure) are selectively 

removed from the bulk solution and retained on the gel matrix.53 The metallic nanotubes, which 

exhibit no interaction with the gel, 53, 79, 90, 91 and other semiconducting nanotubes with no affinity to 

the gel (determined by surfactant concentration) continue to flow through the gel and can be 

collected. This observed sensitivity is driven by the SDS miscelle, which has been shown to be 

sensitive to electronic character and diameter. Metallic nanotubes are known to have a stronger 

interaction with SDS compared to semiconducting nanotubes131 and become more fully wrapped 

and experience limited interaction with the gel as they traverse the column.  The gel is then 

washed with SDS of either increased concentration53, 79, 90 or lower pH91, 132 or alternatively SC,90, 

129 which disrupts the interaction of the adsorbed semiconducting nanotubes with the gel and thus 

elutes them from the column for collection. This process can be repeated sequentially with the 

nanotubes that have the highest affinity for the gel becoming preferentially adsorbed each time.  

 

While the exact mechanism of gel-based separation remains speculative owing to the difficulties 

associated with determining molecular dynamics on the nanoscale, evidence suggests that it is a 

kinetically driven selective adsorption process,53 highly dependent on the SDS wrapping of the 

nanotubes.89 This is evidenced by the clear relationship between SDS concentration and gel 

absorptivity,53, 79, 89, 90 where an increase in SDS concentration allows additional SDS molecules 

onto the nanotube surface,133 reducing its interaction with the gel. In addition to SDS concentration, 

pH80, 91 and temperature89  have also been shown to play important roles, giving rise to a number of 

separation strategies. While SDS-based separation is successful for small diameter SWCNTs 

(0.77 – 1 nm), adsorption of large diameter nanotubes (greater than ~1.2 nm) to the gel is quite 

limited.134 Instead, a co-surfactant separation method can be used, where either the large diameter 

material is suspended in a co-surfactant solution and applied to a column, as demonstrated by 

Miyata et al.135 and Wu et al.,136 or where they are suspended in SC and applied to a column in 

SDS, as demonstrated by Zhang et al.137  

 

In section 2.1.1 a one-column approach to separate small diameter monochiral and near 

monochiral SWCNTs using changes in pH is presented.  This publication represented the first time 

that pH was shown to be important in nanotube separations and was the first time that (n,m) 

specific separation was shown on a single column.  The ability to separate near monochiral 

suspensions was realized by slowly changing the pH from 4 to 1 in 12, 25 % reductive steps and 

15 different (n,m) species with a purity of 16 – 93 % were obtained.  Despite the mechanism for 
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separation with changes in pH ultimately remaining unclear it is proposed that hydrolysis of the 

surfactant SDS led to the formation of 1-dodecanol, which is then incorporated into the micelle 

shell and changes the interaction with the gel medium.  Section 2.1.2 details how this single 

column approach can then be applied to a commercially available gel permeation system  

(Figure 2 (a)) to routinely separate different (n,m) species with automated computer controlled pH 

gradients.  Gradients of 10 – 90 % pH 3 were applied to the column and the eluent monitored with 

a diode array detector capable of measuring full spectra between 190 and 950 nm.  Through 

measurement of elution profiles it was possible to develop routine time based separations of (n,m) 

species, where the user need only know in which region of the elution diagram they must collect 

pure samples.  The use of an automated system also saw the (n,m) purity obtainable increase to  

61 – 95 % (Figure 2 (b)).   

 

 
Figure 2 (a) The separation of SWCNTs begins with the suspension of raw HiPco material  

(black powder) in a 2 wt % sodium dodecyl sulfate in H2O solution by sonication (black solution). 

This is then passed through a sephacryl gel column (center of image) with the use of an automated 

GPC system. Individual (n,m) species (coloured bottles) are then collected.  (b) The high purity of 

the obtained (n,m) fractions can be verified with photoluminescence contour maps. 

 

In section 2.1.3 the gel permeation technique is extended to large diameter CNTs (Figure 3 (a)) 

where it is shown that it is possible to separate DWCNTs from SWCNT impurities.  It was 

determined from extensive AFM, TEM and Raman analysis that after sonication the DWCNT raw 

(b) 
 

(a) 
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material contained two CNT populations of distinctly different length and diameter, namely 

DWCNTs and SWCNTs.  The difference in length was assigned to an increased resistance to 

sonication-induced cutting upon inclusion of a second wall and consequently resulted in the 

DWCNTs being longer (725 ± 250 nm) than their SWCNT (310 ± 28 nm) counterparts.  This large 

difference in length allowed for the use of size exclusion chromatography to separate the nanotube 

species and provided the starting point for an electronic type separation of the DWCNTs in section 

2.1.4.138  With the use of co-surfactant mixtures of SDS and SC the DWCNTs were further 

separated into fractions containing metallic and semiconducting outer walls with unknown inner 

walls.  However upon integration into single nanotube field effect transistors the four unique 

inner@outer wall combinations of S@S, S@M, M@S and M@M were able to isolated. This work 

represented the second time that DWCNTs had been sorted by electronic type, however unlike 

previous work using density gradient ultracentrifugation, larger quantities could be prepared from 

the gel sorting technique and short channel FET devices were fabricated.  The separation methods 

presented in section 2.1.1 – 2.1.4 form the basis for all subsequent work presented in this 

Habilitation using (n,m) or electronically pure nanotube material.  Supporting information is 

provided in section 3.1.1, 3.1.2, 3.1.3 and 3.1.4.  

 
Figure 3 (a) metallic and semiconducting fractions of 1 nm diameter SWCNTs (metallic: red, 

semiconducting: green), 1.4 nm diameter SWCNTs (metallic: blue, semiconducting: yellow) and 

1.6 – 2 nm DWCNTs (metallic outer-wall: light green, semiconducting outer-wall: bronze) and  

(b) absorption spectra of outer-wall sorted DWCNTs. 

 

1.1.4 Thin Films 
 
Many of the potential applications of carbon nanotubes require the fabrication of thin films and in 

the case of solution suspended material this can easily be achieved through techniques such as 

spray deposition or vacuum filtration.  However, films from stabilized dispersions generally produce 

either sparse films with poor homogeneity and large void spaces on the nanoscale, or extremely 

rough and opaque films.  Furthermore the extended ultrasonication required to coax the nanotubes 

into a metastable suspension invariably shortens them and introduces defects into the sidewalls 

(b) 
 

(a) 
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which irreparably alter the electronic and optical properties of the pristine material. Additionally, the 

complete removal of surfactants, polymers or other wrapping agents from the films produced can 

be difficult. Due to the 1D property of carbon nanotubes an area of research that is also of great 

interest is in the production of thin films in which the nanotubes are highly aligned in one direction 

parallel to the surface.  It is hoped that such an aligned films will enable replication of many of the 

1D nanoscale properties of a nanotube on the macroscale.  

 

Large area surface-aligned films have previously been generated from evaporation driven self-

assembly of sidewall-functionalized139 or surfactant-stabilized suspensions,140, 141 from superacids 

with142 or without143 shear, from urea-water inks by Mayer rod coating,144 from polymer/nanotube 

blends by Langmuir-Blodgett,145 Langmuir-Schaeffer146 or solution shearing onto pre-patterned 

substrates,147 by shearing of solutions stabilized by DNA148 or gellan gum,149 as well as from the 

transfer of CVD grown stripes150 or collapse of CVD grown forests.151 This is in addition to a 

plethora of work regarding carbon nanotubes within different kinds of liquid crystals.152-158 Despite 

their various advantages, many of the above methods of film formation still introduce damage due 

to extended ultrasonication, or are inherently limited to the small scale, require expensive or 

troublesome reagents (e.g. DNA, superacids) or extensive sidewall functionalization / wrapping 

agents / embedding matrix, or involve a high degree of manufacturing complexity.   

 

For this reason thin films prepared from concentrated polyelectrolyte solutions of ‘nanotubide’ salts, 

which do not require any ultrasonication and leave no difficult-to-remove contaminants in the films 

are highly attractive. The ability to cause true dissolution of carbon nanotubes by electrostatic 

charging in polar media has been well known for the last decade159 and such solutions are 

commonly exploited at low concentration in efficient sidewall functionalization schemes.61, 160-164 

However, carbon nanotubes can also be suspended in the very high concentration regime such 

that liquid crystal (LC) effects become important and allow for the alignment of nanotubes under 

shear force. The films produced by this method exhibit a very high degree of nanotube alignment, 

exceptional homogeneity of bundle widths throughout the film and remarkably low surface 

roughness.  

 

In section 2.2.1 high concentrations of both as-grown and electronically sorted CNTs from the gel 

permeation method are used to prepare sodium nanotubide polyelectrolyte inks.165  Using only 

sodium in dimethylacetamide, nanotube concentrations up to ~ 4 mg mL-1 are prepared and allows 

for the observation of liquid crystal domains of CNTs using cross polarized microscopy.  These 

domains are then aligned by placing a 2 – 10 μL drop of polyelectrolyte between two glass slides, 

compression of the glass slides, and finally rapidly drawing the slides apart to create shear.  Large 

area CNT films with a 2D nematic order parameter of ~ 0.7 were obtained, which compared to 
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similar films from superacids contained smaller bundles and a smoother surface structure (RMS 

roughness, Rq ~ 2.2 nm).  The improved alignment and surface structure is highlighted in Figure 4, 

where polyelectrolyte films are compared to films from superacids (chlorosulfonic acid) and 

traditional vacuum filtration.    Additionally, a new method of nanotube film alignment known as dry-

shear alignment is developed in section 2.2.2.  Contrary to the polyelectrolyte method, where a 

shear force is applied in wet conditions, dry shear alignment can be performed to align virtually any 

nanotube film in the dry state, even those that were originally disordered. Although dry shear 

alignment is limited to the top layer of nanotubes this work challenged the assumption that carbon 

nanotube films are fixed structures, but rather they are dynamic and malleable systems containing 

mobile elements that are capable of significant restructuring and reordering with appropriate 

mechanical intervention.166  Supporting information for these two publications is provided in section 

3.2.1 and 3.2.2.  

 
Figure 4 SEM images [inset AFM images] of (a) Vacuum filtered [6 μm x 6 μm x 280 nm],  

(b) Chlorosulfonic acid (CSA) [4 μm x 4 μm x 52 nm] and (c) Polyelectrolyte (PE) films  

[1 μm x 1 μm x 17 nm]. 

  

1.1.5 Energy Applications 
 

Over the past five years, carbon nanotubes have attracted much attention in the organic solar cell 

community, from both a theoretical and practical point of view.167-176 This is due to such desirable 

characteristics as their high charge carrier mobility along the nanotube axis and excellent stability 

towards degradation in ambient, humid, hot or high ultraviolet (UV) radiation conditions177-179 and 

has lead to the development of two distinctly different types of devices, namely those that use 

carbon nanotubes as a light sensitize material (or in active layer composites) or as a transparent 

electrode material. 

 

1.1.6 Silicon Solar Cells 
 
As a transparent electrode material an architecture known as the nanotube:silicon heterojunction 

(NSH) has increasingly established itself in the field of solar cells.  A typical device has architecture 

similar to that of a single junction crystalline silicon solar cell with the exception that a thin film of 
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carbon nanotubes replaces the emitter layer.  Despite ongoing discussions in the literature as to 

the exact mechanism of operation of such cells the nanotube films typically have 85+ % 

transmittance and it is widely accepted that they do contribute to photocurrent generation.  Two 

proposed operation mechanisms are 1) The mechanism is that of an abrupt p-n junction solar cell 

with the nanotubes acting as the p-type emitter material. Photons are absorbed mainly in the  

n-type silicon base region with resulting excitons diffusing to the space-charge region where they 

are separated into free charge carriers under the action of the built in potential or 2) The 

mechanism is that of a Schottky junction solar cell, or the closely related metal insulator 

semiconductor (MIS) solar cell. In this configuration the nanotubes act as the metal, a thin SiOx 

passivation layer on the silicon surface serves as the insulator (for MIS) and the n-type silicon is 

the semiconductor base region. Photons absorbed in the base region produce excitons which 

diffuse to an inversion layer created in the silicon adjacent to the Si/SiOx or Si/metal junction. 

Charges are separated by the built in potential formed between the metal or SiOx (which has a 

Fermi level pinned to that of the adjacent metal) and the silicon. Traditionally most NSH solar cells 

have employed inhomogeneous mixtures of metallic and semiconducting nanotubes with poorly 

defined electronic and optical properties, which has hindered an elucidation of the correct 

mechanism of operation. 

 

In section 2.3.1 a literature review of the NSH field covering the period 2007 to 2012 is provided.  

This review has since been well cited and at the time appeared on the cover of the journal 

Advanced Energy Materials.180, 181 In section 2.3.2 a hybrid NSH solar cell is prepared by 

combining the carbon nanotube layer with the conductive polymer polyaniline.182  These devices 

benefited from the conformal interface coverage given by the polymer and the excellent electrical 

properties of the CNTs and outperformed either of their component counterparts. In section 2.3.3 

and 2.3.4 the ability to prepare thin films of electronically sorted, small and large diameter 

SWCNTs is used to elucidate the mechanism of NSH solar cell operation.183  In the literature 

carbon nanotubes had been reported to contribute to the measured photocurrent however these 

observations were complicated by spectral overlap of the silicon and often poorly defined nanotube 

absorption due to the use of unsorted nanotube films.  By using sorted (n,m) species, so that the 

excitonic transition of the nanotubes is well defined and outside of the absorption range of silicon 

any contribution to the photocurrent from the nanotubes could easily be resolved.  In Figure 5 

external quantum efficiency measurements of NSH solar cells made from sorted carbon nanotubes 

can be seen, where it is definitively shown that the nanotubes do not contribute to the measured 

photocurrent.  This was the first time that optically and electronically defined CNTs were used in a 

NSH solar cell and greatly enhanced the literature understanding of these devices.  Supporting 

information can be found section 3.3.1 and 3.3.2. 
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Figure 5 External quantum efficiency of as prepared and HF treated carbon nanotube:silicon solar 

cells fabricated with films of either (a) COM (small diameter) or (b) LAB (large diameter) 

semiconducting nanotubes.  UV-Vis-NIR absorption spectra of corresponding films on glass are 

shown for comparison. 

 

1.1.7 Fullerene Solar Cells 
 
As an active material, the interest has been to absorb the infrared light excluded by traditional 

organic sensitizers. In addition, the presence of multiple excitonic transitions within SWCNTs may 

allow for solar cells built from carbon nanotubes to not only cover the infrared spectrum but also 

the visible and UV regimes. For example, small diameter (~0.8 – 1.2 nm) semiconducting 

nanotubes have their first excitonic transition (S11) in the NIR (900 – 1250 nm), the second (S22) in 

the visible (550 – 900 nm) and the third (S33) in the UV.184-186 This discussion can then of course be 

extended to consider other SWCNT synthetic routes such as arc discharge, laser ablation and the 

CoMoCAT process, which afford a completely different ensemble of (n,m) species and extend the 

accessible spectral regime.  Due to the larger absorption cross-section of the S11 transition 

compared to S22, S33, etc. that most researchers have so far focused on the infrared regime. 

However, Arnold and co-workers have recently investigated quantum efficiency from S11, S22 and 

even hot S11 + K transitions from (7,5) SWCNTs and found that the measured efficiency correlated 

well with the expected absorption cross section.187  

 

The preparation of solar cells in which carbon nanotubes form the active material typically involves 

their combination with fullerene acceptor layers to form a Type II heterojunction and both polymer 

wrapped56, 188 and aqueous surfactant based suspensions have been used.79, 129, 132, 189 In terms of 

industrial applicability both methodologies have their advantages and disadvantages. In the case 

of solar cells from polymer wrapped carbon nanotubes the high semiconducting content (99+ %107) 

is important as the absence of metallic species reduces the potential for interlayer shorts or the 

introduction of trap states.190 Additionally, the processing of SWCNTs in an organic medium is 
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often more amenable to flat, thin film fabrication, whilst still being compatible with the surrounding 

layers in the device stack, and techniques such as doctorblading,167 spincoating and spraycoating 

have been used in the past.170, 172 It is likely for these reasons that most of the nanotube solar cell 

literature uses polymer wrapped SWCNTs as the donor material. However as outlined by Bindl et 

al.,191 residual polymer in the film limits the intertube diffusion length to ~ 8 nm restricting the usage 

of thicker nanotube films and new strategies to remove the excess polymer are required. Although, 

the greatest limitation to polymer wrapping methodologies (at least for small diameters) is the low 

yield and expense of the polymer, which has likely contributed to the use of relatively small active 

areas of between 0.008 – 0.04 cm2 until recently Guillot et al. fabricated solar cell devices with an 

active area of 0.101 cm2 that were masked to 0.061 cm2. 168, 170, 172, 188  

 

In contrast, the yield from surfactant based methods is significantly higher and the expense of the 

required chemicals lower; with gel permeation methods capable of routinely preparing milligram 

amounts of (n,m) sorted material, albeit with higher metallic nanotube content compared to 

polymer wrapping. Although, as shown in the work of Tulevski et al.,192 surfactant based method 

can reach a semiconducting purity larger than 98 %. The use of aqueous suspensions also 

introduces new fabrication challenges due to the incompatibility of many common solar cells 

organic layers with water, and is probably a contributing factor to why the literature currently 

consists of limited examples of surfactant wrapped SWCNTs in these types of solar cells. 169 

However, as techniques to routinely prepare large quantities of high purity polymer-free nanotubes 

and their subsequent integration into thin films develop it will become possible to produce active 

areas above a proof of principle scale, increase device efficiency, and at the same time reduce the 

overall device cost.  

 

In section 2.4.1 films of polymer free (6,5) SWCNTs prepared using the gel permeation approach 

are integrated into SWCNT:C60 solar cells as depicted schematically in Figure 6.193, 194  These solar 

cells displayed cutting edge internal quantum efficiency and possessed the current largest active 

area in the field of 0.105 cm2.  Additionally, transfer matrix calculations were used to predict the 

optimal exciton generation rate in the nanotubes based on the normal squared electric field 

intensity (|E|2) for a combination of layers in the solar cell stack. Correlation of |E|2 calculations to 

the SWCNT absorption profile then allowed for control over the ratio of external quantum efficiency 

(EQE) due to S11, S22 and a combination thereof. This represents an important consideration for 

future light management in a SWCNT solar cell if the use multiple SWCNT optical transitions to 

cover a broad wavelength range is to be realised.  Supporting information can be found in section 

3.4.1. 
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Figure 6 (a) Schematic of the solar cell architecture with a close up of the envisaged exciton 

dissociation at the SWCNT:C60 interface.  Electrons (blue) migrate through C60 to the silver 

electrode while holes (red) are collected at the ITO in accordance with (b) the energy-level diagram 

of the device stack. 

 

1.1.8 Photosensitive Elements 
 
On the single or few nanotube level, fundamental investigations into photocurrent generation within 

a nanotube is an ongoing field of research.  For these investigations, techniques such as 

dielectrophoretic deposition from solution195-197 or chemical vapour deposition (CVD) growth of 

SWCNTs between a metalized source and drain contact in a CNT field-effect transistor (FET) is 

becoming standard.  In this architecture photo-generated electrons and holes are typically 

separated by either an externally applied gate bias or by internal fields at the SWCNT-metal 

Schottky barrier.198, 199 and photocurrent generation has therefore been studied in both substrate 

supported200-204 and un-supported205-207 nanotubes.  However, unlike in the case of the SWCNT 

films discussed previously, a laser is typically used to address the CNTs due to the high power 

density required to measure photocurrent from only a few CNTs.  Hence the laser source and CNT 

must be chosen carefully to ensure at least one of the CNT’s optical transitions (usually S22) 

matches the excitation source.  The use of solution processed CNTs has the advantage of being 

able to prepare single chirality suspensions and thus prepare devices with pre-determined (n,m) 

indices and therefore absorption wavelength.   

 

In section 2.5.1 and 2.5.2 (n,m) sorted SWCNTs from the gel permeation technique are integrated 

into field effect transistor devices (Figure 7 (a)) and photocurrent spectroscopy with the use of a 

super continuum light source attached to an acousto-optical tunable filter to provide the required 

wavelength selectivity is measured on arrays of photosensitive elements (Figure 7 (b)).208  

Additionally the entire setup was placed onto a x-y piezoelectric table, which allowed for not only 

spectrally resolved photocurrent measurements but also 2D surface mapping (Figure 7 (c)).  This 

represented the first time that solution processed carbon nanotubes had been used for this kind of 

measurements and a good correlation between photocurrent generation and the optical property of 
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the nanotubes was found.  Furthermore the ability for photocurrent spectroscopy to be used as an 

analytical tool for the characterisation of carbon nanotube suspensions and FET devices is 

investigated.  Due to the selectivity of the dielectrophoretic deposition209 process used in device 

fabrication it is shown that whilst photocurrent measurements are able to provide qualitative 

information about a carbon nanotube suspension their ability to provide quantitative information 

appears to be limited.  Supporting information can be found in section 3.5.1 and 3.5.2. 

 
Figure 7 (a) 3D schematic of the measurement setup.  A focussed light of variable wavelength is 

scanned across a carbon nanotube film with metallic contacts. (b) Scanning electron micrograph of 

a typical carbon nanotube device as shown schematically in (a), where the carbon nanotube 

density is approximately 10/μm. (c) Scanning photocurrent microscopy map (excited at 570 nm) 

overlaid on top of the simultaneously recorded elastically scattered signal from the sample.  
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2.1 Separation of Carbon Nanotubes 
 
 
2.1.1 Separation of Single-Walled Carbon Nanotubes by 1-Dodecanol-Mediated Size 

Exclusion Chromatography 
 

B. S. Flavel, M. Kappes, R. Krupke, F. Hennrich 
 

ACS Nano 7 (2013) 3557–3564 
 

DOI: 10.1021/nn4004956 
 

 
Abstract 
A simple, single column, high throughput, fractionation procedure based on size exclusion 
chromatography of aqueous/SDS (sodium dodecyl sulfate) suspensions of single-walled carbon 
nanotubes (SWCNTs) is presented. This procedure is found to yield monochiral or near monochiral 
SWCNT fractions of semiconducting-SWCNTs (s-SWCNTs). Unsorted and resulting monochiral 
suspensions are characterized using optical absorption and photoluminescence spectroscopy. 
 
Contribution 
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D
evelopment and application of se-
paration techniques for the frac-
tionation of single-walled carbon

nanotube (SWCNTs) is an active ongoing
research field. Current research efforts are
driven by the absence of a single synthesis
method capable of affording carbon nano-
tube samples of preselected electronic type
(metallic (m) or semiconducting (s)), di-
ameter (dt), chiral angle, or (n,m) index. Typi-
cally, SWCNTs are synthesized by techniques
such as arc discharge, laser ablation, or the
HiPco process, wherein a complex mixture of
many different SWCNTs, described by a dis-
tribution of chiral indices (n,m), is obtained.
Therefore, the separation of SWCNTs by frac-
tionation of (n,m) species is an important,
application-oriented goal. Previously, separa-
tionhasbeenachievedbyvariousgroupsutiliz-
ingsuchtechniquesas thewrappingofSWCNTs
with short sequences of single-stranded DNA
(ssDNA) and subsequent ion exchange chro-
matography (IEX),1 the suspensionof SWCNTs
with surfactants followed by density gradient
centrifugation2�4 (DGC) or gel filtration.5�7

However, it is the Sephacryl gel filtration/
size-exclusion chromatography (SEC) meth-
od developed by Moshammer et al.4 that is
the most straightforward and allows for

high-throughput separation of m- from
s-SWCNTs. This method relies upon the use
of SWCNTs suspended in aqueous sodium
dodecyl sulfate (SDS) and has also been
shown to enrich zigzag and (n,0) SWCNTs.5

Recently Liu et al.3 further improved the
sorting of SWCNTs with SEC to include the
addition of starting SDS-SWCNT suspensions
to a series of gel columns and were capable
of isolating 13 different (n,m) species.
Despite recent success, the mechanism of

SWCNT separation by (n,m) species with gel
filtration/SEC remains unclear. SEC is known
to separate nanoscale objects passing
through a column according to differences

in their size and has been extensively used to
size-separate SWCNTs. It was therefore pro-
posed by Moshammer et al.4 that the ob-
servedm/s-SWCNT separation is reliant upon
appropriate initial dispersion of the raw
SWCNT material by sonication, with the dis-
persion of SWCNTs in SDS shown to be
selective to electronic structure. In fact, aque-
ous SDS starting suspensions obtained after
sonication of SWCNT raw material were
found to primarily contain s-SWCNTs in the
form of bundles with m-SWCNTs predomi-
nantly suspended as individual tubes.4 Upon
introduction of the SWCNT-SDS suspension
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ABSTRACT A simple, single-column, high-throughput fractionation procedure based on size-exclusion

chromatography of aqueous sodium dodecyl sulfate suspensions of single-walled carbon nanotubes

(SWCNTs) is presented. This procedure is found to yield monochiral or near monochiral SWCNT fractions of

semiconducting SWCNTs. Unsorted and resulting monochiral suspensions are characterized using optical

absorption and photoluminescence spectroscopy.
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to a size-exclusion gel medium, the bundles (s-
SWCNTs) could therefore be easily separated from
the individual (m-SWCNTs) tubes on the basis of their
hydrodynamic size difference. By choosing an appro-
priate column medium, particle size, gel porosity,
and eluent composition, it was therefore possible to
run the SEC column as a “filter”, with the longer,
rigidly bundled s-SWCNTs becoming trapped on the
gel and the smaller individualized m-SWCNTs being
eluted in a 1 wt % SDS solution. Trapped s-SWCNTs
were then removed from the gel by eluent exchange
to 1 wt % SChol (sodium cholate). It is then the
increased dispersibility of SWCNTs in SChol that
allows for trapped s-SWCNTs to be further individua-
lized and elute.
In the method of Liu et al.,3 rather than changing

the eluent medium, the wt % concentration of SDS
was altered from 2 to 5%, allowing for the separation
of 13 different (n,m) species. The authors explain
their ability to then wash individual (n,m) s-SWCNT
species from the gel by (n,m)-specific variations in
the SDS coating of SWCNTs. These variations are
proposed to be a result of differences in the surface
π-electron states pertaining to individual (n,m) spe-
cies (due to differing bond curvature), which alters
the interaction between s-SWCNTs and SDS. There-
by, this results in a strongly curvature-dependent (n,
m) separation method.
In this contribution, we demonstrate that Sephacryl

S-200, an allyl dextran-based size-exclusion gel, can be
used as a stationary phase such that monochiral or near
monochiral SWCNTs can be simply produced on one
column by altering the pH of the eluent. This, in turn,
allows simple fractionation of (n,m)-pure or almost
(n,m)-pure SWCNT suspensions from the total s-SWCNT
population.

RESULTS AND DISCUSSION

As outlined in the Methods section, the high-
throughput separation of (n,m)-pure s-SWCNTs with a
single-column SEC approach involved the following
steps: Initially, a 1 wt % SDS in H2O suspension of raw
HiPco-SWCNTmaterial was added to a Sephacryl S-200
gel bed under 1 wt % SDS in H2O. Upon addition of
further 1 wt % SDS in H2O, the m-SWCNTs were eluted
from the column. This process can be seen in the time
lapse photography in Figure 1, wherein the s-SWCNTs
(blue-green color) can be seen clearly trapped on the
top of the column in the gel while the m-SWCNTs (red-
brown color) move through the gel.
This resulted in the establishment of essentially

stationary colored bands on the Sephacryl gel, where
the top tomiddle region of the gel is characterized by a
color gradient of purple-blue to green-yellow. After
complete separation of m- from s-SWCNTs, the pH of
the 1 wt % SDS eluent solution was reduced from pH 7
to 1 in decrements of 1 pH level. Upon reaching pH 4,
the trapped s-SWCNTs can be seen to separate into
different colored moving eluent bands. The resolution
of these bands was then improved upon further
reduction of pH, with yellow, green, blue, and purple
bands afforded for pH 4, 3, 2, and 1, respectively.Within
the raw HiPco starting material, these bands corre-
sponded to comparably large (yellow) to medium
(green and blue) to small (purple) SWCNT diameters
(dt). This effect can be more precisely seen by absorp-
tion spectroscopy in Figure 2a, where the unsorted
HiPco material is compared to fractions obtained at
each pH level for the first optical transition (S11)
between 850 and 1350 nm. Complete absorbance
spectra displaying both the first (S11) and second
(S22) optical transitions between 500 and 1350 nm

Figure 1. Time lapse photography of HiPCo SWCNTs suspended in 1wt% SDS in H2O on a Sephacryl S-200 size-exclusion gel,
followed by subsequent reductions of pH.
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can also be found in Figure 1 of the Supporting
Information. Due to the well-known doping effect8

and subsequent quenching of the S11 optical transi-
tion, all fractions were neutralized to pH 7 in a 1 wt %
SDS solution by dialysis prior to measurement.
Each fraction was found by photoluminescence

spectroscopy to contain predominantly three indivi-
dual (n,m) species; however, it is important to note that
the displayed fractions only represent a “snapshot” of
many fractions obtained at each pH level. Correspond-
ing photoluminescence contourmaps for each fraction
can also be found in Figure 2 of the Supporting
Information. The SWCNT diameter (dt) of these species
was then obtained by reference to the photolumines-
cence data of Weisman et al.9 and is shown in
Figure 2b, where it can be seen that dt decreases with
eluent pH. Upon summation of each (n,m) species
diameter in a collected fraction, this trend is clearly
seen with average dt found to be 1.018, 0.957, 0.868,
and 0.778 nm for pH 4, 3, 2, and 1, respectively.
The ability of this method to generate monochiral or

nearmonochiral SWCNT suspensionswas then realized
by slowly changing the pH from 4 to pH 1 in 12, 25%
reductive steps. In order to easily visualize the obtained
fractions, photoluminescence spectroscopy was then
used and is shown in Figure 3. Additionally, absorption
spectra of each fraction are shown in Figure 4a.
Furthermore, to allow comparison, a photolumines-
cence contour map of the unsorted HiPco SWCNT
material is shown in Figure 3 of the Supporting In-
formation, wherein 17 different (n,m) species are
clearly visible. As found for coarse reductions in pH,
the dt of the collected SWCNT fractions were once
again observed to decrease with pH, as shown in
Figure 4b. However, in this instance, due to slight
variations in the pH of the 1 wt % SDS eluent added
to the top of the column and the establishment of a pH
gradient across the column, it is more difficult to
determine the true pH of each fraction. Therefore
“elution order” is used, where fractions eluted later

are obtained at relatively lower pH values compared to
earlier fractions. To aid the eye, only the major (n,m)
contribution is plotted in Figure 4b. Nanotube purity
was then determined by the relative peak intensities of
the contour map (uncorrected for the chiral-depen-
dent quantum yield). Furthermore, the fitted peak area
of absorptionmeasurementswas also used to calculate
(n,m) purity, where the major (n,m) contribution was
taken as a ratio of all other peaks.
As shown in Table 1, sorting of raw HiPco SWCNT

material with pH variation resulted in the obtainment
of 12 of the 17 (n,m) species with purities between 23
and 86%. The reduced purity level for absorption
measurements is a result of the difficulty in accurately
performing the peak fitting procedure in a region with
many overlapping first interband transitions. The ac-
tual (n,m) purity is expected to lie between the value
obtained from photoluminescence and that from ab-
sorption measurements. For an effective sorting meth-
od, it is also important to assess the yield of the various
(n,m) species. While we did not measure this directly, it
is noted that the starting solution has a dispersed
SWCNT mass of approximately 1 mg and the final
(n,m) fractions were in the microgram range. It should
also be noted that between 450 and 550 nm, nano-
tube-related transitions are clearly seen in the absorp-
tion spectra. This absorption regime is typically
associated with m-SWCNTs; however, due to an over-
lap of the third interband transition of HiPco s-SWCNTs
and the first interband transition of HiPcom-SWCNTs, it
is difficult to estimate the concentration of m-SWCNTs.
However, preliminary electrical transport measure-
ments indicate a metallic-/semiconducting-SWCNT ra-
tio equivalent to standard Sephacryl S-200 separations.
Despite being unable to achieve separations of the
same purity as Liu et al.,3 who were able to obtain 13
different (n,m) species with purities between 39 and
94%, the sorting of s-SWCNTs by pH variation pre-
sented in this work has the advantage of requiring a
single SEC column, which significantly decreases the

Figure 2. (a) Absorption spectra of unsorted HiPco material and fractions obtained at pH 4�1 in 1 wt % SDS and (b) SWCNT
diameter dependence upon pH.
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complexity of the separation process. Additionally, the
elution order of Liu et al.3 (small to large diameter)
appears to be opposite to the order observed in this
work (large to small). However, it is important to

remember that Liu et al. determined their elution order
by considering the nanotube of strongest interaction
with the gel (small diameter), which due to their multiple
short-column approach results in it being the first

Figure 3. Photoluminescence contour maps of fractions (elution order A�L) obtained upon reducing the 1 wt % SDS eluent
from pH 4 to pH 1 in 12 reductive steps.

Figure 4. (a) Absorption spectra corresponding to fractions displayed in Figure 3 and (b) SWCNT diameter dependence upon
elution order.

TABLE 1. Maximum Obtained Purity of Enriched (n,m) Species by Reducing the pH of the Eluent

(n,m) species (6,5) (7,5) (7,6) (8,3) (8,4) (8,6) (8,7) (9,4) (9,5) (10,2) (11,3) (12,1)

photoluminesence, purity (%) 86 40 38 46 30 57 44 32 35 30 41 28
absorption, purity (%) 72 27 27 19 25 64 37 19 32 17 19 23
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collected species. In this work, we see the same trend,
with strongly (small diameter) and weakly (large
diameter) absorbed species located at the uppermost
and midpoint of a single long column, respectively
(Figure 1). Upon reduction of the pH, the established
on-column nanotube ordering ismaintained, and large
to small diameter nanotube fractions are collected.
Therefore, it is purely the experimental approach and
definition of “first eluent” that results in a perceived
difference.
Despite the mechanism responsible for the separa-

tion of (n,m) s-SWCNT species ultimately remaining
unclear, we next provide an attempt to elucidate the
most likely cause upon consideration of the SDS
surfactant shell structure on nanotubes and similar
carbon surfaces and the subsequent effect of pH. The
morphology of SDS aggregates on graphite is well-
known, with theoretical calculations and contact AFM
measurements revealing the sp2 carbon lattice to serve
as a template for the organization of surfactant chains,
which is responsible for defining the surfactant micelle
morphology.10�15 SDS micelles are found as ordered
linear, parallel aggregates, which are oriented perpen-
dicular to an underlying symmetry axis and spaced
slightly more than twice the surfactant molecular
length apart. These initially adsorbed molecules then
act as nucleation sites for the growth of the hemispher-
ical micelles, wherein adjacent molecules are oriented
tail to tail, forming parallel semicylindrical rows, with
tail groups oriented parallel to the symmetry axis.
On the other hand, the SDS micelle morphology for

CNTs remains under debate with various theoretical
groups proposing disordered10 and ordered16,17 struc-
ture. Experimentally, Yurekli et al.18 alsomeasured small-
angle neutron scattering (SANS) of aqueous SDS-
SWCNT suspensions and found SDS to form disordered
aggregates. Alternatively, Richard et al.19 with the use of
cryo-TEMmeasurements found SDS to formhemispher-
ical micelles on the sidewall of multiwalled nanotubes.
However, common to all work is a strongdependence of
the micelle structure on surfactant concentration and
nanotube diameter. For partial SDS surfactant coverage
(1.0 molecules/nm), Xu et al.14 theoretically found SDS
to be disordered for small (6,6) and large (18,18)
or (30,30) dt SWCNTs. Upon reaching full coverage
(2.8 molecules/nm), they then found SDS to form stable
hemispherical micelles for large (18,18) or (30,30) dt
SWCNTs, a result that is in agreement with the experi-
mental work on graphite andmultiwalled carbon nano-
tubes. For small (6,6) dt SWCNTs and in agreement with
the work of Wallace et al.,20 SDS was found to form a
cylinder-like monolayer micelle, in which the carbon
nanotube forms the core with the surfactant extended
radially from the center. It was therefore concluded that
SDS hemispherical micelle ordering occurs on carbon
nanotubes only in the case of high surfactant concen-
tration and large diameter. Furthermore, Niyogi et al.

have demonstrated m-SWCNTs to have a higher pack-
ing density (concentration) of SDS compared to
s-SWCNTs,21whichmay therefore imply a higher degree
of SDS ordering.
However, the morphology of the SDS micelle struc-

ture has also been shown to be susceptible to changes
in the surrounding environment, with the addition of
organic molecules or electrolyte tuning capable of
surfactant shell modification.19,22,23 Toward this end,
upon reduction of pH, the presence of Hþ ions has
been shown to lead to the hydrolysis of SDS between
pH 2 and pH 3, which results in the formation of
1-dodecanol24 as given by eq 1.

C12H25OSO3
� þH2O f C12H25OHþHSO4

� (1)

This hydrolysis mechanism is the cause of the well-
known long-term instability of SDS and can also be
initiated by heating.22 Parachuri et al.have usedAFM to
show the addition of 5 mM 1-dodecanol to 100 mM
SDS to cause significant structural changes in the
continuous parallel semicylindrical surface micelle
structure on graphite surfaces.8,9 It is shown that the
parallel semicylindrical structure is replaced by a herr-
ingbone pattern upon integration of 1-dodecanol into
the micelle structure. If it is assumed (in agreement
with Xu et al.14) that SDS forms semicylindrical micelles
on the surface of carbon nanotubes, then a similar
structural rearrangement can be expected for the
SWCNT micelle upon addition of 1-dodecanol.
Such structural changes will then have a strong

influence on the SWCNT's interactionwith its surround-
ing environment. The total interaction of SWCNTs on
the Sephacryl gel is strongly dependent upon van der
Waals forces between the SWCNTs and the gel as well
as steric and electrostatic interactions. Any differences
in surfactant structure will therefore affect this interac-
tion. For example, it is well-known that electrostatic
interactions can occur between charged solutes and
charged SEC packing materials. Sun et al.25 conducted
zeta-potential measurements of SDS-SWCNT suspen-
sions and found the presence of SDS to lead to a
net negative charge, which upon addition of neutral
1-dodecanol is likely reduced, which in turn would
reduce the SWCNT interaction with the gel and cause
nanotube elution. Alternatively, SEC is by definition a
chromatographic process, which is capable of separat-
ing particles based on their hydrodynamic volume.
The introduction of 1-dodecanol may either alter the
hydrodynamic volume of individual tubes or have a
debundling effect, likewise altering the hydrodynamic
volume, as discussed in our previous work4,5 where a
surfactant change to sodium cholate is required for
nanotube elution.
We therefore propose that during SWCNT starting

suspension preparation with extended ultrasonication,
a low concentration of 1-dodecanol is produced by
microcavitation (heat), which is then integrated into
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the SDS-SWCNT hemimicellar structure. The resultant
structural change alters the interaction of the SWCNTs,
allowing them to move through the Sephacryl gel. As
the sonicated SWCNTs are added to a freshly prepared
1 wt % SDS-filled gel column and further washed
throughwith fresh 1wt% SDS, the initial concentration
of 1-dodecanol is quickly depleted and the nanotubes
become trapped on the gel. It is also proposed, and in
agreement with literature,18 that metallic nanotubes
have a higher SDS coverage compared to semiconduct-
ing nanotubes and hence have a higher degree of
surfactant ordering and are therefore capable of inte-
grating more 1-dodecanol and thereby move further
and faster in the gel. This results in the observed
metallic/semiconducting separation. The m-SWCNTs
are either debundled4,5 or have a significantly reduced
electrostatic interaction with the gel as a result of the
1-dodecanol. A similar argument is also made for large
and small diameter SWCNTs, where the increased inte-
gration of 1-dodecanol allows large diameter s-SWCNTs
to move further in the column prior to stopping. Upon
depletion of 1-dodecanol the s-SWCNTs either bundle
together4,5 or have an increased electrostatic interaction
with the gel. Upon reducing the pH of the 1 wt % SDS
solution, 1-dodecanol is then reintroducedbyhydrolysis
and allows the trapped s-SWCNTs to elute.
This model is supported by the following experi-

ments. First, we repeated the separation of raw HiPco
SWCNT material by adding increasing concentrations
of 1-dodecanol to the pH-neutral, 1 wt % SDS eluent.

Once again, the s-SWCNTs were trapped on the top half
of the Sephacryl gel. Upon increasing the 1-dodecanol
concentration in 1 μM steps to a final concentration of
5 μM, these SWCNTs could then be eluted in order of
comparatively large to small dt, as expected (data not
shown). Second and alternatively, 5 μM 1-dodecanol
was added to the raw starting material, which was then
subsequently added to a Sephacryl gel column under
1wt% SDS and further washedwith fresh 1wt% SDS. In
this instance, the s-SWCNTs did not become trapped on
the SEC gel (for a short column). However, the
m-SWCNTs once again moved faster through the gel
compared to large dt s-SWCNTs, which in turn moved
faster than small dt s-SWCNTs. In this way, a metallic/
semiconducting separation plus a s-SWCNT diameter
separation was achieved in one step without changing
surfactant, pH, or column. In addition tobeingextremely
simple, this method also has the added benefit of not
clogging the gel with trapped, unmoveable, s-SWCNTs,
hence dramatically increasing column lifetime. Corre-
sponding photoluminescence contour maps are shown
in Figure 5 and Supporting Information Figure 4,
with elution order A�G, and absorption spectra in
Figure 6a. The diameter-dependent elution order is
then more precisely seen in Figure 6b. Alternatively,
the raw material was added to a column containing
5 μM 1-dodecanol in 1 wt % SDS; however, the excess
of alcohol leads to all SWCNT species moving together
without separation and highlights the importance of a
1-dodecanol gradient.

Figure 5. Photoluminescence contour maps of fractions (elution order A�G) upon addition of 5 μM 1-dodecanol to the
starting HiPco raw material.

Figure 6. SWCNT diameter dependence upon elution order upon addition of 5 μM 1-dodecanol to the starting HiPco raw
material.
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Once again, aggregation of photoluminescence
peak intensities allowed for the determination purity,
as shown in Table 2. Furthermore, the additional
photoluminescence contour maps found in Figure 4
of the Supporting Information allowed the concentra-
tion of the (13,2), (12,4), (10,2), and (9,4) s-SWCNTs to be
determined. Additional to the (n,m) species obtained by
pH sorting, the (10,5), (12,4), and (13,2) were also purified,
resulting in a total of 15 out of the total 17 available (n,m)
species being sorted in this work. Unfortunately, in
comparison to fractions obtained from pH sorting, the
purity of (n,m) species obtained from 1-dodecanol addi-
tionwas found to be lower (between 16 and 50%). This is
presumably due to the addition of 1-dodecanol resulting
in a dynamic process without the static equilibration of
SWCNTdiameters across the gel prior to the beginningof
the experiment. Furthermore, it should be noted that

SWCNT separations from 1-dodecanol only serve as a
proof of principle and provide insights into the mecha-
nism responsible for SWCNT separationbypHvariation. It
is expected that after extensive optimization of the
1-dodecanol concentration s-SWCNT suspensions similar
to those obtainable from pH variation will be achievable.

CONCLUSION

In conclusion, we have shown the (n,m) separation of
15 different nanotube species with a purity of 16�93%.
Furthermore, sorting was achieved conveniently and
simply in a single Sephacryl column without the need
for a surfactant/eluent change. Upon tailoring the con-
centration of 1-dodecanol through reduction of pHor the
direct addition of alcohol to the raw startingmaterial, the
originally strong interactionof s-SWCNTcouldbe reduced
and allowed for diameter-dependent fractionation.

METHODS
A brief description of the experimental methods is as follows.

HiPco SWCNT rawmaterial (NanoIntegris) was used in this work.
In order to prepare starting suspensions, typically 10 mg of raw
SWCNT material was suspended in 15 mL of H2O with 1 wt % of
SDS using a tip sonicator (Bandelin, 200 W maximum power,
20 kHz, in pulsed mode with 100 ms pulses) applied for 2 h at
∼20%power. During sonication, the suspension was placed in a
500 mL water bath without additional cooling. The resulting
dispersion was then centrifuged at ∼100 000g for 1.5 h and
carefully decanted from the pellet which was formed during
centrifugation. The centrifuged SWCNT suspension was used as
the “starting suspension” for gel filtration fractionation as
described below.
A separate “reference suspension” of the raw HiPco SWCNTs

was made by suspending 10mg of raw SWCNTs in 15mL of H2O
with 1 wt % of sodium cholate. After tip sonication, the suspen-
sions were centrifuged at 100 000g for 1 h, and the suspension
was carefully decanted of the supernatant.
Gel filtration was performed as described previously4 using a

Sephacryl S-200 (manufacturer stated stability to pHof between
2 and 13) gel filtration medium (Amersham Biosciences) in a
glass column of 20 cm length and 2 cm inner diameter. After
filling the glass column with the filtration medium, the gel was
slightly compressed to yield a final height of ∼14 cm. For the
separation, ∼10 mL of SWCNT starting suspension was applied
to the top of the column, and subsequently, a solution of 1 wt %
SDS in H2O as eluent was pushed through the column by
applying sufficient pressure with compressed air to ensure a
flow of ∼1 mL/min. After ∼10 mL of 1 wt % eluent had been
added to the column, most of the m-SWCNTs had moved
through the column, whereas the s-SWCNTs remained trapped
in the upper part of the gel. After applying a total of∼120mL of
SDS solution in this fashion, the metallic tubes were completely
removed from the gel. The pH of the 1 wt % SDS in H2O eluent
was then changed from 4 to 1 upon addition of the appropriate
concentration of HCl. The pH was reduced in 12 steps, where-
by at each step 80 mL of eluent was applied to the gel.

The s-SWCNTs subsequently eluted from the column were
collected separately in 2 mL fractions.
For spectroscopic characterization, gel filtration fractions

were subsequently dialyzed for 24 h to readjust the pH to 7 in
1 mL Float-A-Lyzer G2 dialysis devices (Spectra-Por) by using
500mL of a 1wt% SDS solution in water. UV�vis�NIR absorption
spectra of the dialyzed fractions were recorded on a Varian Cary
500 spectrophotometer. Photoluminescence maps were mea-
sured in the emission range of ∼900�1700 nm and excitation
range of 500�950 nm (scanned in 3 nm steps) using a modified
FTIR spectrometer (Bruker IFS66) equipped with a liquid-nitrogen-
cooled Ge-photodiode and a monochromatized excitation light
source as described elsewhere.26
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Abstract 
A gel permeation chromatography system is used to separate aqueous sodium dodecyl sulfate 
suspensions of single-walled carbon nanotubes (SWCNTs).  This automated procedure requires 
no pre-centrifugation, is scalable, and is found to yield monochiral SWCNT fractions of 
semiconducting SWCNTs with a purity of 61 – 95 %.  Unsorted and resulting monochiral fractions 
are characterized using optical absorption and photoluminescence spectroscopy. 
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T
he development of new techniques
for the preparation of monochiral
single-walled carbon nanotube sus-

pensions in a scalable, reproducible, and
simple manner remains an ongoing chal-
lenge to the carbon nanotube community.
Although chirality selective growth has
been shown to be possible, direct synthesis
methods remain limited to only a handful
of different nanotube species such as (6,5),
(7,6), or (9,8).1�3 In order to gain access
to the richly varying optical properties of
SWCNTs, emphasis has therefore been
placed upon the separation of raw carbon
nanotube material. These raw materials are
typically synthesized by techniques such
as arc discharge, laser ablation, or the HiPco
process and contain a complex mixture of
metallic (m) and semiconducting (s) SWCNTs
of varying diameter (Dt), chiral angle, or
(n, m) index.
Previously separation of (n, m) pure

SWCNTs hasbeen achievedby various groups
utilizing such techniques as the wrapping
of SWCNTs with short sequences of single-
stranded DNA (ssDNA) and subsequent ion
exchangechromatography (IEX),4 the suspen-
sion of SWCNTs with surfactants followed by
density gradient ultracentrifugation (DGU),5�7

or gel filtration.8�11 Despite providing

promising routes for the separation of
SWCNTs, each of the above methods has
drawbacks, be it the use of extended ultracen-
trifugation time, expensive density gradient
medium and ssDNA, or the large amount of
gel and gel columns required in the prepara-
tion of (n, m) pure SWCNT material. These
factors combined with difficulty in often re-
producing research results among groups
have led to (n, m) pure SWCNT suspensions
remaining on the small research scale and
accessible to only a few groups. To this end,
research has begun to develop new scalable
methods for the preparation of SWCNT sus-
pensions. For example Khripin et al.12 have
recently used immiscible polymer phases to
spontaneously separatemetallic and semicon-
ducting SWCNTs on the liter scale. Likewise
Tvrdy et al.13 have also successfully separated
liter volumes of mixtures of (7,5) and (8,3) and
chirality pure (6,5), which was then used in
the fabrication of a carbon nanotube based
solar cell.14 Liu et al.15 achieved a single-
chirality separation of seven (n, m) SWNT
species using temperature-controlled gel
chromatography. This method used tem-
perature to selectively control the interaction
between the SDS-wrapped SWCNTs and
the allyl dextran-based Sephacryl gel. The
control of the temperature enhanced the
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ABSTRACT A gel permeation chromatography system is used to separate aqueous

sodium dodecyl sulfate suspensions of single-walled carbon nanotubes (SWCNTs). This

automated procedure requires no precentrifugation, is scalable, and is found to yield

monochiral SWCNT fractions of semiconducting SWCNTs with a purity of 61�95%.
Unsorted and resulting monochiral fractions are characterized using optical absorption

and photoluminescence spectroscopy.

KEYWORDS: carbon nanotubes . gel filtration . size-exclusion chromatography . automated separation . sorting . purification
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differences in the interactions of various (n,m) SWCNTs
with the gel, enabling the separation of seven (n, m)
species (purities between 56% and 93%). The authors
speculate on the influence of temperature on the
separation mechanism. They suggest that reducing
the temperature may enhance the interactions be-
tween the adsorbed SDS molecules and nanotubes
of certain specific chiralities (e.g., near-armchair
SWCNTs) and therefore that this may result in the
reassembly of the SDS molecules on the nanotube
surfaces, thus altering the dielectric constant around
the SWCNTs and the absorbability of SWCNTs on
the gel.
In our contribution to scale up, we have recently

shown that the number of required Sephacryl gel
columns can be reduced to one by altering the pH of
the sodium dodecyl sulfate (SDS) eluent and demon-
strated the separation of 15 different nanotube (n, m)
specieswith a purity of 17�72%.16 In thatworkwe took
a centrifuged 1 wt % SDS suspension of HiPco raw
material and added it to a 14 cm high Sephacryl gel
column. By changing the pH of the SDS eluent we
showed that hydrolysis of SDS led to small quantities of
1-dodecanol being formed in solution. 1-Dodecanol is
then incorporated into the SDS micelle of the SWCNTs.
As it has been shown on graphite surfaces,17,18 the
integration of 1-dodecanol into the SDS micelle results
in a structural conversion from a continuous parallel
semicylindrical structure to a herringbone pattern. We
expect a similar structural change for SWCNTs and
attribute this structural change to a reduction in the
SWCNT/gel interaction and the mechanism responsi-
ble for the elution of different SWCNT species.
As discussed by Kataura and co-workers,10 the initial
SDS micelle of SWCNTs is strongly curvature-
dependent19 (hence also the nanotube gel/interaction
strength) due to differences in the surface π-electron
states. In other words, as the curvature of the SWCNT
increases (smaller diameter), the SDS concentration/
density decreases. Subsequently Duque et al.20

have also experimentally confirmed the curvature-
dependent wrapping of SDS. Hence our method was
shown to have a strong dependence of elution order
on nanotube diameter. In a recent paper, Kataura and
co-workers follow on from our work varying the pH
of SDS but provide an alternative explanation for the
separation mechanism.21 In their work they also ob-
served the adsorbance of SWCNTs to the Sephacryl gel
to be reduced under acidic pH conditions; however
they describe the adsorbability as being related to
a band structure dependent oxidation of SWCNTs,
where oxidation confers positive charges onto the
SWCNTs, and these charges enhance the electrostatic
interactions of the SWCNTs with SDS, thereby leading
to the condensation of SDS on the SWCNTs. This
increase in SDS density around the SWCNT then re-
duces interaction between the SWCNTs and the gel.

Despite the exact mechanism of separation with varia-
tions in pH remaining under debate, both explanations
share one commonality, namely, changes in pH induce
changes in the SDS micelle structure, which in turn
reduces the SWCNT/gel interaction strength.
In this contribution we further build on our separa-

tion of SWCNTs by varying pH; however we apply our
approach to a gel permeation chromatography (GPC)
system. In doing so, we gain precise control over
the pH of the SDS eluent and can utilize computer-
controlled pH gradients in the separation of (n, m)
SWCNT species. This allows us to reproducibly elute
different (n, m) species with control over when (time-
based) different fractions should be collected. This is a
significant advantage over previous methods, where
a vast number of fractions would need to be collected
followed by absorption or photoluminescence spec-
troscopy to find the few (n, m) pure fractions. Our
method also has the advantage of requiring no cen-
trifugation; all raw materials are simply sonicated
prior to use. This reduces the required infrastructure
for (n, m) SWCNT sorting to a probe sonicator, a
small amount of Sephacryl gel, and any pump system
capable of dual solvent mixing.

RESULTS AND DISCUSSION

As outlined in our previous work,16 the high-
throughput separation of (n, m) pure s-SWCNTs with
a single-column size exclusion chromatography (SEC)
approach involved the use of a centrifuged 1 wt % SDS
in H2O suspension of raw HiPco-SWCNT material that
was added to a Sephacryl S-200 gel bed under 1 wt %
SDS in H2O. This resulted in a starting material contain-
ing over 14 different (n, m) species, as shown by a
photoluminescent contour map in Figure S1(a) of the
Supporting Information. In this case centrifugation at
∼100000g for 1.5 h was also necessary to remove any
remaining catalyst particles and bundled carbon nano-
tubes and most importantly produce an SWCNT raw
material with a reduced length distribution that is ideal
for SEC sorting. Despite this preparatory centrifugation
step, the resulting (n, m) suspensions afforded from
our previous sorting effort were often intermixed with
other (n, m) species and had a purity (by absorption
spectroscopy) of 17�72%. In the current work we
utilized the same raw HiPco material as before; how-
ever by tailoring the wt % of SDS we were able to limit
the number of (n, m) SWCNT species absorbed on the
gel for sorting to 1�6 species and this required no
centrifugation. By dramatically reducing the number
of species absorbed on the gel for a separation experi-
ment, (n,m) species intermixingwas therefore reduced
and allowed for the preparation of much higher purity
suspensions.

Preselection. As outlined in the Methods section,
80 mL of a 2 wt % SDS in H2O suspension of raw
HiPco-SWCNTmaterial was prepared by 15 h sonication
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at constant temperature. Such a long sonication time is
typical for the gel separation technique, where short
nanotubes are required. In this work, no attempt was
made to optimize the sonication time and thereby find
the upper or lower bound length; however sonication
represents an important third dimension to our separa-
tion process and will be investigated in the future. The
raw material was then adjusted to 1.6 wt % SDS by the
addition ofH2O, and 15mLof the solutionwas added to
the Sephacryl S-200 gel. The raw material was washed
through the gel with a further 1.6 wt % SDS and
collected. Thediode array detector was used tomonitor
the washing process, and collection was stopped
once a drop in intensity was observed. Although trace
amounts of unbound SWCNTs are washed from the gel
over the equilibrium time, collection of this entire
volume would result in a weakly concentrated SWCNT
suspension and make subsequent experiments diffi-
cult. The SWCNT material that remained absorbed to
the gel is then the “starting material” for sorting with
the GPC system. However, in order to initially under-
stand which (n, m) species remained on the Sephacryl
gel, 5 wt % SDS was added to the column to elute all
adsorbed SWCNTs. An analogous process was then
used to allow for preselection of adsorbed SWCNTs.
Specifically, the SDS concentration of the SWCNTs
initially washed through the gel (flow through) was
adjusted in decrements of 0.2 wt % to cover the range
1.6�0.4 wt % SDS. As shown in the absorption spec-
troscopy in Figure 1, this resulted in a series of “starting
materials” with increasing SWCNT diameter, where
SWCNTs with a small, medium, and large Dt are desig-
nated to have a first optical transition (S11) in the
regime 900�1050, 1050�1200, and 1200�1350 nm,
respectively. Furthermore, it can be seen in Figure S2 of
the Supporting Information that as the SDS concentra-
tion is reduced from 1.6 to 0.4 wt % SDS the relative
concentration of small-diameter SWCNTs is reduced or
completely removed. Interestingly, from the complex
HiPco mixture, a suspension enriched in the (6,5)
SWCNT, the species with the smallest diameter (Dt =
0.747 nm) can easily be prepared by adding the
raw HiPco material to a column with 1.6 wt % SDS.
From absorption measurements this material clearly
also contains (7,5) and (7,6) species; however such a
purity level may be useful to certain research groups.

The observation that changes in SDS concentration
can control the adsorption of SWCNTs on the Sephacryl
gel was also recently seen in work by Blanch et al.11 In
their work the SDS concentration of raw HiPcomaterial
was varied from 0.5 to 3.5 wt %, and it was found that
for low SDS concentrations (0.5�1wt% SDS) almost all
SWCNT species in solution were absorbed on the gel
and could be eluted with sodium deoxycholate. Alter-
natively for high SDS concentrations (2�3 wt % SDS)
only small-diameter species such as (6,5), (8,3), and
(7,6) were absorbed to the gel. For SDS concentrations

below 0.5 wt % complete and irreversible adsorption
to the gel was observed. However, in the work of
Blanch et al.11 they took “fresh” HiPco raw material
and adjusted the SDS concentration sequentially in-
stead of collecting the “flow-through” material and
reducing the concentration. This is an important point
differentiating our work from the work of Blanch et al.
and is likely the reason for the missed potential to
sequentially adsorb certain (n, m) species to the gel,
as we have done. Likewise, Liu et al.15 investigated the
effect of SDS concentration on the adsorbance of
SWCNTs to the Sephacryl gel. They described the
decreased adsorbance at higher SDS concentrations
as being related to a higher coverage and/or thickness
of SDS around the SWCNT, which leads to a reduced
interaction with the gel. With this in mind and the
knowledge that the SDS micelle is strongly curvature-
dependent,19 it is therefore a logical conclusion that
smaller diameter SWCNTs are less coated at relatively
higher SDS concentrations and give rise to the sequen-
tial adsorption shown in our work. However, this is
not forgetting one important requirement for the
preparation of these “starting materials”, namely, the
sequential removal of smaller diameter SWCNT spe-
cies. There exists a specific number of Sephacryl bind-
ing sites (secondary amide groups along the polymer
backbone), which may bind to an s-SWCNT. This
adsorption process has been shown to be a kinetically
driven, competitive, process13 with larger diameter
SWCNTs passing through the gel if the adsorption sites
are already taken by smaller diameter SWCNTs. Initially
this would suggest that it is not necessary to adjust the
SDS concentration and that the same result would be
achieved through simply using multiple, sequential
columns. Indeed we have tried this approach; however
we note that this does not lead to complete removal
of the smaller (n, m) species before proceeding to the
subsequent column. Furthermore, and in agreement
with the work of Tvrdy et al., the concentration of

Figure 1. Absorption spectroscopy of “starting materials”
(SWCNTs absorbed on the Sephacryl gel) obtained by
sequentially reducing the SDS concentration from 1.6 to
0.4 wt %.
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SWCNTs absorbed on the gel dramatically decreases
with sequential columns.13 TheSDS concentrationmust
be reduced to ensure high concentration and (n, m)
species removal. The importance of (n, m) species
removal is also discussed by Liu et al., who use tem-
perature control to sort SWCNTs and note that it is
necessary to completely remove (6,4) (Dt = 0.683 nm)
before proceeding to collect (6,5) (Dt = 0.747 nm).

In an attempt to further understand the observed
selective adsorptionwe performed atomic forcemicro-
scopy (AFM) measurements of the material absorbed
to the gel for concentrations of 1.6�0.6 wt % SDS.
These measurements are summarized in Figure 2,
where the average length of the “starting material” is
shown for each SDS concentration. The complete set
of measurements for each SDS concentration can be
found in the Supporting Information in Figure S3.
For each “starting material” a Gaussian was fitted to
the histogram to obtain the average length. It can be
clearly seen that the relatively smaller diameter SWCNTs
absorbed to the Sephacryl gel at higher SDS concentra-
tions have relatively longer lengths compared to the
SWCNTs absorbed at lower SDS concentrations. The
implication of this observation for the adsorption of
SWCNTs to the gel still requires investigation and re-
mains speculative. However, this is anobservation that is
in agreement with the work of Clar et al.,22 who dis-
cussed the SDS/SWCNT interface as being highly intri-
cate. The surfactant shell around a SWCNT is dynamic,
not well-defined and is expected to be heterogeneous,
with some areas of the SWCNT completely exposed
to the gel.22 Therefore the strength of the SWCNT/gel
interaction is likely controlled by not only nanotube
diameter and SDS concentration but also length due
to the interfacial area. This is also in agreement with
Heller et al.,23 who achieved simultaneous separation
of SWCNT length and diameter by gel electrophoresis
and columnchromatography conducted on individually
dispersed, ultrasonicated SWCNTs. They proposed a
diameter-selective cutting mechanism with ultrasound
treatment that was later confirmed by Hennrich et al.24

In their mechanism the smaller diameter SWCNTs are
cut to a lesser extent compared to the larger diameters
due to the fact that strain forces associated with sonica-
tion induced cavitation scales with the square of the
nanotube length and is also supposed to be diameter
dependent. Scission of SWCNTs then stops when the
strain force falls below a critical value for nanotube
disruption.

Automated SWCNT Sorting. Upon having a defined
“starting material” obtained from different SDS con-
centrations, we then used the GPC system to apply a
pH gradient to the gel, which allowed us to separate
the trapped SWCNTs (rather than simply washing
all species off the column with 5 wt % SDS). At this
point it important to note that the pH of the parent
and daughter “startingmaterials”was between 7 and 8,
and all experiments were performed at 23 �C.
Figures 3 and 4 show photoluminescence (PL) contour
maps corresponding to the “startingmaterial” (1.6�0.6
wt % SDS) absorption spectra shown in Figure 1. A PL
contourmapof the 0.4wt% SDS “startingmaterial” can
be found in Figure S1(b) of the Supporting Information.
Upon looking at the PL contour maps the dependence
of diameter adsorption of SWCNTs to the Sephacryl
gel on changes in SDS concentration is further made
clear. For example the “starting material” obtained
at 1.4 wt % SDS (consisting primarily of (7,5), (6,5),
(7,6), and (8,4) SWCNTs) has an average diameter of
0.818 nm compared to 0.6 wt % SDS (consisting
primarily of (9,4), (9,5), (10,2), (10,3), (11,1), (8,6), and
(8,7) SWCNTs), which has an average diameter of
0.933 nm. The SWCNT diameter values were taken
from the data of Weisman et al.25 Accompanying
the PL contour map of each “starting material” the
corresponding elution profile can also be found in
Figures 3 and 4. In order to record these elution profiles,
the GPC system was fitted with a diode array detector
capable of measuring full spectra between 190 and
950 nm. Despite the ability to extract full spectral data
at the completion of an experiment, during a run only
two fixed wavelengths could be monitored. To ensure
sensitivity to all (n, m) species in the second optical
transition (S22) regime either 590, 650, or 720 nm was
monitored with a resolution of (10 nm.

Explanation of the elution diagrams and (n, m)
separation is best served by beginning with the most
simple situation of SWCNTs absorbed to the Sephacryl
gel in 1.6 wt % SDS. In this instance the number of
SWCNTs to be sorted is limited to essentially (6,5) with
a small amount of (7,5) and (7,6) (as shown by absor-
bance measurements in Figure 1). In performing the
separation the GPC system was operated isocratically
in 1.6 wt % SDS with a quaternary pump mixing
1.6 wt % SDS (defined pump A) and 1.6 wt % SDS
adjusted to pH3 uponaddition ofHCl (definedpumpB).
The separation was then performed in the following
manner: In preparation the Sephacryl gel was placed

Figure 2. Average length of the SWCNT “starting material”
as determined by AFM measurements.
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under 1.6 wt % SDS by setting pump A to 100% at
a pumping rate of 2 mL/min for 1.5 h. Fifteen milliliters
of raw HiPco material (adjusted to 1.6 wt % SDS) was

then pumped onto the Sephacryl gel and washed
through with a further 1.6 wt % SDS. Importantly the
“flow through” material was collected for subsequent

Figure 3. Photoluminescence contour maps of SWCNTs absorbed to the Sephacryl gel at 1.6, 1.4, and 1.2 wt % SDS (“starting
materials”) and the corresponding elution profile diagram.

Figure 4. Photoluminescence contour maps of SWCNTs absorbed to the Sephacryl gel at 1, 0.8, and 0.6 wt % SDS (“starting
materials”) and the corresponding elution profile diagram.
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separation steps. While maintaining a flow rate of
2 mL/min the quaternary pump was then used to bring
the column under reduced pH conditions by setting
pumps A and B in a ratio of 15:75%andholding there for
1.5 h. As depicted in Figure 3 the pumping ratio was
then linearly varied to 100%pumpB (pH3, 1.6wt%SDS)
over a period of 40 min. By setting the diode array
detector to 590 and 650 nm the elution of (6,5) SWCNTs
can then be seen as a peak centered at 26 min (pH =
3.04) beginning at approximately 20min (pH=3.06) and
ending at 35 min (pH = 3.01). Despite the presence of
(7,5) and (7,6) in the “start material”, these species were
not observed to elute from the column in this region,
a typical observation for (n, m) species in low concen-
tration, such as (7,6) and (8,4) in the 1.4 wt % SDS
separation. However, upon comparison of the absorp-
tion spectra for (6,5) presented in Figure 1 (1.6wt%SDS)
to that of Figure 7, it can be seen that the purity of (6,5)
is dramatically improved due to the removal of (7,5)
and (7,6). This procedure was then repeated for SDS
concentrations of 1.4�0.6 wt % SDS upon sequentially
adjusting the SDS concentration of the “flow through”
material. In each case the SDS concentrations of pumps
A andBwere also adjusted. Upon looking at the 1.4wt%
SDS separation, a “start material” with now significantly
more (7,5) and less (6,5) is obtained. This is reflected in
the elution diagram with a larger peak of (7,5) eluting
at 9.5 min (pH = 3.06) and a smaller peak for (6,5) at
14 min (pH = 3.03). In reading the elution diagrams in
Figures 3 and 4, it is important to keep in mind that
despite the pump ratio being varied linearly the real pH
gradient is in fact asymptotic in nature. Furthermore
time 0 is after the 1.5 h equilibrium time.

Despite 1.6 and 1.4 wt % SDS “start materials” being
separated in the same pHwindow, i.e., a linear gradient
between 75% pump B (pH = 3.12) and 100% pump B
(pH = 3), as the SDS concentration was further reduced
from 1.2 to 0.6 wt % SDS the required pH window for
elution was observed to shift. For example 1.2, 1, 0.8,
and 0.6 wt % SDS “start materials” were separated in
the linear pump regime of 55�66% (pH 3.25�3.18),
33�50% (pH 3.48�3.30), 20�27% (pH 3.69�3.56), and
10�21% (pH 4�3.67) pump B. This is in agreement
with our previous work,16 where we showed that the
elution of relatively small diameter SWCNTs scaled
relative to reductions in pH. However, in our previous
work we varied the pH from 4 to 1 in order to elute the
entire HiPco (n, m) ensemble, whereas in the current
work we can work in the pH regime 4�3. This differ-
ence is attributed to previously working with a much
larger Sephacryl gel column (14 cm instead of a 2 cm
bed height) and an underestimation of the solvent
volume required to equilibrate such a large gel to a set
pH value and the speed at which SWCNTs transverse
through the column. The use of the GPC system to
apply a controlled gradient, a smaller column, and the
ability to monitor UV in situ have allowed us to now be

more precise with the required pH for (n, m) species
elution. This is summarized in Figure 5, where the
SWCNT diameter is plotted against (a) the required
percentage of pump B (pH 3) and (b) the correspond-
ing pH, where the peak position for each (n,m) species
was taken from the elution diagram.

Closer examination of the elution diagrams in
Figures 3 and 4 reveals the presence of certain (n, m)
species across multiple SDS concentration regimes.
A good example is the (7,5) SWCNT, which is present
in 1.4, 1.2, and 1 wt % SDS. Rather than having a fixed
pH for elution, the position of (7,5) shifts from pH 3.06
to pH 3.22 to pH 3.30 for 1.4, 1.2, and 1 wt % SDS
concentrations, respectively. This shift in position
tends to rule out the possibility for SWCNT doping or
band structure dependent oxidation21 being respon-
sible for (n, m) species elution. Rather we hypothesize
in agreement with the AFM data presented in Figure 2
that there exists different types of (7,5) within the raw
HiPco material following sonication. This (7,5) material
has different lengths and more importantly different
surfactant wrapping of the nanotube and conse-
quently different overall interaction strength and
(interfacial area per length) with the Sephacryl gel.
With this in mind, it is therefore unsurprising that the
elution point of (7,5) at different SDS concentrations
can change. Of course, another possible explanation is

Figure 5. Single-walled carbon nanotube (SWCNT) diameter
(Dt) dependence upon (a) the pumping rate of pump B and
(b) the corresponding pH. The SDS concentration is color-
coded.
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simply the differing size, shape, and or thickness of the
SDS micelle around the SWCNT at different SDS con-
centrations. The interaction strength of the SWCNT
will therefore also be different and may require re-
duced micelle modification, be it through band struc-
ture dependent oxidation or 1-dodecanol addition,
for (n, m) species elution. However, we note that it is
occasionally possible to elute the same (n,m) species at
two different pH points in a fixed SDS concentration.
For example (7,5) in 1 wt % SDS is often found to elute
at pH 3.30 (23 min as shown in Figure 4) and also at pH
3.22, which would be the same pH point as required
for 1.2 wt % SDS. Such an observation gives further
weight to our speculation that the interfacial area
and nonmonotonic length distribution of SWCNTs
are also important. Another possible explanation is
the potential for enantiomers; however we have made
no attempt to verify this and believe it to be unlikely.

Contrary to typical elution diagrams from standard
GPC separations the various peaks associated with
different (n,m) species are seen to have a large degree
of overlap, making it not immediately obvious how this
method is conducive to the preparation of (n, m) pure
samples. The trick lies in choosing the appropriate
“starting material” for the (n, m) species desired. For
example, it is always much easier to harvest an (n, m)
species that has either the smallest or largest diameter
in an ensemble under investigation. The largest dia-
meter species always elutes first from the Sephacryl gel
and the smallest last. These fractions are typically free
of all other (n,m) species in the “starting material”, and
an automated collection of beginning or end condi-
tions is easily achieved. For example if (7,5) was the
desired SWCNT, this is better prepared from 1.4 wt %
SDS, where it is the leading species compared to 1.2
and 1 wt % SDS, where (7,5) is surrounded by other
(n, m) species. Likewise (8,6) is much better prepared
from 1 wt % SDS compared to 0.8 or 0.6 wt % SDS. In
the case of “starting materials” with many more (n, m)
species present the separation can begin to break
down due to the presence of multiple SWCNT with
very similar or indeed the same diameter such as (9,4)

and (11,1) as present in 0.6 wt % SDS. In this case we
were unable to successfully separate these species,
regardless of how finely the pH gradient was adjusted.
Therefore when attempting to purify (9,4), it is better to
choose a 0.8% SDS “starting solution” where it repre-
sents the smallest diameter SWCNT species. It should
be noted that (7,6) and (8,4) were not found to elute in
this pH regime. Furthermore, it should be noted that
due to the decreased concentration of the “starting
material” and the strong interaction of the SWCNTs, we
were not able to perform a separation with 0.4 wt %
SDS “starting material”. Work to prepare the larger
diameter SWCNTs is now under way; however it is
expected that this goal is best achieved by choosing a
different raw material such as that from laser ablation,
where the larger diameter SWCNTs are in greater
proportion.

Despite the inability to prepare pure suspensions
of the larger diameter SWCNTs, we are now able to
reproducibly sort eight different (n,m) species from the
HiPco raw material as shown by photoluminescence
contour maps in Figure 6 and the corresponding
absorption measurements in Figure 7. Normalized
raw absorbance data can also be found in Figure S4
of the Supporting Information. Furthermore, the fitted
peak area from absorption measurements was used to
calculate (n, m) purity, where the major (n, m) con-
tribution was taken as a ratio of all other peaks. For this
calculation only the first optical transition peak (S11)
was taken and the absorbance cross section was
assumed to be identical across all (n,m) species. Purity
data can be found in Table 1. In this work we have
managed to routinely prepare eight (n,m) species with
a purity of 61�95%. This is an improvement compared
to our previous work, where we isolated 10 (n, m)
species with a purity of 19�30%, with only two species
((8,6) and (6,5)) on the level of 60�70%. This highlights
the benefit of having a reduced (n,m) species “starting
material” and also precise control over the pH. It should
be noted that between 450 and 550 nm nanotube-
related transitions are seen in the absorption spectra.
This absorption regime is typically associated with

Figure 6. Photoluminescence contourmaps of (n,m) fractions obtained from an automated gel permeation chromatography
(GPC) system.
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m-SWCNTs; however, due to an overlap of the third
interband transition (S33) of the HiPco s-SWCNTs, it is
difficult to estimate the m-SWCNT concentration. Pre-
liminary electrical transport measurements indicate
a metallic/semiconducting-SWCNT ratio equivalent to
standard Sephacryl S-200 separations. That is to say
that 90% of all fabricated devices showed semicon-
ducting behavior with an on/off ratio of at least 1 order
of magnitude. Our fabricated devices had a gap width
comparable to the average nanotube length and a
1 μm contact width with a nanotube density of 10�20
CNTs/μm. From this we estimate the degree of metal-
lic/semiconducting-SWCNT separation to be >95%.
In comparison to the initial work of Liu et al.,10 who
were able to obtain 13 different (n, m) species with
purities of 39�94% our method is shown to afford
superior purities. However, in comparison to the latest
work in 2013 of Liu et al.,15 who modified their initial
approach to include temperature control and were
able to prepare seven (n, m) species with a purity of
56�93%, our work is equivalent to the current state of
the art. A trend also seen upon comparison to the work
of Tvrdy et al.,13 whoprepared (6,5), (7,3), (7,5), and (7,6)
with purities of 96, 87, 56, and 64%, respectively. For an
effective sorting method it is also important to assess
the yield of the various (n, m) species. While we did
not measure this directly, it is noted that the starting
solution has a mass on the milligram level and the final
(n, m) fractions were below the μg level. This obvious
problem in yield is due to only collecting beginning or

end material, with a large portion of the eluent dis-
carded. In the future we hope to be able to have less
overlap of the individual (n, m) species and hence
dramatically improve our yield. Upon eliminating the
need for centrifugation in our method, a question is
also raised as to the fate of impurity carbon and/or non-
SWCNT material. This material is typically removed by
centrifugation and must show up somewhere in our
separation. We note that during the 1.5 h equilibration
time (prior to the collection of (n,m) species)material is
observed to elute from the column. Upon measuring
absorbance spectra, this material is typically poorly
defined or has no SWCNT absorption characteristics,
andwe have therefore attributed it to be such impurity
carbon material.

Our method allows for routine time based separa-
tion (dependent on set pump conditions) of (n, m)
species, where the users know in which region of the
elution diagram they must collect pure (n,m) fractions.
This is something that can easily become automated,
as in our case where we plan to take an automated
fraction collector and have a completely automated
process from the injection of raw HiPco material
through to the collection of (n, m) pure species. Upon
maintaining the sonication conditions constant, the
elution time and position of each (n,m) species at a set
SDS concentration remained constant between experi-
mental runs. Additionally, the gel columnwas found to
be reusable with preliminary tests, showing the gel to
be reusable up to 10 times. This is important if such a
method is to become industrially applicable. As dis-
cussed by Strano et al.,13 the (n, m) separation of
SWCNTs is a process that is easily scalable to arbitrary
large volumes of Sephacryl gel and raw material, and
we believe our automated method will therefore form
a crucial step toward the routine separation of SWCNTs.
However, it is important to remember that upon
increasing the separation volume (amount of gel and

TABLE 1. Purity of (n, m) Species Obtained from the Gel

Permeation Chromatography (GPC) System

(n, m) species

(8,3) (6,5) (7,5) (9,4) (8,4) (7,6) (8,6) (8,7)

purity (%) 64 92 61 76 76 95 88 77

Figure 7. Absorption spectra corresponding to fractions displayed in Figure 6.
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raw material) the elution timing will need to be ad-
justed/optimized to accommodate for the larger gel
volume and the time required for the gel to reach pH
equilibrium. In our initial experiments a 3-fold increase
in gel volume has resulted in roughly a 3�4-fold
increase in pH equilibrium time and therefore also
the time required for a separation. Furthermore, factors
such as flow rate and pressure applied to an increased
gel bed volume will need to be optimized before a
truly large-scale separation can be realized. Ideally
one should keep the column length the same and
scale the area with a fixed flow rate per area of gel. It is
also likely that the next step in (n, m) purity will also
come by combining the methodology of several
groups into one process, for example, the use of a gel

permeation chromatography system to vary not
only pH and SDS concentration but also gel/eluent
temperature.

CONCLUSION

In conclusion, we have shown the (n, m) separation
of eight different SWCNT species with a purity of
61�95%. This separation was achieved without the
use of centrifugation and with the use of a gel permea-
tion system. The ability to achieve high-purity (n, m)
suspensions routinely with use of a computer-con-
trolled and automated system, without the need for
specialist equipment, will hopefully allow many new
research groups access to pure (n,m) suspensions and
further foster development in the field of SWCNTs.

METHODS
HiPco SWCNT rawmaterial (NanoIntegris) was used through-

out this work. In order to prepare starting suspensions, 20 mg
of raw SWCNT material was suspended in 80 mL of H2O with
2 wt % sodium dodecyl sulfate using a tip sonicator (Weber
Ultrasonics, 35 kHz, 500W, in continuousmode) applied for 15 h
at ∼20% power. During sonication, the suspension was placed
in a water-circulation bath to aid cooling.
Gel filtration was performed using 7 mL of the Sephacryl

S-200 gel filtration medium (Amersham Biosciences) in a com-
mercially available water-jacketed liquid chromatography col-
umn (XK 16/20, GE Healthcare) with 16 mm inner diameter
and 20 cm length. After applying slight compression the gel
yielded a final height of 2 cm. An Accel 250 LC water chiller
(Thermoscientific) was then used to maintain the column
temperature at 23 �C. Separationwasperformedwith a SECcurity
gel permeation chromatography 1260 Infinity system (Agilent
Technologies). This consisted of a quaternary pump (G1311B),
an autosampler (G2258A), a diode array detector (G1315D), and
a fraction collector (CHF122SC, Advantec). The GPC system was
controlled via the WinGPC UniChrom v.8.1 software (Polymer
Standards Service GmbH). The diode array detector was used to
monitor two fixed wavelengths at either 590, 650, or 720 nm
during an experimental run with complete spectra measured
from 190 to 950 nmwith a bandwidth of 10 nm and a stepwidth
of 8 nm. Following sonication the SDS concentration of the raw
material was adjusted to the appropriate concentration by the
addition of H2O. A 15mLamount of SWCNT suspensionwas then
pumped onto the gel column and washed through with further
SDS. Importantly the “flow through” material was collected for
subsequent dilution and separation steps. After loading the gel
with SWCNTs the quaternary pump was used to mix SDS (pump
A) with SDS at pH 3 (pump B) (prepared through the addition of
the appropriate concentration of HCl). While maintaining a flow
rate of 2 mL/min the quaternary pump was then used to bring
the column under reduced pH conditions by setting pumps
A and B to the appropriate ratio and holding there for 1.5 h.
Once the gel reached equilibrium conditions, an appropriate pH
gradient was applied to the gel over a period of 20�40min, and
2 mL fractions were collected.
For spectroscopic characterization, the doping effect of

reduced pH was removed by addition of 1 drop of 25% w/w
tetramethylammonium hydroxide aqueous solution (Alfa Aesar)
to each 2 mL fraction. This resulted in a SWCNT suspension that
was slightly basic and ensured no spectroscopic features were
missed. UV�vis�NIR absorption spectra were recorded on a
Varian Cary 500 spectrophotometer. For ease of comparison,
background subtraction of the UV�vis spectra was performed
using the freeware fityk (http://fityk.nieto.pl/). Photoluminescence
maps were measured in the emission range∼900�1700 nm and
excitation range 500�950 nm (scanned in 3 nm steps) using a

modified FTIR spectrometer (Bruker IFS66) equipped with a
liquid nitrogen cooled Ge-photodiode and a monochromatized
excitation light source as described elsewhere.26

Atomic force microscopy was performed in an air environ-
ment with a multimode head and Nanoscope III controller
(Digital Instruments), operating in tappingmode. Commercially
available silicon cantilevers with fundamental resonance fre-
quency of 320 kHz were used. Images of 10 � 10 μm topo-
graphic (height) and amplitude were collected simultaneously
at a scan rate of 0.5 Hzwith the parameters' set point, amplitude,
and feedback control optimized for each sample. A 0.7 μL
sample of SWCNT solution was then dropped onto a 1 cm2

silicon wafer and spin coated at 1500 rpm for 60 s.
Conflict of Interest: The authors declare no competing

financial interest.

Acknowledgment. B.S.F. gratefully acknowledges support
from the Deutsche Forschungsgemeinschaft's Emmy Noether
Program under grant number FL 834/1-1. K.E.M. wishes to thank
the Australian Nanotechnology Network (ANN), the Australian
Microscopy and Microanalysis Research Facility (AMMRF), the
Australian Government for an Australian Postgraduate Award,
the Playford Memorial Trust, Flinders University, BankSA,
the Amy Forwood Trust, and the Cathy Chandler Bursary.
This research was also supported by the Bundesministerium
für Bildung und Forschung (BMBF) as administered by the
Helmholtz Program POF-NanoMicro.

Supporting Information Available: Photoluminescence con-
tour maps of raw HiPco SWCNT material and SWCNTs absorbed
to the Sephacryl gel at 0.4 wt % SDS. Absorption spectra of
raw HiPco SWCNT material (flow through) following sequential
reduction of the SDS concentration and separated (n,m) species.
Histograms of the SWCNT length distribution for the various
“starting materials”, as determined by AFM. This material is
available free of charge via the Internet at http://pubs.acs.org.

REFERENCES AND NOTES
1. Wang, H.; Wang, B.; Quek, X. Y.; Wei, L.; Zhao, J. W.; Li, L. J.;

Chan-Park, M. B.; Yang, Y. H.; Chen, Y. A. Selective Synthesis
of (9,8) Single Walled Carbon Nanotubes on Cobalt In-
corporated TUD-1 Catalysts. J. Am. Chem. Soc. 2010, 132,
16747–16749.

2. Liu, J.; Wang, C.; Tu, X. M.; Liu, B. L.; Chen, L.; Zheng, M.;
Zhou, C. W. Chirality-Controlled Synthesis of Single-Wall
Carbon Nanotubes Using Vapour-Phase Epitaxy. Nat.
Commun. 2012, 3, 1199.

3. Bachilo, S. M.; Balzano, L.; Herrera, J. E.; Pompeo, F.;
Resasco, D. E.; Weisman, R. B. Narrow (n,m)-Distribution
of Single-Walled Carbon Nanotubes Grown Using a Solid

A
RTIC

LE



FLAVEL ET AL . VOL. 8 ’ NO. 2 ’ 1817–1826 ’ 2014

www.acsnano.org

1826

Supported Catalyst. J. Am. Chem. Soc. 2003, 125, 11186–
11187.

4. Tu, X. M.; Manohar, S.; Jagota, A.; Zheng, M. DNA Sequence
Motifs for Structure-Specific Recognition and Separation
of Carbon Nanotubes. Nature 2009, 460, 250–253.

5. Arnold, M. S.; Stupp, S. I.; Hersam, M. C. Enrichment of
Single-Walled Carbon Nanotubes by Diameter in Density
Gradients. Nano Lett. 2005, 5, 713–718.

6. Arnold, M. S.; Green, A. A.; Hulvat, J. F.; Stupp, S. I.; Hersam,
M. C. Sorting Carbon Nanotubes by Electronic Structure
Using Density Differentiation. Nat. Nanotechnol. 2006, 1,
60–65.

7. Ghosh, S.; Bachilo, S. M.; Weisman, R. B. Advanced Sorting
of Single-Walled Carbon Nanotubes by Nonlinear Density-
Gradient Ultracentrifugation. Nat. Nanotechnol. 2010, 5,
443–450.

8. Moshammer, K.; Hennrich, F.; Kappes, M. M. Selective
Suspension in Aqueous Sodium Dodecyl Sulfate Accord-
ing to Electronic Structure Type Allows Simple Separation
of Metallic from Semiconducting Single-Walled Carbon
Nanotubes. Nano Res. 2009, 2, 599–606.

9. Blum, C.; Sturzl, N.; Hennrich, F.; Lebedkin, S.; Heeg, S.;
Dumlich, H.; Reich, S.; Kappes, M. M. Selective Bundling of
Zigzag Single-Walled Carbon Nanotubes. ACS Nano 2011,
5, 2847–2854.

10. Liu, H. P.; Nishide, D.; Tanaka, T.; Kataura, H. Large-Scale
Single-Chirality Separation of Single-Wall Carbon Nano-
tubes by Simple Gel Chromatography. Nat. Commun.
2011, 2.

11. Blanch, A. J.; Quinton, J. S.; Shapter, J. G. The Role of
Sodium Dodecyl Sulfate Concentration in the Separation
of Carbon Nanotubes Using Gel Chromatography. Carbon
2013, 60, 471–480.

12. Khripin, C. Y.; Fagan, J. A.; Zheng, M. Spontaneous Partition
of Carbon Nanotubes in Polymer-Modified Aqueous
Phases. J. Am. Chem. Soc. 2013, 135, 6822–6825.

13. Tvrdy, K.; Jain, R. M.; Han, R.; Hilmer, A. J.; McNicholas, T. P.;
Strano, M. S. A Kinetic Model for the Deterministic Predic-
tion of Gel-Based Single-Chirality Single-Walled Carbon
Nanotube Separation. ACS Nano 2013, 7, 1779–1789.

14. Jain, R. M.; Howden, R.; Tvrdy, K.; Shimizu, S.; Hilmer, A. J.;
McNicholas, T. P.; Gleason, K. K.; Strano, M. S. Polymer-
Free Near-Infrared Photovoltaics with Single Chirality (6,5)
Semiconducting Carbon Nanotube Active Layers. Adv.
Mater. 2012, 24, 4436–4439.

15. Liu, H. P.; Tanaka, T.; Urabe, Y.; Kataura, H. High-Efficiency
Single-Chirality Separation of Carbon Nanotubes Using
Temperature-Controlled Gel Chromatography. Nano Lett.
2013, 13, 1996–2003.

16. Flavel, B. S.; Kappes, M. M.; Krupke, R.; Hennrich, F.
Separation of Single-Walled Carbon Nanotubes by
1-Dodecanol-Mediated Size-Exclusion Chromatography.
ACS Nano 2013, 7, 3557–3564.

17. Paruchuri, V. K.; Nalaskowski, J.; Shah, D. O.; Miller, J. D. The
Effect of Cosurfactants on SodiumDodecyl SulfateMicellar
Structures at a Graphite Surface. Colloid Surf. A 2006, 272,
157–163.

18. Paruchuri, V. K.; Nguyen, A. V.; Miller, J. D. Zeta-Potentials of
Self-Assembled Surface Micelles of Ionic Surfactants Ad-
sorbed at Hydrophobic Graphite Surfaces. Colloid Surf. A
2004, 250, 519–526.

19. Tummala, N. R.; Striolo, A. Curvature Effects on the Adsorp-
tion of Aqueous Sodium-Dodecyl-Sulfate Surfactants
on Carbonaceous Substrates: Structural Features and
Counterion Dynamics. Phys. Rev. E 2009, 80, 021480.

20. Duque, J. G.; Densmore, C. G.; Doorn, S. K. Saturation of
Surfactant Structure at the Single-Walled Carbon Nano-
tube Surface. J. Am. Chem. Soc. 2010, 132, 16165–16175.

21. Hirano, A.; Tanaka, T.; Urabe, Y.; Kataura, H. pH- and Solute-
Dependent Adsorption of Single-Wall Carbon Nanotubes
onto Hydrogels: Mechanistic Insights into the Metal/
Semiconductor Separation. ACS Nano 2013, 7, 10285–
10295.

22. Clar, J. G.; Silvera Batista, C. A.; Youn, S.; Bonzongo, J. C.;
Ziegler, K. J. Interactive Forces between Sodium Dodecyl

Sulfate-Suspended Single-Walled Carbon Nanotubes and
Agarose Gels. J. Am. Chem. Soc. 2013, 135, 17758–17767.

23. Heller, D. A.; Mayrhofer, R. M.; Baik, S.; Grinkova, Y. V.; Usrey,
M. L.; Strano, M. S. Concomitant Length and Diameter
Separation of Single-Walled Carbon Nanotubes. J. Am.
Chem. Soc. 2004, 126, 14567–14573.

24. Hennrich, F.; Krupke, R.; Arnold, K.; Stutz, J. A. R.; Lebedkin,
S.; Koch, T.; Schimmel, T.; Kappes, M. M. The Mechanism
of Cavitation-Induced Scission of Single-Walled Carbon
Nanotubes. J. Phys. Chem. B 2007, 111, 1932–1937.

25. Weisman, R. B.; Bachilo, S. M. Dependence of Optical
Transition Energies on Structure for Single-Walled Carbon
Nanotubes in Aqueous Suspension: An Empirical Kataura
Plot. Nano Lett. 2003, 3, 1235–1238.

26. Lebedkin, S.; Hennrich, F.; Kiowski, O.; Kappes, M. M.
Photophysics of Carbon Nanotubes in Organic Polymer-
Toluene Dispersions: Emission and Excitation Satellites
and Relaxation Pathways. Phys. Rev. B 2008, 77, 165429.

A
RTIC

LE



 

Publications    39 

2.1 Separation of Carbon Nanotubes 
 
 
2.1.3 Separation of Double-Walled Carbon Nanotubes by Size Exclusion Chromatography 
 

K. E. Moore, M. Pfohl, F. Hennrich, V. S. K. Chakradhanula, C. Kuebel, M. M. Kappes,  
J. G. Shapter, R. Krupke, B. S. Flavel 

 
ACS Nano 8 (2014) 6756–6764 

 
DOI: 10.1021/nn500756a 
 
 

Abstract 
In this report we demonstrate the separation of raw carbon nanotube material into fractions of 
double-walled (DWCNTs) and single-walled carbon nanotubes (SWCNTs). Our method utilizes the 
size exclusion chromatography Sephacryl gel S-200 and yielded two distinct fractions of  
single- and double- walled nanotubes with average diameters of 0.93 ± 0.03 nm and  
1.64 ± 0.15 nm, respectively. The presented technique is easily scalable and offers an alternative 
to traditional density gradient ultracentrifugation methods. CNT fractions were characterized by 
atomic force microscopy, Raman and absorption spectroscopy as well as transmission electron 
microscopy. 
 
Contribution 
B.S.F conceived the idea and designed the project.  B.S.F, K.E.M and M.P, V.S.K.C and F.H 
performed the experiments.  B.S.F and K.E.M wrote the manuscript and all authors contributed to 
the discussion and analysis of experimental results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 40 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

– This page intentionally left blank – 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



MOORE ET AL . VOL. 8 ’ NO. 7 ’ 6756–6764 ’ 2014

www.acsnano.org

6756

June 04, 2014

C 2014 American Chemical Society

Separation of Double-Walled Carbon
Nanotubes by Size Exclusion Column
Chromatography
Katherine E. Moore,†,‡ Moritz Pfohl,‡ Frank Hennrich,‡ Venkata Sai K. Chakradhanula,‡,^

Christian Kuebel,‡,^, ) Manfred M. Kappes,‡,§ Joe G. Shapter,† Ralph Krupke,‡ and Benjamin S. Flavel‡,*

†Centre for Nanoscale Science and Technology, School of Chemical and Physical Sciences, Flinders University, 5000, Adelaide, Australia, ‡Institute of Nanotechnology,
Karlsruhe Institute of Technology, 76344, Eggenstein-Leopoldshafen, Germany, §Institute of Physical Chemistry, Karlsruhe Institute of Technology, 76128, Karlsruhe,
Germany, ^Helmholtz Institute Ulm Electrochemical Energy Storage, 89081 Ulm, Germany, and )Karlsruhe Nano Micro Facility, Karlsruhe Institute of Technology,
76344 Eggenstein-Leopoldshafen, Germany

D
ouble-walled carbon nanotubes
(DWCNTs) are a unique intermediate
between single-walled carbon nano-

tubes (SWCNTs) and multiwalled carbon
nanotubes (MWCNTs) and are therefore of
fundamental interest to the carbon nano-
tube community. Due to the extraordinary
electronic, physical, and optical properties
of SWCNTs, a myriad of SWCNT integrated
devices for sensing applications can be found
in the literature.1�3 However, for the develop-
ment of advanced biosensors the integration
of a biosensitive element is often necessary.
Of course biomodification can be achieved
through noncovalent functionalization, such
as the wrapping of SWCNTs with DNA,4,5 or
the incorporation of molecules within the
surfactant shell,6 but sometimes it is also
desirable to have covalent functionalization
avenues available. In this regard, the use of
SWCNTs becomes difficult due to degrada-
tion of their electronic properties from cova-
lent modification, where disruption of the
pristine sp2-hybridized network is a require-
ment.7 DWCNTs offer a unique solution to this

problem, where covalent modification can
be performed on an outer-wall nanotube only
with the inner-wall nanotube remaining pris-
tine and available for signal transduction.8

Inorder to realize this applicationor indeed
alternatives such as field effect transistors9,10

or atomic force microscopy (AFM) tips,11 the
ability to prepare highly pure DWCNTs is
a requirement. Despite research efforts to
develop growth processes that favor DWCNT
formation, unwanted SWCNTs are still found
tobepresent in the rawmaterial.12,13 Research
efforts have therefore been directed toward
methods to isolate and purify DWCNTs.
One very successful method was pioneered
by Hersam and co-workers in 2009.14 Their
process utilized density gradient ultracentri-
fugation (DGU) to separate surfactant-
wrapped CNTs by their number of walls
upon exploiting differences in the buoyant
density. In 2010, Huh et al. utilized this
method to not only separate DWCNTs but
also isolate narrow length distributions.15

This was done by altering both the density
gradient and the vertical starting position of
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ABSTRACT In this report we demonstrate the separation of raw

carbon nanotube material into fractions of double-walled (DWCNTs)

and single-walled carbon nanotubes (SWCNTs). Our method utilizes

size exclusion chromatography with Sephacryl gel S-200 and yielded

two distinct fractions of single- and double-walled nanotubes with

average diameters of 0.93( 0.03 and 1.64( 0.15 nm, respectively.

The presented technique is easily scalable and offers an alternative to

traditional density gradient ultracentrifugation methods. CNT frac-

tions were characterized by atomic force microscopy and Raman and

absorption spectroscopy as well as transmission electron microscopy.

KEYWORDS: carbon nanotube . double . separation . sorting . purification . Sephacryl gel
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the unsorted material, creating a substantially greater
than average density of the dispersed DWCNTs,
thus exploiting the length-dependent translation of
the nanotubes in response to applied centrifugation.
They also reported the first hint of DWCNT separation
according to the electronic character of the outer
nanotube through the use of cosurfactants at different
concentrations throughout the gradient medium.
Hersam and co-workers later reported the preparation
of high-quality semiconducting and metallic DWCNT
fractions in 2011, by conducting sequential DGU,
resulting in controlled separation of DWCNTs accord-
ing to outer-shell electronic character.16 They achieved
very high outer-wall nanotube purity with reports of
96% and 98% for sorted semiconducting and metallic
DWCNTs, respectively.WhileDGUhasdemonstratedvery
high quality separation, for many research groups with-
out an ultracentrifuge or the technical expertise in the
preparationof intricatedensity gradients, thepreparation
of high-purity DWCNT material remains unachievable.
For this reason the development of alternative prepara-
tion methods is still of fundamental interest.
In this work we describe the use of Sephacryl gel

column chromatography to separate SWCNTs from
DWCNTs. The use of Sephacryl gel chromatography,
developed by Moshammer et al. in 2009,17 has already
been shown to be extremely successful in the prepara-
tion of SWCNT suspensions. This method allows for
the high-throughput separation of metallic (m-) from
semiconducting (s-) SWCNTs and in some cases, even
enriches zigzag and (n, 0) species.18 The work of Liu
et al.,19 Tvrdy et al.,20 and our group21,22 has then
further developed this technique to afford highly
pure single-chirality suspensions. It is therefore a logical
extension to apply Sephacryl gel techniques to DWCNTs.

RESULTS AND DISCUSSION

As outlined in the Methods section, 125 mL of a
2wt% sodiumdodecyl sulfate (SDS) in H2O suspension
of as-prepared DWCNT material was sonicated for 8 h

at 15 �C to yield the raw DWCNT starting solution. This
solution was then applied to an S-200 Sephacryl gel
bed and washed through with further 2 wt % SDS with
the “flow-through”material collected. Figure 1a shows
time-lapse photographs of the Sephacryl gel column
before addition of the starting material and at various
times after addition. Despite a significant portion of
the raw material passing through the column, a small
fraction remained adsorbed to the gel at the top of the
column (absorption spectra of raw and flow-through
material can also be found in Figure S1 of the Support-
ing Information). This is consistent with the previous
work of Blanch et al.23 and Flavel et al.,22 who have
shown that for HiPco SWCNTs in relatively high SDS
concentrations (1.6�2 wt %), only a small amount of
the overall nanotube population is adsorbed to the
gel, compared to relatively low SDS concentrations
(0.4�0.8wt%). This “flow-through” band is highlighted
in green in Figure 1a. Upon addition of 0.5 wt% sodium
cholate (SC), the adsorbed CNTs were then eluted from
the gel column. This is consistent with previous work,17

where surfactant exchange results in a reduced inter-
action of the nanotubes with the gel and subsequent
elution. During elution the previously adsorbed
DWCNTs and SWCNTs are observed to separate into
two distinct bands that are highlighted purple and
blue in Figure 1a, respectively. As can be seen in
Figure 1a, the DWCNTs travel faster through the S-200
gel compared to the SWCNTs and therefore elute first
from the column. Furthermore, the initially tight band
of DWCNTs is found to spread out as it passes through
the column, whereas the SWCNTs remain roughly
confined in a band of the similar size. Despite the
extensive use of Sephacryl S-200 size exclusion gel in
the separation of SWCNTs,19�22 the exact mechanism
remains under discussion. This is highlighted in the
recent work of Tvrdy et al.,20 who identify the separa-
tion process of SWCNTs as a selective adsorption
and not the expected size exclusion chromatographic
(SEC) process, which would have retention time

Figure 1. (a) Time-lapse photography (1 h) of the introduction of raw unsorted DWCNT material to the S-200 gel column for
the separation of DWCNTs from SWCNTs and (b) diameter vs length of SWCNTs and DWCNTs as determined by AFM.
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dependence. We believe our work to be consistent
with the adsorption mechanism proposed by Tvrdy
et al.; however in the case of the DWCNTs it could be
suggested that the spreading of the DWCNT band is
due to a size-selective interaction on the gel. Absorp-
tion spectra of sequential fractions for the DWCNT and
SWCNT material can be found in Figures S2 and S3.
Upon inspection of Figure S2, it can be seen that only
the leading edge of the “DWCNT band” contains a high
content of DWCNTs, with a decrease in both the
concentration and optical properites for later fractions.
AFM investigation of the DWCNT sample for later
fractions is shown in Figure S4 of the Supporting
Information, in this case, the fraction labeled “Fraction
5” of the “DWCNTs band”. It can be seen that there are
indeedCNTspresentwith anaveragediameter of 1.05(
0.02nm,which is therefore suggestiveof SWCNTs. These
SWCNTs have an average length of 910( 11 nm, similar
to that of the DWCNT sample, which is discussed below.
However, as there are no SWCNTs visible in the absorp-
tion measurement of “Fraction 5”, we believe that they
must be highly defected. In absorption measurements
we see only a low concentration of DWCNTs, indicating
that this nonedge band of DWCNTs is a combination of
DWCNTs and defected SWCNTs. It is also important to
note at this point that in the near-edge bandofDWCNTs
(used for all subsequent experiments) no SWCNT ma-
terial was found by AFM or transmission electronmicro-
scopy (TEM). Hence in this case it is the separation of
pristine DWCNTs from defected material with reduced
adsorption properties that is observed, rather than size
exclusion within the DWCNT population.
Likewise the clear separation of the SWCNT and

DWCNT bands could also be due to size-dependent
retention timeson thegel. In Figure 2,AFMmeasurements

comparing the SWCNT and DWCNT fractions are shown
(representative AFM images can be seen in Figure S5 of
the Supporting Information). In the case of the SWCNTs, a
Gaussian can be fitted to the histograms of both the
diameter and length with an average diameter of 0.93(
0.03nmandaverage lengthof 310(28nm. It is apparent
that the SWCNT sample consisted predominantly of
individually dispersed nanotubes, without the presence
of large bundles. In the case of DWCNTs, however, there
are clearly two subpopulations for both diameter and
length distributions, corresponding to individually dis-
persed DWCNTs and bundles. The increased affinity for
DWCNTs to form bundles compared to SWCNTs is be-
lieved to be due to the significantly longer tube length
and increased diameter, which would lead to increased
vanderWaals interactions.24,25 Theaveragediameter and
length of the individually dispersed DWCNTs is 1.64 (
0.15 nm and 725 ( 250 nm, respectively. A further
observation from AFM is that the average diameter of
theDWCNTs is larger than that of theSWCNTsby0.71nm,
very close to twice the literature value of the intertube
distance (3.44 Å),26 indicating that the SWCNTs are
approximately equivalent to the size of the inner tubes
of DWCNTs. It is therefore possible that the presence of
SWCNTs has origins in sonication-induced exfoliation of
DWCNTs, aswell as being present in the rawmaterial.12,13

It is well known that raw DWCNT material contains
not only small-diameter SWCNTs but also large-
diameter SWCNTs and MWCNTs. Indeed it is therefore
entirely possible that the additional peak that we have
attributed to bundled DWCNT material could simply
be attributed to MWCNTs or large-diameter SWCNTs.
The only way to verify this is with TEM measurements.
FromTEMmeasurementswewere unable to locate any
MWCNTs in either the SWCNT or DWCNT fractions.

Figure 2. Diameter and length populations determined by AFM of sorted SWCNTs (top) and DWCNTs (bottom) with a
Gaussian fit to indicate contribution from individually dispersed tubes and bundles.
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Of course this does not rule out the possibility of their
existence in either of the fractions due to TEM provid-
ing only a limited overview of the entire sample
population. However, we note that as we did not
see any MWCNTs in TEM, it is unlikely that MWCNTs
are present in a high enough concentration to afford
the second peak in the AFM diameter distribution
of DWCNTs. It is therefore more likely bundling of
DWCNTs. A representative TEM image of the DWCNT
material can be found in Figure 3, where a free
suspended DWCNT can clearly be seen. Furthermore,
additional TEM of DWCNT films/bundles can also be
found in Figure S5 of the Supporting Information. TEM
has also allowed us to determine the location of any
large-diameter SWCNTs after the separation process.
Within the DWCNT material we were unable to locate
any large-diameter SWCNTs; however they were found
tobepresent in the small-diameter SWCNT fraction. This is
shown in Figure S6 of the Supporting Information, where
two SWCNTs with a diameter of ∼2 nm can be seen.
The observation of DWCNTs being longer than the

SWCNTs initially appears to be in disagreement with
our recent work22 and the proposed selective cutting
mechanism of Hennrich et al.27 and Heller et al.,28 who
suggested smaller diameter CNTs are cut to a lesser
extent by sonication compared to those with larger
diameters. The DWCNTs have a much longer tube
length, over twice that of the SWCNTs. From a purely
diameter-dependent perspective it would be expected
that the DWCNTs (larger diameter) would be shorter
than the SWCNTs (small diameter). However, we note
that all previousworkwasperformedpurely onSWCNTs,
and it is unclear what role an additional carbon inner
core may play in aiding stability during sonication.
Furthermore, in the work of Hersam et al.14 DWCNTs
were also found to be ∼44% longer than their SWCNT
counterparts.

Despite discussions on the cutting mechanism
being dependent on wall number, the separation of
these two species of CNTs by gel filtration is in agree-
ment with Heller et al.,28 who prepared length- and
diameter-separated SWCNTs using both gel electro-
phoresis and column chromatography. They proposed
the mobility of CNTs through the gel matrix to be
largely length dependent, as it contributes to the
majority of size differences in nanotubes. This is cer-
tainly true in this case and is highlighted in Figure 1b; it
suggests that the sonication process is of vital impor-
tance to enable SEC of DWCNTs. In this work, the raw
material contained both SWCNTs and DWCNTs pro-
duced in the same CVD synthesis, thus producing tubes
of comparable defect contribution. If we make the
assumption that the initial length of both tube types
is the same, then the longer length of the DWCNTs can
be attributed solely to the introduction of a secondary
wall, which provides increased structural stability. If we
do not assume that the initial length of both tube types
is the same, then it may not necessarily be true that the
DWCNTs are more stable and shortened at a slower
rate. Unfortunately AFM of the raw material cannot be
used to determine the initial tube lengths, as it contains
a complex mixture of both SWCNTs and DWCNTs, as
well as other carbonaceous material that is removed
from the sample during separation. Thus, lengths de-
termined from the raw material would not be an
accurate representation of the enriched DWCNT and
SWCNT samples collected. However, onemust consider
the mechanics of sonication-induced scission. Initially
the nanotubes experience a certain strain force, which
makes it unstable in the ultrasonic environment and
scission occurs. This continues to occur until the strain
force is below the critical value for nanotube disruption
and the tube can no longer be shortened.27 In this work
the nanotubes were probe tip sonicated for 8 h, which
is a considerable amount of time in such a disruptive
environment.We speculate that after this time theCNTs
are very close to reaching this critical value, essentially
theminimum length, if they have not already. Thus, the
rate of scission is unimportant, as given enough time,
the nanotubes will reach their minimum length regard-
less. In this case, it is then only the value of the critical
strain force that is relevant, which is determined by the
initial size of the nanotubes, determined by tube
diameter, initial length, or the number of tube walls.
Irrespective of the initial size of the nanotube popula-
tions, after sonication there are two very distinct sub-
populations, namely, DWCNTs and SWCNTs. If simply
the difference in nanotube size was responsible for
the separation observed in this work, one would also
expect that the same resultwould be achievable for raw
DWCNT material suspended in sodium cholate applied
to an S-200 gel column. As a control we have performed
this experiment andnote that no separationofDWCNTs
from SWCNTs is observed. This is summarized in

Figure 3. HRTEM micrograph of an individual DWCNT with
an outer diameter of 1.7 nm.
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Figure S7 of the Supporting Information. This tends to
suggest that despite the DWCNT and SWCNT fractions
having very different size distributions, the mechanism
is not a simple size exclusion process. A likely explana-
tion is that once CNTs become trapped on a Sephacryl
gel column in SDS, it is the large-diameter CNTs that
are first solubilized by sodium cholate with the small-
diameter CNTs eluting last. In this case we certainly
have two distinctly different diameter regimes, and the
true mechanism is likely a combination of diameter-
dependent solvation by sodium cholate and length-
dependent size exclusion.
The collectedSWCNTandDWCNT fractionswere then

analyzed by absorption spectroscopy. Figure 4 shows
typical spectra of SWCNT and DWCNT suspensions in
0.5 wt % sodium cholate. The SWCNT spectra can be
divided into twodistinct regions, namely, 900�1250 nm
and 550�900 nm, which correspond to the first (S11)
and second (S22) optical transition of SWCNTs, respec-
tively, and are in agreement with literature for small-
diameter HiPco process prepared SWCNTs.19�22 With
the use of data from Weisman and co-workers,29 this
corresponds to CNT diameters of∼0.8�1.2 nm and is in
agreement with our AFM measurements. Likewise the
DWCNTs can also be divided into two regions; however,
compared to SWCNTs, the peaks in the region of
950�1250 nm are distinctly broader. While this region
most likely consists of some S11 transitions due to the
presence of smaller diameter inner-wall nanotubes, this
region is predominately dominated by the S22 optical
transitions of large-diameter outer-wall nanotubes with
∼1.5�2 nm diameter. The region 500�900 nm then
consists of a mixture of S22 transitions of inner-wall
nanotubes and S33 transitions of outer-wall nanotubes.
Due to the strong absorption of water above 1400 nm,

it was not possible to probe S11 transitions of the
DWCNT fraction in solution (without the use of D2O).
Therefore, we prepared thin films of DWCNTs and
SWCNTsonglass substrates via vacuumfiltration.30 These
thin films in the dry state allowed us to perform absorp-
tion spectroscopy of theDWCNTand SWCNT fractions up
to 2500 nm, as shown in Figure 5 (solid lines). Here it is
important to remember that thin film measurements
cannot be directly compared to solution measurements
(highly dispersed CNTs) due to the excitonic properties of
nanotubes being greatly affected by many-body interac-
tions, Coulomb interaction, and charge transfer between
adjacent nanotubes in bundles (thin CNT films). However,
the presence of a clear S11 absorption (1600�2200 nm)
can be seen for the DWCNTs that is not seen for SWCNTs.
This large broad peak is a superposition of many carbon
nanotube diameters ranging from 1.5 to 2 nm and is
consistent with solution measurements.
The use of CNT thin films also allowed us to further

verify the presence of DWCNT and SWCNT fractions
via a method outlined by Hersam and co-workers14,16

using thionyl chloride doping.
The treatment of CNT thin films with thionyl chloride

has been shown to suppress small band gap optical
transitions upon shifting the CNT Fermi level into
the HOMO band.14,16 In this way, the S11 and perhaps
even some S22 transitions (for large-diameter CNTs)
appear to be quenched in absorption spectroscopy
measurements. Thionyl chloride doping experiments
are represented by a dotted line in Figure 5. The broad
S11 (1600�2200 nm) and S22 (900�1250 nm) regions
and the S11 (900�1250 nm) regionwere suppressed for
the DWCNTs and SWCNTs, respectively, upon thionyl
chloride treatment. Interestingly, for the DWCNTs
two peaks in the region 900�1250 nm remain after

Figure 4. Absorption spectra of the resulting SWCNT and DWCNT fractions in 2 wt % sodium cholate solution. For ease
of comparison, the DWCNT spectrum has been subtracted. Details of the background subtraction process can be found in
Figure S8 of the Supporting Information.
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thionyl chloride doping, which are indicated by aster-
isks. These peaks are also seen in the SWCNT film
(indicated by carats) before doping, and it can clearly
be seen that these S11 transitions from nanotubes of this
diameter are doped by thionyl chloride. The fact that
peaks remain in this region for the DWCNT sample can
only by explained by the presence of smaller diameter
inner-wall SWCNTs. In this case theouterwall has shielded
the inner wall from chemical doping by thionyl chloride.
Raman analysis was then further used to analyze the

DWCNT and SWCNT thin films. In the work of Hersam
and co-workers,14,16 it was demonstrated that when
the CNTs were treated with concentrated sulfuric acid,
the exposed outer-wall nanotubes reacted at a signifi-
cantly faster rate than the inner-wall nanotubes, where
the outer wall acts as a protective shield for the inner

wall. This was concluded from observing the CNT
radial breathing modes (RBM) before and after acid
treatment. This experiment has been reproduced in
our work and can be seen in Figure S9 of the Support-
ing Information; however as it is unclear if one is only
etching the outer wall, we have opted for a nondes-
tructive approach to demonstrate the effect of inner-
tube shielding. In this case, Raman spectra were recorded
for each film before and after treatment with thionyl
chloride. As mentioned previously, thionyl chloride
quenches the small band gap energy transitions, resulting
in significant changes in absorption. Figure 6 shows Ra-
man spectra for SWCNTs (left) and DWCNTs (right) at the
three different excitation wavelengths of 785, 638, and
532 nm. The use of different wavelengths allows for
different diameter tubes to be probed and affords an

Figure 6. Raman spectra of the radial breathingmodes of SWCNTs (left) and DWCNTs (right) with 785, 638, and 532 nm laser
excitation before and after treatment with thionyl chloride (solid and dashed lines, respectively).

Figure 5. Absorption spectra of sorted DWCNT (top) and SWCNT (bottom) films, before and after treatment with thionyl
chloride (solid and dashed line, respectively).
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accurate representation of the carbon nanotube popula-
tion. The peak position of the RBM can be used in
conjunctionwith theKatauraplot31,32 andWeismandata29

to determine the nanotube chiralities present in each
sample and can be seen in the Supporting Information.
Peaks in the shaded region of Figure 6, below

200 cm�1, are a result of excitation of tubes with
diameters greater than ∼1.2 nm, which in the case of
DWNTs correspond to outer-wall tubes. Inversely, the
region above 200 cm�1 corresponds to tubes with
diameters between 0.50 and 1.2 nm. Before treatment,
there are an abundance of peaks in each sample;
however, there are slightly more peaks in the DWCNT
case. This is expected, as the more complex structure
of the DWCNTs gives rise to an increased number of
nanotube types. Upon looking at the shaded regions of
Figure 6, it is also evident that there are more peaks
corresponding to large-diameter tubes present in the
DWCNT sample. This is particularly apparent in the case
of 785 and 638 nm laser excitation. As can be seen at
532 nm excitation, there are large-diameter SW tubes
present in the SW fraction, which is confirmed by TEM
(see Figure S6 of the Supporting Information). How-
ever, they are presumably very low in quantity, as there
is not a significant S11 absorption visible in the absorp-
tion spectra of the film and AFM analysis shows mini-
mal tubes with diameters above 1.4 nm. After thionyl
chloride treatment there is a reduction in peak inten-
sity for all SWCNTs peaks with only a few low-intensity
peaks remaining at ∼195, 290, and 240 cm�1 at 532,
638, and 785 nm laser excitation, respectively. How-
ever, it is noted that these peaks are reduced in
intensity by ∼91%, 97%, and 97%, respectively, with
all remaining RBMs no longer present. This is expected
in the SWCNT case, as all nanotubes are exposed to
the thionyl choride chemical environment. A curious
feature noted in the Raman measurement of undoped
SWCNTs at 785 nm was a peak at 375 cm�1 corre-
sponding to the (8,0) nanotube. This tube has a very
small diameter of 0.626 nm and can be considered
small enough to be contained within a DWCNT. How-
ever, after treatment this peak is completely removed,
indicating it had been exposed to the thionyl chloride,
and hence is a single small-diameter nanotube. Indeed
theAFMhistogramofSWCNTdiameters in Figure2 shows
the presence of a small portion of individualized CNTs
with diameters ranging between 0.4 and 0.6 nm.Whether
this nanotube was initially present inside a DWCNT and
removed via sonication remains speculative.
In the case of the DWCNT spectra, the effect of

thionyl chloride is much more complex, with many

peaks persistent after doping. From the 785 nm laser
excitation spectrum, it is clear that the majority of the
outer-wall nanotube RBMs, assigned as (15,6), (18,0),
and (17,1) have been quenched (shaded region).
Conversely, the peak at 270 cm�1 (11,0) retained 24%
of its original intensity, an indication that this tube
has been semiprotected from the doping agent. The
638 nm spectrum shows three clear outer-wall nano-
tube peaks at ∼158 (16,6), 174 (18,0), and 200 cm�1

(9,9). These outer-wall nanotube peaks are then once
again quenched upon exposure to thionyl chloride.
The peaks above 200 cm�1 at ∼220 (11,5), 258 (11,1),
290 (7,5), and 340 cm�1 (6,4) retain 46%, 27%, 24%, and
50% of their peak intensity, respectively, indicating
that they are all inner-walled tubes, semiprotected
from the thionyl chloride. Lastly, if one considers the
spectra at 532 nm, there are two clear peaks associ-
ated with outer-wall nanotubes at ∼162 (16,5) and
195 cm�1 (16,0), which after thionyl chloride treatment
are reduced by ∼73% and 100%. However, the inner-
wall nanotube at ∼273 cm�1 (12,0) is reduced in
intensity by only ∼57%. The observation of thionyl
chloride to influence both the outer and inner wall
(although to a significantly reduced extent) was un-
expected by us but points out that the outer-wall shield-
ing is not 100%. This has been observed previously by
Kalbac et al., who also observed that chemical doping of
the inner tubes was strongly dependent on its electronic
character, with metallic inner tubes doped more easily
than semiconducting inner tubes.33 The inner wall is
obviously not completely isolated from the outer wall,
and it is hencepossible to see changes in the surrounding
environment in the optical properties of both nanotubes.

CONCLUSION

In this work we have demonstrated the separation of
DWCNTs from SWCNTs containing starting material
using fast, easily scalable, and financially viable gel
column chromatography. It was determined from ex-
tensive AFM analysis that the raw DWCNT material
contained two CNT populations of distinctly different
length anddiameter, namely,DWCNTs andSWCNTs. This
distinct difference in sizemay initially lead one to believe
that a typical size exclusion process is responsible for the
separation of DWCNTs from SWCNTs; however control
experiments show that it is more likely a combination of
diameter-dependent solvation by sodium cholate and
length-dependent size exclusion. Regardless of the me-
chanism responsible for separation, this work provides a
convenient avenue to prepare enriched DWCNTs in a
straightforward and easily scalable manner.

METHODS
The DWCNT raw material (average diameter ∼2 nm) used

in this work was supplied by Unidym, lot no. OE-130807.

Suspensions of raw material for size exclusion chromatography

were prepared by suspending 50 mg of DWCNT powder in

125 mL of H2O with 2 wt % of SDS (Sigma-Aldrich) using a tip
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sonicator (Bandelin, 200 W maximum power, 20 kHz, in pulsed
modewith 100mspulses) applied for 8 h at∼20%power. During
sonication, the suspensionwas placed in a 500mL water bath to
dissipate excess heat, without additional cooling. The CNT
suspension was then ready to be introduced into the column.
Gel filtration was performed as previously21 described with

only a few changes using S-200 gel filtration medium
(Amersham Biosciences) in a glass column 30 cm in length and
2 cm inner diameter. The column was filled with filtration
medium and compacted slightly by applying pressure with
compressed air to yield a final gel height of ∼25 cm. For the
separation,∼10mL of as prepared DWCNT rawmaterial solution
was added to the top of the column, and subsequently, a
solution of 2 wt % SDS in H2O was washed through the column
under applied pressure to ensure a flow rate of ∼1 mL min�1.
During this step, single- and double-walled CNTs became
trapped on the gel matrix. Once all starting material had been
washed through,∼10mL of 0.5 wt% sodium cholate was added
to the column, which subsequently removed the DWCNTs
followed by the SWCNTs from the gel medium. These two
species were collected as 4 mL fractions for characterization.
Spectroscopic characterization of the sorted material was car-

ried out by UV�vis�NIR spectroscopy and Raman spectroscopy.
UV�vis�NIR absorption spectra of the sorted fractions were
recorded on a Varian Cary 500 spectrophotometer. Raman
absorption spectra were taken with an XploRA confocal micro-
scope (Horiba) with laser energies of 1.58 eV (785 nm), 1.94 eV
(638 nm), and 2.33 eV (532 nm) under a 50� objective.
Power and gratings were optimized appropriately for each
wavelength.
TEM samples were prepared by drop-casting suspensions

containing the nanotubes in water onto lacey carbon coated
copper grids (Quantifoil GmbH), dried using silica gel. Subse-
quently theywerewashed three times followed by drying under
a silica gel environment.
SWCNT TEM investigations were performed in a ZEISS Libra

200FE transmission electronmicroscope operated at 200 kV and
equippedwith a field emission gun, an in-column filter (Omega-
filter), a high-angle annular dark-field (HAADF) detector, and
an energy-dispersive X-ray (EDX) spectrometer (SiLi detector,
Noran). DWCNT TEM analysis was performed using an image-
corrected FEI Titan 80-300 microscope operated at 300 kV and
equipped with a Gatan US1000 CCD camera for TEM imaging
and electron diffraction. All micrographs were taken with a
4K � 4K CCD camera and analyzed with the software package
Digital Micrographs (version 1.71.38, Gatan Company).
Films of the sorted SWCNTs and DWCNTs were prepared

by vacuum filtration30 and then transferred onto clean glass
substrates. Treatment of the films with 95�98% sulfuric acid
(Sigma-Aldrich) was done by placing a fewdrops on the film and
allowing 10 min for the reaction to occur. After exposure, the
excess acid was removed with a pasteur pipet and the CNT
sample allowed to dry in air for several days.
Films were doped with SOCl2 (Sigma-Aldrich) by coating the

surface with a few drops of SOCl2 and allowing to air-dry for
several minutes.
To prepare the AFM samples, 10 μL of CNT solution was spin

coated onto 1 � 1 cm2 clean silicon surfaces (ABC-Gmbh) at
1500 rpm for 1 min, then gently rinsed with H2O. AFM tapping
mode images were taken in ambient conditions with a multi-
mode head and a NanoScope III controller (Digital Instruments)
using silicon cantilevers (Mikromasch) with a fundamental
resonance frequency between 250 and 400 kHz. Topographic
height and phase images were obtained simultaneously with
feedback controls optimized for each sample.
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Abstract 
The field of single-walled carbon nanotube (SWCNT) separation is broadly characterised by two 
techniques; density gradient ultracentrifugation (DGU), and the gel permeation method developed 
by us and others. DGU has since also been applied to the sorting of double-walled carbon 
nanotubes (DWCNTs), however the gel permeation method has remained underutilized for these 
more complex nanostructures. In this work, we demonstrate the application of the gel permeation 
technique to the sorting of DWCNTs according to their outer wall electronic type.  Our method uses 
the Sephacryl S-200 gel and yields sorted fractions of DWCNTs with impurities removed and highly 
enriched in nanotubes with either metallic (M) or semiconducting (S) outer walls.  The prepared 
fractions are fully characterized using optical absorption spectroscopy, transmission electron 
microscopy and atomic force microscopy, and the entire procedure is monitored in real time using 
process Raman analysis.  The sorted DWCNTs are then integrated into single nanotube field effect 
transistors, allowing detailed electronic measurement of the transconductance properties of the 
four unique inner@outer wall combinations of S@S, S@M, M@S and M@M. 
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2.1.5 Double-Walled Carbon Nanotube Processing 
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Abstract 
Single-walled carbon nanotubes (SWCNTs) have been the focus of intense research and the body 
of literature continues to grow exponentially, despite more than two decades having passed since 
the first reports. As well as extensive studies of the fundamental properties, this has seen 
SWCNTs used in a plethora of applications as far ranging as microelectronics, energy storage, 
solar cells and sensors, to cancer treatment, drug delivery and neuronal interfaces. On the other 
hand, the properties and applications of double-walled carbon nanotubes (DWCNTs) have 
remained relatively under-explored. This is despite DWCNTs not only sharing many of the same 
unique characteristics of their single-walled counterparts, but also possessing an additional suite of 
potentially advantageous properties arising due to the presence of the second wall and the often 
complex inter-wall interactions that arise. For example, it is envisaged that the outer wall could be 
selectively functionalized whilst still leaving the inner wall in its pristine state and available for 
signal transduction. Likewise in DWCNT field effect transistors (FETs), where the outer wall can 
provide a convenient degree of chemical shielding of the inner wall from the external environment, 
allowing the excellent transconductance properties of pristine nanotubes to be more fully exploited. 
Additionally, DWCNTs should also offer unique opportunities to further our fundamental 
understanding of the inter-wall interactions within and between carbon nanotubes. However, the 
realization of these goals has so far been limited by the same challenge experienced by the 
SWCNT field until recent years, namely, the inherent heterogeneity of raw, as-produced DWCNT 
material. As such, there is now an emerging field of research regarding DWCNT processing which 
focuses on the preparation of material of defined length, diameter and electronic type, and which is 
rapidly building upon the experience gained by the broader SWCNT community. This review 
describes the background of the field, summarizing some relevant theory and the available 
synthesis and purification routes; then provides a thorough synopsis of the current state-of-the-art 
in DWCNT sorting methodologies, outlines contemporary challenges in the field, and discusses the 
outlook for various potential applications of the resulting material. 
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 Double-Walled Carbon Nanotube Processing 

   Katherine E.    Moore     ,        Daniel D.    Tune     ,       and        Benjamin S.    Flavel      *
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  1.     Background 

 Carbon nanotubes are an allotrope of carbon having the form 
of hollow cylinders composed of rolled-up sheets of gra-
phene, which is itself an extended hexagonal lattice of purely 

 Single-walled carbon nanotubes (SWCNTs) have been the focus of intense 
research, and the body of literature continues to grow exponentially, despite 
more than two decades having passed since the fi rst reports. As well as 
extensive studies of the fundamental properties, this has seen SWCNTs 
used in a plethora of applications as far ranging as microelectronics, energy 
storage, solar cells, and sensors, to cancer treatment, drug delivery, and 
neuronal interfaces. On the other hand, the properties and applications of 
double-walled carbon nanotubes (DWCNTs) have remained relatively under-
explored. This is despite DWCNTs not only sharing many of the same unique 
characteristics of their single-walled counterparts, but also possessing an 
additional suite of potentially advantageous properties arising due to the 
presence of the second wall and the often complex inter-wall interactions 
that arise. For example, it is envisaged that the outer wall can be selectively 
functionalized whilst still leaving the inner wall in its pristine state and avail-
able for signal transduction. A similar situation arises in DWCNT fi eld effect 
transistors (FETs), where the outer wall can provide a convenient degree of 
chemical shielding of the inner wall from the external environment, allowing 
the excellent transconductance properties of the pristine nanotubes to be 
more fully exploited. Additionally, DWCNTs should also offer unique oppor-
tunities to further the fundamental understanding of the inter-wall interac-
tions within and between carbon nanotubes. However, the realization of 
these goals has so far been limited by the same challenge experienced by the 
SWCNT fi eld until recent years, namely, the inherent heterogeneity of raw, 
as-produced DWCNT material. As such, there is now an emerging fi eld of 
research regarding DWCNT processing that focuses on the preparation of 
material of defi ned length, diameter and electronic type, and which is rapidly 
building upon the experience gained by the broader SWCNT community. This 
review describes the background of the fi eld, summarizing some relevant 
theory and the available synthesis and purifi cation routes; then provides a 
thorough synopsis of the current state-of-the-art in DWCNT sorting meth-
odologies, outlines contemporary challenges in the fi eld, and discusses the 
outlook for various potential applications of the resulting material. 

  Dr. K. E. Moore, Dr. D. D. Tune 
 Centre for Nanoscale Science and Technology 
 School of Chemical and Physical Sciences 
 Flinders University 
  Adelaide    5042  ,   Australia    

 Dr. K. E. Moore, Dr. D. D. Tune, Dr. B. S. Flavel 
 Institute of Nanotechnology 
 Karlsruhe Institute of Technology 
   76021     Karlsruhe  ,   Germany   
E-mail:  benjamin.flavel@kit.edu   

sp 2 -bonded carbons. Strictly speaking, 
carbon nanotubes are either single-walled 
(SWCNTs) or multi-walled (MWCNTs), but 
for many reasons double-walled carbon 
nanotubes (DWCNTs) are prominent in 
the literature. A single carbon cylinder, 
be it an SWCNT or a component wall of 
a DWCNT or MWCNT, can be completely 
described, except for its length, by an 
intrinsic geometric property,  C h  , known 
as the chiral vector. [ 1,2 ]  The chiral vector 
is defi ned by the equation  C h   =  n  a 1   +  m  a 2   
where the integers ( n,m ) are the number 
of steps along the zig-zag carbon bonds 
and  a 1  ,  a 2   are the graphene lattice basis 
vectors in real space ( Figure    1  a). The chiral 
vector makes an angle,  θ , known as the 
chiral angle, with the zig-zag or  a 1   direc-
tion. This angle determines the amount of 
“twist” in the nanotube and two limiting 
cases exist where the chiral angle is at 0° 
and 30°. These are known as zig-zag (0°) 
and armchair (30°) based on the geometry 
of the carbon bonds around the circum-
ference of the nanotube (Figure  1 b,c). All 
other conformations in which the C–C 
bonds lie at angles 0° <  θ  < 30° are known 
as chiral (Figure  1 d).  

 Because the  n,m  integers completely 
describe nanotube chirality, they also 
determine the electronic band struc-
ture. Thus, it is the chirality that has the 
most impact on the optical and electronic 
properties of carbon nanotubes. In par-
ticular, a slight change of the chiral angle 
yields nanotubes that are metallic conduc-
tors, low bandgap or high bandgap semi-
conductors. In the case of semiconductors, 
the bandgap energy is inversely dependent 
on the nanotube diameter. The arm-
chair nanotubes are the only type that are 

intrinsically metallic (zero bandgap), although approximately a 
third of the zig-zag nanotubes also exhibit metallic properties 
at room temperature because the bandgap is smaller than the 
thermal energy,  k  B  T , allowing thermal excitation of carriers into 
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W the conduction band. All chiral nanotubes and the remaining 

two thirds of zig-zag nanotubes are therefore semiconducting 
at room temperature. This leads to the observation that approxi-
mately 60% of all nanotube chiralities are semiconducting with 
the remaining 40% metallic. [ 3 ]  

 Carbon nanotubes are so small that they exhibit quasi-1D 
properties, with the confi nement of electrons into allowed 
momentum states giving rise to van Hove singularities in 
their electronic density of states (DOS) (Figure  1 e,f). In bulk 
semiconducting materials, the energy gap between the val-
ance and conduction bands defi nes the absorption onset 
wavelength of the optical spectra, but in the case of carbon 
nanotubes the discrete electronic transitions in their DOS pro-
duce a series of characteristic peaks in the optical absorption 
spectra at correlated energies (Figure  1 g). In the case of bulk 
semiconducting materials, the single-particle model (an elec-
tron absorbs a photon and thus moves from a lower energy 
level to a higher one) provides a reasonably close approxima-
tion of empirical observations. However, the 1D confi nement 
of electrons in carbon nanotubes causes a signifi cantly higher 
electron–hole binding energy ( eh ) and electron–electron repul-
sion ( ee ), meaning that true consideration of the optical absorp-
tion spectra of nanotubes must be entirely excitonic in nature 
(light energy is absorbed by the material creating excited states 
a.k.a. bound electron–hole pairs) with the many-body effects 
( eh  and  ee ) included for an accurate description. [ 4 ]  This means 
that the actual light energy required to produce a “ v i –c i  ” transi-
tion is ( Ec i   − Ev i  ) + binding energy ( eh ) − self energy ( ee ), and 
leads to the experimental fi nding that  E  22 / E  11  tends to a value of 
1.8 with decreasing tube diameter, rather than the value of 2 as 
would be expected from density functional theory (DFT) calcu-
lations alone. [ 5 ]  The excitonic nature of the optical properties is 
an important consideration for specialists however, in the inter-
ests of simplicity, we present only the single-particle approxi-
mation throughout this review as this is suffi cient to appreciate 
the concepts. There are two other important processes in nano-
tubes which, in addition to optical absorption spectroscopy, pro-
vide vital information regarding nanotube type and character. 
These are photoluminescence (PL), in which semiconducting 
nanotubes are excited by an S 22  photon which then decays 
emitting a detectable S 11  photon and allowing chiral identifi ca-
tion, and Raman spectroscopy, in which the magnitude of the 
shift in Raman scattered light, which is exquisitely sensitive 
to the strong vibrational phonon modes present in the lattice 
of carbon nanotubes, is plotted to yield a rich variety of struc-
tural information. Detailed treatments of these phenomena are 
readily available in the literature and, in the case of DWCNTs, 
we refer the reader to Pfeiffer et al. ,  [ 6 ]  Shen et al. [ 7 ]  and Kim 
et al. [ 8 ]  

 DWCNTs consist of two coaxially aligned SWCNTs and, 
as such, they share many of the attractive properties of 
SWCNTs, [ 9,10 ]  but, owing to the presence of a second wall, are 
more physically robust and electronically more complex. [ 11 ]  
Similar to SWCNTs, DWCNTs are uniquely characterized 
by the chiral indices of the constituent inner and outer walls 
( n i ,m i  )@ (n o ,m o  ), where each wall can be either semiconducting 
(S) or metallic (M) depending on its chiral index (Figure 
 1 h). [ 12 ]  This gives rise to four possible combinations of inner@
outer wall; namely, M@M, M@S, S@M, and S@S. This is in 

contrast to MWCNTs, which are all metallic due to the com-
plex inter-wall coupling. Because DWCNTs represent the sim-
plest form of a MWCNT, they are interesting for investigation 
of inter-wall coupling, which has a signifi cant infl uence on the 
electronic states of the nanotubes and is highly dependent on 
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whether the lattice stacking of the two walls is commensurate 
or incommensurate. [ 10,13–18 ]  A DWCNT is commensurate if the 
ratio between the unit cell lengths of the two walls is a rational 
number and, as a result, the DWCNT has a periodic lattice 
structure (Figure  1 i). In an incommensurate DWCNT, the ratio 
is an irrational number and the nanotube experiences broken 
symmetry (Figure  1 j). This causes reduced inter-wall coupling 
because the inter-wall transfer at each lattice site oscillates 
around zero in a quasiperiodic manner, resulting in a net inter-
ference that is destructive. [ 19 ]  In general, the extra Coulomb 
interaction due to inter-wall coupling reduces the electron–
hole binding energy and thus lowers the optical bandgap (red 
shifting the absorption features) relative to the same ( n,m ) iso-
lated tube; however, as discussed later, there are some wall con-
fi gurations in which inter-wall coupling interactions increase 
the bandgap (blue shifting the absorption features). 

 An important characteristic of DWCNTs is that their con-
centric structure allows for the opportunity to simultaneously 
exploit the chemical reactivity of the outer wall as well as the 

excellent conductance of the unfunctionalized inner wall, 
making them ideal candidates for nanotube-based sensor 
devices. During reactions, only the outer wall is exposed to the 
chemical environment and can be decorated with a high den-
sity of chemical moieties. [ 20,21 ]  As a result of such shielding by 
the outer wall, the inner wall does not suffer the drawbacks 
associated with functionalization, such as reduced conductivity 
due to degradation of the pristine sp 2  hybridized framework. [ 22 ]  

 DWCNTs exhibit great potential from both an applications-
based and a fundamental viewpoint; however, their use has 
remained quite limited. This is in large part due to the lack 
of a method to synthesize pure, electronically well-defi ned 
raw material. While several synthesis methods, including arc 
discharge, [ 23–25 ]  peapod growth [ 26,27 ]  and catalytic chemical 
vapor deposition, [ 28 ]  can be optimized to produce high-purity 
DWCNTs (up to 90%), [ 29 ]  each method inevitably produces a 
myriad of contaminants including SWCNTs and MWCNTs, 
residual catalyst, amorphous carbon, and fullerenes. Puri-
fi cation methods exist to remove some of the unwanted 
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 Figure 1.    a) Unrolled graphene sheet showing the geometry of the (6,3) nanotube where the vectors OA and OB defi ne the chiral and translational 
vectors  C h   and  T , respectively, and the rectangle OAB’B defi nes the nanotube's unit cell. O, A, B, and B’ are reference atoms,  a  1  and  a  2  are the graphene 
lattice basis vectors and  θ  is the chiral angle. b–d) Examples of the three classes of nanotube sidewall; zig-zag, armchair, and chiral. e,f) Schematics of 
the electronic density of states of semiconducting and metallic (zig-zag) nanotubes showing the valence and conduction states,  v i   and  c i  , and optically 
active electronic transitions,  S ii   and  M ii  . g) Optical absorption spectrum of the (6,5) semiconducting nanotube showing the S 11  and S 22  absorption 
features. h) Schematic of a double-walled carbon nanotube. i,j) Representations of commensurate and incommensurate lattice stacking.
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are unable to overcome the inherent dispersion of DWCNT 
lengths, diameters, and inner@outer wall electronic combina-
tions. Like SWCNTs, such inhomogeneity imposes many limi-
tations on potential applications and has spurred the develop-
ment of new research focused on the preparation of DWCNT 
material sorted by diameter, length, and/or electronic character. 
This emerging fi eld has seen the recent implementation of sev-
eral strategies previously successful for SWCNT processing, 
such as reversible covalent modifi cation, [ 31 ]  biofunctionaliza-
tion, [ 32 ]  molecular nanocalipers, [ 33 ]  density-gradient ultracentrif-
ugation, [ 34,35 ]  and gel permeation [ 36,37 ]  with several other poten-
tial methods looking promising, such as polymer wrapping [ 38,39 ]  
and aqueous two-phase extraction. [ 40,41 ]  As a result, well defi ned 
DWCNT material can now be used to further our fundamental 
knowledge of inter-wall interactions, to fi nally begin to realize 
their potential in advanced electronics and sensor applications, 
and to explore the rich new physics they possess. 

 In light of this, we present a review of DWCNT processing 
techniques and the signifi cance they each pose in this devel-
oping fi eld. This review complements others in the literature 
that are more focused on growth mechanisms, the origin 
of Raman modes, the effects of temperature, pressure, and 
doping, the thermal and mechanical properties, photolumines-
cence, and outer wall selective functionalization, for which we 
again refer the reader to Pfeiffer et al. ,  [ 6 ]  Shen et al. [ 7 ]  and Kim 
et al. [ 8 ]   

  2.     DWCNTs: Metallic or Semiconducting? 

 Despite the ability to classify the individual electronic types 
of the inner and outer walls, identifying the overall elec-
tronic nature of a DWCNT is more complicated; being highly 
dependent on inter-wall interactions, which in turn depend on 
the inter-wall distance and whether the constituent nanotubes 
are commensurate or not. [ 17,42,43 ]  Despite the fact that commen-
surate DWCNTs are rarely observed experimentally because it 
is unlikely to have two commensurate SWCNTs with the appro-
priate radius difference (ca. 0.33–0.41 nm [ 1,44 ]  for the formation 
of a DWCNT, [ 10,13,45 ]  they are commonly employed in theoret-
ical studies. This is due to their defi ned unit cell lengths, which 
allow for the use of far simpler computational models and also 
result in very strong inter-wall coupling. [ 17,42,43 ]  Indeed, theoret-
ical calculations of commensurate DWCNTs have yielded some 
unexpected results, for example; a DWCNT in which both 
walls are semiconducting, but which exhibits overall metallic 
character. [ 17,42 ]  Liang found that in the case of a commensurate 
S@S DWCNT, the energy gap scales inversely with the inter-
wall coupling, which in turn is inversely proportional to the 
inter-wall distance. [ 14 ]  Thus, as the inter-wall distance decreases, 
stronger inter-wall coupling causes the bandgap to vanish and 
the S@S DWCNT behaves as a metal. [ 14,17 ]  

 Okada and Oshiyama used DFT to further investigate the 
curious behavior of S@S DWCNTs. [ 42 ]  For a (7,0)@(16,0) 
DWCNT, it was calculated that the conduction band of the 
inner wall and valance band of the outer wall merge, forming 
a fi nite density of states at the Fermi level. However, as the 
outer wall diameter is increased, and thereby also the inter-wall 

spacing, as seen in the case of (7,0)@(17,0) and (7,0)@(19,0), 
the electronic structure changes to yield semi-metallic behavior. 
DWCNTs of increasing inner wall diameter (with respect to a 
constant outer wall) were also investigated using the (8,0)@
(19,0) and the (10,0)@(19,0), and both were determined to be 
semiconducting with fi nite bandgaps. Interestingly, the semi-
conducting (10,0)@(19,0) shares the same inter-wall spacing 
as the smaller (7,0)@(16,0); however, the latter is found to be 
metallic, highlighting the importance of the inner wall dia meter 
and nanotube curvature on the overall electronic character of 
a DWCNT. Very small nanotube diameters (0.4–0.6 nm), with 
their greater curvature, exhibit increased σ–π rehybridization, 
leading to metallization. [ 42,46 ]  From the work of Okada and 
Oshiyama, [ 42 ]  it is therefore theorized that the metallization of 
S@S DWCNTs arises due to a combination of curvature differ-
ences between the inner and outer walls, rehybridization of the 
inner wall, and the inter-wall distance. [ 42 ]  

 Likewise, Moradian et al. used DFT calculations to investi-
gate the cases of M@S and S@M DWCNTs and found equally 
surprising results. [ 17 ]  For a (6,0)@(20,0) M@S DWCNT, the 
constituent nanotubes were found to maintain their indi-
vidual electronic character; however, as a whole, and in agree-
ment with Okada and Oshiyama, [ 42 ]  the DWCNT behaves as 
a metal due to overlap of the valence and conduction states of 
the component walls. Decreasing the inter-wall distance was 
found to cause a semiconductor-to-metal phase transition in 
the outer wall. Thus, both constituent walls and the overall 
DWCNT exhibit metallic behavior. For S@M DWCNTs, all the 
nanotubes investigated were determined to be metallic and, 
once again, the inter-wall distance was found to have an effect 
on the electronic character of the constituent nanotubes. For 
example, in (10,0)@(21,0) and (14,0)@(21,0) DWCNTs, the 
semiconducting inner wall becomes metallic, but in the (8,0)@
(21,0) DWCNT, where the inter-wall distance is larger, the two 
nanotubes exchange electronic type. Moradian et al. concluded 
that as the inter-wall distance is decreased, the semiconducting 
inner wall becomes metallic, whereas as the inter-wall distance 
is increased, an exchange of metallicity of the constituent nano-
tubes occurs. [ 17 ]  

 Despite the increased complexity, some theoretical studies 
have been performed on incommensurate DWCNTs. [ 15,19,47,48 ]  
These show that the type of conductance is dependent upon 
the position of the Fermi level and on the length of the nano-
tubes. [ 47,49,50 ]  When the Fermi energy is close to the charge 
neutral point, the energy levels of the constituent nanotubes 
are uncorrelated and coupling is weak. [ 49 ]  Thus, in this energy 
regime, conduction is confi ned to one nanotube and is expected 
to be ballistic, as seen in the work of Ahn et al. ,  [ 49 ]  who observed 
that conductance was confi ned to the inner wall of the (9,1)@
(17,2) DWCNT. As the Fermi energy was increased, conduction 
shifted from ballistic to diffusive and was distributed evenly 
among the inner and outer walls. 

 While the number of experimental investigations into the 
transfer of charge between the constituent walls of incom-
mensurate DWCNTs has remained small, signifi cant insights 
have been gained through the work of Kalbac et al. [ 51 ]  and Liu 
et al. [ 18 ]  In the work of Kalbac et al., [ 51 ]  in situ Raman spectro-
electrochemical measurements were used to observe doping 
behavior and the effects of charge transfer between the inner 
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and outer walls for different incommensu-
rate M/S combinations. The results were 
obtained using DWCNTs with a defi ned 
outer wall electronic character, but with both 
metallic and semiconducting inner walls. By 
selecting appropriate laser excitation ener-
gies, Raman spectra of each of the four elec-
tronic combinations could be observed while 
the electrochemical potential (and thus Fermi 
level) was shifted in the positive or negative 
direction. When this change in Fermi level 
resulted in fi lling or depleting of an elec-
tronic state, bleaching of the Raman signal 
was observed. [ 52 ]  As the inner wall is pro-
tected from the surrounding environment by 
the outer wall, it is neither in direct contact 
with a working electrode nor with compen-
sating electrolyte counterions. [ 53 ]  Thus, the 
origin of inner wall doping could only stem 
from transfer from its surrounding outer 
wall. [ 51 ]  Through the use of this technique, 
Kalbac et al. determined that the potential 
required to observe charge transfer increased 
in the order of M@M < S@M < M@S < 
S@S. In each case, charge transfer was 
dependent upon the identity of both the outer 
and inner walls. For metallic outer walls, 
charge transfer to the inner wall could occur 
at small potentials close to the undoped state, 
whereas semiconducting outer walls required 
the fi rst van Hove singularity to be fi lled. A 
similar observation was made for inner walls, 
with metallic nanotubes readily accepting 
charge from either outer wall type. Semiconducting inner walls 
accepted charge only when the fi lled states of the outer wall 
were higher than their fi rst van Hove singularity. This means 
that for both the S@M and S@S DWCNTs, the inner wall only 
becomes doped when the electrochemical potential reaches that 
of the fi rst van Hove singularity of the inner semiconducting 
wall.  Figure    2   shows a diagram of the respective DOS of each 
of the four electronic combinations of DWCNTs in the case of 
shifting the electrochemical potential in the negative direction. 
The position of the Fermi level required for electron transfer 
from the outer wall to the inner wall is indicated.  

 Liu et al. also investigated incommensurate DWCNTs 
and have shown that under certain conditions coupling can 
be quite strong and can infl uence the electronic states of the 
nanotube. [ 18 ]  In that work, optical transitions were observed 
between 480–750 nm (1.45–2.55 eV) for various suspended 
incommensurate ( n i ,m i  )@( n o ,m o  ) combinations and the peak 
positions were compared to that of the individually suspended 
SWCNTs. [ 54 ]  Signifi cant shifts (−50 to 200 meV) were observed 
across 99 different ( n i ,m i  )@( n o ,m o  ) combinations. While a 
redshift of ca. 50 meV can be attributed to the environmental 
effects seen previously for SWCNTs, [ 55 ]  such effects cannot 
account for some of the very large and transition-dependent 
variations observed, especially the signifi cant blue shifts for 
certain transitions. Therefore, such strong variations must 
be attributed to intrinsic effects, such as orbital hybridization 

between the inner and outer walls. Through the use of pertur-
bation theory, the authors determined that any observed shift is 
reliant upon several factors including; the inner wall diameter 
and chiral angle, the outer wall diameter and chiral angle, and 
the energy level of the excitation. While these works provide 
insight into the complex and relatively unknown interactions 
between the constituent walls of incommensurate DWCNTs, 
there is still much that is yet to be understood.  

  3.     The Characterization Problem 

 Absorption, PL, and Raman spectroscopy are the most com-
monly employed characterization techniques for SWCNTs 
and rely on an assumed relationship between structure and 
properties. [ 56 ]  This relationship has afforded a well-docu-
mented library of nanotube optical and Raman transitions 
that allow for the easy identifi cation of SWCNT species. [ 5,56–62 ]  
As DWCNTs are a coaxial arrangement of two SWCNTs, they 
exhibit similar optical and Raman features to the individual 
constituent nanotubes. The commonality of transitions often 
results in the application of the SWCNT library to DWCNTs; 
however, this can be problematic. One reason is that, in the 
case of DWCNTs, convolution of the inner and outer wall 
optical transitions occurs, which, in combination with the pres-
ence of additional SWCNTs, makes the identifi cation of the 
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 Figure 2.    Schematic of the electronic structures of: a) M@M, b) S@M, c) M@S and d) S@S 
DWCNTs showing the Fermi level position at the point where electron transfer from the outer 
wall to the inner wall occurs, as described in ref.  [ 51 ] . Adapted with permission. [ 51 ]  Copyright 
2011, Wiley-VCH.
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there is no clear optical absorption feature 
exclusively indicative of DWCNTs. This 
problem can be demonstrated using mate-
rial that consists of DWCNTs (1.5–2 nm) as 
well as small- (0.8–1 nm) and large-diameter 
(1.5–1.8 nm) SWCNTs as impurities. [ 21,34,35,63 ]  
In such material, the outer wall of a DWCNT 
has fi rst-, second-, and third-order semicon-
ducting transitions (S 11 , S 22  and S 33 ) at ca. 
2000, ca. 1150, and ca. 600 nm and inner 
wall transitions at ca. 1050, ca. 650, and ca. 
350 nm. It is clear that the S 22  of the outer 
wall and S 11  of the inner wall overlap, and 
likewise the S 33  of the outer wall with the S 22  
of the inner wall. Further complicating the 
absorption measurements is the presence of 
the metallic M 11  transitions of the inner and 
outer walls at ca. 550 and ca. 800 nm. The 
optical transitions of large-diameter SWCNT 
contaminants also share the same region 
as those of the DWCNT outer walls; whilst 
the optical transitions of the small-diameter 
SWCNTs share the same region as those of 
the DWCNT inner walls.  Figure    3   shows an 
example of the absorption spectra of small-
diameter SWCNTs, large-diameter SWCNTs, 
sorted SWCNTs, and sorted DWCNTs, where 
the overlap of transitions between the small- 
and large-diameter nanotubes can be clearly 
seen.  

 Additionally, owing to strong absorp-
tion by water above 1400 nm, the S 11  of the 
outer wall cannot be seen in a typical solu-
tion absorption measurement without the 
use of D 2 O to extend the solvent window. [ 64 ]  
Consequently, without the corresponding 
S 11  transition, interpretation of S 22  and S 33  
transitions for ( n,m ) identifi cation is diffi -
cult. This issue can be resolved with the use 
of thin fi lms, as seen in Figure  3 . However, 
the spectra can differ signifi cantly from solu-
tion measurements, where the nanotubes are 
present in the isolated/individualized state. 
This is because the excitonic properties of 
the nanotubes are highly sensitive to many-
body interactions, Coulomb interactions, 
and charge transfer between adjacent nano-
tubes in bundles. [ 65 ]  Indeed there are many 
examples in the literature of discrepancies 
between solution and substrate-bound nano-
tube peak positions of up to ca. 50 meV. [ 55 ]  

 For DWCNTs, shifts in peak position 
are also seen on the individual nanotube 
level due to the effects of strong inter-wall 
coupling between the constituent walls. [ 19 ]  
Unlike SWCNTs, the optical spectra of 
DWCNTs are also affected by the relative 
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 Figure 3.    The absorbance spectra of fi lms of HiPco SWCNTs (small diameter), arc-discharge 
(AD) SWCNTs (large diameter), sorted AD SWCNTs, and sorted DWCNTs before (solid curves) 
and after (dashed curves) doping with thionyl chloride. The fi rst-, second- and third-order semi-
conducting optical transitions of the SWCNTs and the DWCNT outer wall (shaded red) are 
labelled S 11 , S 22 , and S 33 , and the fi rst- and second-order metallic transitions (shaded blue) are 
labeled M 11  and M 22 . For SWCNT materials, thionyl chloride doping completely suppresses 
the S 11  transitions and signifi cantly attenuates the S 22  and M 11  peaks. The sorted DWCNT 
fi lm maintains several strong peaks (indicated by the arrows) in the S 22 , S 33 , and M 11  regions 
that are attributed to inner walls of DWCNTs. Reproduced with permission. [ 34 ]  Copyright 2009, 
Nature Publishing Group.
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handedness of the constituent walls i.e., the S- or R- stereoiso-
mers. [ 18 ]  This arises due to obvious differences in inter-wall cou-
pling experienced by DWCNTs of different relative handedness. 
Overall, the effects of inter-wall coupling can produce unusual 
variations in the optical spectra, making chirality assignment 
based on the known optical properties of SWCNTs problematic. 
An example of this is given in  Figure    4  , which shows the third- 
and fourth-order optical transitions (S 33  and S 44 ) of the (15,10) 
nanotube, both on its own (i.e., as an SWCNT) and when con-
tained within the outer walls of various ( n,m ) indices. The dif-
ferent inter-wall coupling within the various (15,10)@( n o ,m o  ) 
combinations signifi cantly alters the peak position.  

 Notwithstanding the variance in peak position from the 
expected SWCNT transitions, it is possible to perform doping 
experiments wherein the origin of the transitions, whether 
from the inner or outer wall, can be elucidated by observing the 
effect of the doping on the optical transitions. [ 34–36 ]  In theory, 
only the inner wall transitions should remain active due to 
shielding by the outer wall, and comparison between spectra 
before and after doping should allow for inner and outer wall 
identifi cation. However, in practice such shielding is incom-
plete [ 66 ]  and can often introduce a new level of uncertainty. The 
data in Figure  3  also show the optical absorption spectra of dif-
ferent DWCNTs before and after chemical doping with thionyl 
chloride. For each nanotube of different diameter, the S 11  tran-
sition is completely depleted by the doping due to a shift of 
the nanotube Fermi level into the highest occupied molecular 
orbital (HOMO) as a result of the withdrawal of electrons by the 
powerful oxidizer. [ 34–36 ]  In the case of the large-diameter nano-
tubes (denoted “AD” for the arc-discharge method of synthesis), 
signifi cant attenuation of the S 22  transition also occurs, and in 

the case of DWCNTs, this attenuation of S 22  reveals the under-
lying S 11  transitions corresponding to the inner walls. Whilst 
this cannot be used for chirality assignment, subtraction of the 
inner wall spectra obtained after doping from the convolution 
spectra of both inner and outer walls measured before doping 
has been used for determination of the electronic purity. [ 35 ]  In a 
similar manner, doping/oxidation experiments can also be used 
in conjunction with Raman measurements. [ 34–36,67 ]  

 In Raman spectroscopy, the effect of inter-wall coupling can 
be clearly seen when comparing the SWCNT radial breathing 
modes (RBMs), which have a well-established relationship 
with the nanotube diameter, to those of DWCNTs. For a spe-
cifi c ( n i ,m i  ) inner wall nanotube, a cluster of RBMs with almost 
the same resonance energy is observed, [ 6 ]  spanning an 18 cm −1  
frequency range. [ 68 ]  This cluster arises from the same ( n i ,m i  ) 
nanotube residing within multiple ( n o ,m o  ) outer walls, with 
the RBM shift dependent upon the strength of the inter-wall 
interaction. [ 69 ]  This makes chirality assignment based on RBM 
frequency unreliable. Furthermore, the RBMs of DWCNT 
inner walls can have signifi cantly narrower line widths than 
those usually observed for similar diameter SWCNTs (typically 
12 cm −1 ), with some DWCNT RBM line widths being as small 
as 0.4 cm −1 . [ 70 ]  This is because the inner walls can be remark-
ably defect-free owing to the protective nature of the outer wall, 
and thus exhibit very long phonon lifetimes. [ 6 ]  

 Circumventing the aforementioned diffi culties in exact chi-
rality assignment using optical absorption or standard Raman 
spectroscopy, a new approach has been presented by Kalbac 
and co-workers to discern the ratio of single- to double-walled 
nanotubes using Raman spectro-electrochemistry. [ 71 ]  This tech-
nique exploits the diameter dependence of the high frequency, 
two-phonon mode (G′), which is an overtone of the disorder-
induced mode (D band). [ 72 ]  While both modes demonstrate a 
dependence on diameter, the dependence is stronger for the 
G′, as is its intensity arises due to different selection rules. [ 73 ]  
This diameter dependence results in a DWCNT-specifi c doublet 
where the higher-frequency component corresponds to larger-
diameter outer walls and the lower frequency component to 
smaller-diameter inner walls. Upon electrochemical doping, 
nanotubes in direct contact with a working electrode or with 
compensating electrolyte counterions (SWCNTs or DWCNT 
outer walls) experience an upshift in frequency as well as peak 
broadening. In the case of SWCNTs, all nanotubes are doped 
and the observed peaks are upshifted. In DWCNTs however, 
the inner walls are protected and only the outer-wall G’ peak 
is upshifted. Thus, the electrochemical doping accentuates 
the splitting and enables distinction of SWCNTs/outer walls 
from inner walls. [ 71 ]  By comparing ratios of pure SWCNTs and 
DWCNTs and employing a model relating the peak area to the 
nominal composition, it is therefore possible to determine the 
contaminating SWCNT percentage. This technique offers the 
advantage of reproducible and precisely controlled doping com-
pared with traditional chemical doping strategies [ 71 ]  and, fur-
thermore, results in a clear difference between the contribution 
of DWCNT inner walls and SWCNTs. 

 In terms of obtaining structural information, scanning 
tunneling microscopy (STM) [ 74 ]  and transmission electron 
microscopy (TEM) are obvious choices as they can overcome 
the limitations of optical and Raman spectroscopy; however, 
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 Figure 4.    The effect of inter-wall coupling on the optical transitions of 
DWCNTs. Optical resonances (S 33  and S 44 ) from the (15,10) nanotube 
show a signifi cant energy shift. The amplitude of the energy shift depends 
sensitively on the specifi c optical transition and the outer nanotube spe-
cies, and can be either positive or negative, with a magnitude as large as 
150 meV. Reproduced with permission. [ 18 ]  Copyright 2014, Nature Pub-
lishing Group.
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ment. TEM can achieve quantitative characterization of the real 
mean diameter of both the inner and outer walls, indications of 
the relative concentration of DWCNTs within a mixed sample 
containing single- and/or multi-walled contaminants, and the 
real diameter distribution and its standard deviation. [ 75 ]  Addi-
tionally, by combining TEM with electron diffraction it is pos-
sible to determine the ( n,m ) type of the two constituent nano-
tubes in a DWCNT. [ 10 ]  Unfortunately, TEM is time consuming 
and does not give a complete overview of the entire nanotube 
population under investigation nor does it provide any elec-
tronic information. The preparation of uniform samples that 
accurately represent the population can be diffi cult; surfactants 
are usually required to individualized nanotubes, but the pres-
ence of surfactant can introduce sample bias due to differ-
ences in surfactant wrapping of tubes and resultant interac-
tions with the substrate during sample preparation. Therefore, 
unless the prepared DWCNT sample can be reliably assumed 
to be extremely uniform and fully representative, calculated 
( n,m ) indices for individual nanotubes cannot be conclusively 
extrapolated to the entire ensemble. It is reasonable to assume 
that cryoTEM, [ 76 ]  in which thin slices taken directly from the 
frozen nanotube suspension are analyzed, may circumvent this 
diffi culty, but the technique has not yet been widely applied to 
DWCNTs. Thus, as a compromise, a combination of absorption 
techniques in conjunction with TEM is typically used to charac-
terize DWCNT samples.  

  4.     Synthesis Methods 

  4.1.     Arc Discharge 

 The arc-discharge method was fi rst used to prepare carbon 
nanotubes in 1991 by Iijima whilst attempting to synthesize 
C 60 . [ 77 ]  The synthesis technique involves applying a voltage and 
current between two closely spaced (typically 1–2 mm), highly 
pure graphite electrodes in an inert atmosphere. Typically, the 
anode is partially hollowed and fi lled with carbon feedstock 
(usually graphitic powder) and a catalyst/promoter, of which 
there are many combinations depending upon the desired 
product. Upon application of a current (steady state or pulsed), 
a plasma forms between the electrodes. Random collisions 
between the carbon atoms, catalyst particles, and gas then result 
in the formation of carbonaceous material as a macroscopic 
deposit on the cathode, as well as the reactor walls. Fullerenes 
and carbon nanotubes of varying types can be found within this 
carbonaceous soot. [ 78 ]  The type of carbon nanotube produced 
can be tailored to be single-, double- or multi-walled through 
careful control of catalyst composition, atmosphere, current/
voltage conditions, and carbon feedstock. This fi eld is vast, but 
some signifi cant reports on the optimization of these growth 
conditions to yield DWCNTs are now discussed. 

 Hutchison et al. [ 23 ]  were the fi rst to selectively synthesize 
DWCNTs with the steady-state arc-discharge method in 2001. 
They used a mixture of Ni, Co, and Fe catalyst within the 
graphite anode in an Ar/H 2  atmosphere with varying amounts 
of S included as a growth promoter. The resultant DWCNTs 
had a purity varying from ca. 10% to 70% and at the end of 

their study the authors concluded that the presence of S in the 
catalyst was not critical to the formation of DWCNTs. However, 
in later work by Saito et al. ,  the presence of S as a growth pro-
moter was concluded to be indispensable for the production of 
DWCNTs. [ 29 ]  They also concluded that the catalyst must contain 
Fe and that H 2  was of vital importance for DWCNT production. 
Upon optimizing the catalyst (FeS:NiS:CoS = 1:1:1) and the 
atmosphere composition, the highest purity achieved was ca. 
90% DWCNTs with the average outer diameter ranging from 
2 to 5 nm. The presence of halides can also improve the yield 
of DWCNTs, as demonstrated by Qiu et al. using steady-state 
arc discharge in a hydrogen atmosphere. [ 25 ]  Through the intro-
duction of chloride (specifi cally KCl) to the catalyst mix, they 
achieved an increased yield of DWCNTs (10 wt% without KCl 
to 50 wt% with KCl) with a purity of 90%. 

 While an atmosphere containing H 2  is now commonly 
employed, it is possible to achieve DWCNT growth without the 
presence of reactive gases. Huang et al. [ 79 ]  prepared DWCNTs 
without H 2  by customizing the shape of the cathode to a bowl-
like structure. Using the now well-established catalysts of Ni, 
Co, Fe, and S, they demonstrated the growth of DWCNTs with a 
purity of ca. 80%. The DWCNTs possessed improved oxidation 
resistance compared to conventionally prepared arc-discharge- 
or catalytic chemical-vapor-deposition-produced DWCNTs, 
owing to the large hot region within the bowl-like cathode. This 
hot region allowed for in situ annealing or “defect-healing” 
of the DWCNTs. A report of DWCNT synthesis by Sugai et 
al. demonstrated the fi rst use of high-temperature pulsed arc 
discharge without H 2 . [ 24 ]  Contrary to the steady-state methods, 
pulsed arc discharge also allows for DWCNT production 
without the presence of Fe and S. In this case, an Y/Ni catalyst 
commonly used in the formation of SWCNTs was used, [ 30,80 ]  
however a change from preferential formation of SWCNTs to 
DWCNTs occurred due to the increased temperature. It has 
been shown that the SWCNT diameter increases with increased 
temperature until 1200 ºC, at which point the nanotube reaches 
a critical diameter and DWCNTs become the favored product. 
Owing to the highly controlled arc conditions (600 µs pulse at 
50 Hz), small-diameter DWCNTs (1.6–2.0 nm) could be pro-
duced. Similarly, Zhao et al. also demonstrated the growth of 
DWCNTs without the presence of H 2  (or any expensive high-
purity gases) with a steady-state arc-discharge approach. [ 81 ]  In 
that work, Fe was used to catalyze the growth reaction with S 
present as a promoter, while dry air fl owed throughout the reac-
tion at reduced pressure. The authors showed that DWCNTs 
were the dominant product with diameters ranging between 
3 and 7 nm, but that SWCNTs and triple-walled carbon nano-
tubes (TWCNTs) were also present, as well as a considerable 
amount of other carbonaceous material. Whilst the gross 
DWCNT purity is signifi cantly reduced without the presence of 
H 2  (only 20% was reported by Sugai et al. [ 24 ]  and no purity was 
estimated by Zhao et al., [ 81 ]  such a route offers the advantages 
of reduced cost and a simpler growth process, and minimizes 
the dangers associated with large-scale application of H 2  gas. In 
the future, the issue of low purity may be addressed through 
further optimization or post-growth purifi cation strategies. 

 Although catalyst composition and reaction atmosphere 
are critically important for DWCNT growth and much work 
to date has been focused on these aspects, the literature also 
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contains studies into the effect of the composition of the carbon 
feedstock. Li et al. demonstrated that MWCNTs/CNF (carbon 
nanofi bers) can be successfully used to grow high-purity 
DWCNTs by steady-state arc discharge in a H 2  atmosphere. [ 82 ]  
The anodic carbon feedstock (usually high-purity graphite 
>99%) was substituted with the MWCNT/CNF mixture, which 
had a diameter range of 40–220 nm. The authors found that 
DWCNTs produced from MWCNTs/CNFs were of higher 
quality than those prepared by graphite powder using the same 
process and they determined the DWCNT purity to be 83% with 
the outer diameter ranging from 1.75 to 4.87 nm. Recently, Xu 
et al. demonstrated that asphalt [ 83 ]  and petroleum coke [ 84 ]  could 
also be used as the carbon feedstock in lieu of high-quality (and 
very expensive) graphitic powders. In both of those cases, Fe 
was used as the catalyst and, in the case of petroleum coke, an 
Ar atmosphere was shown to lead exclusively to the production 
of DWCNTs with diameters of 3–4.4 nm. 

 While arc-discharge methods can produce high-purity 
DWCNTs (up to 90% [ 29 ] ) with few structural defects, it is lim-
ited to large diameters and provides low yield. For instance, 
arc-discharge methods generally produce nanotubes with 
diameters >2 nm. Although these may be desirable for some 
applications, large diameters are not easily characterized using 
Raman or absorption spectroscopy owing to limitations in the 
spectral windows, and very large diameters (>4 nm) can easily 
collapse. [ 85 ]  Currently, the mean diameter distribution can 
be reduced through the use of pulsed arc-discharge methods 
to give nanotubes with diameters of 1.6–2 nm; however, this 
comes at great expense to the yield, which is signifi cantly 
reduced to only 10%. [ 30 ]  This is quite low compared to the 
yields of steady-state methods employing H 2 , Fe, S, and halides, 
which produce large-diameter DWCNTs of up to 50%. [ 25 ]  While 
the arc-discharge method may be limited to large diameters 
currently, future investigation into the thermodynamics and 
kinetics of growth, as well as the role of growth promoters, may 
lead to a higher level of control over the diameter.  

  4.2.     Peapod Growth 

 DWCNTs can be grown by the so-called “peapod” method by 
fi rst encapsulating a precursor material within an SWCNT 
and subsequently treating it to induce coalescence and thereby 
form an inner wall. The fi rst report of this technique was by 
Smith et al., [ 86 ]  who observed that during the pulsed vaporiza-
tion of graphite, a technique previously reported to synthesize 
SWCNTs and fullerenes, [ 87 ]  C 60  and C 70  can become trapped 
inside appropriately sized SWCNTs. In situ TEM revealed that 
the fullerenes were deposited on the surfaces of the nanotubes 
from the gas phase and were seen to enter the nanotubes via 
the uncapped ends or through defect sites. Once inside the 
nanotubes, the fullerenes self-assembled into chains, called 
“bucky-peapods” with uniform center-to-center distances. After 
extended exposure to a 100 kV electron beam or, as later discov-
ered, temperatures above 1100 ºC, [ 26 ]  the fullerenes coalesced 
to form the inner wall of a DWCNT with a nearly uniform 
inter-wall spacing of 0.3 nm. An in-depth investigation into the 
temperature dependence of the DWCNT formation conducted 
by Bandow et al. determined that the process of coalescence 

only occurs at temperatures above ca. 800 ºC, becomes better 
with increasing temperature, and is complete at ca. 1200 ºC. [ 88 ]  
The authors further report that other fullerenes, such as C 76 , 
C 78 , and C 80 , can be used as a precursor material and that the 
diameter of the resultant inner tube is determined solely by the 
diameter of the parent wall, irrespective of the fullerene size. 
Thus, other carbon-containing aromatic precursor materials 
could very well be used for DWCNT formation, provided that 
they can be encapsulated by the parent nanotube. Indeed, there 
are several reports of SWCNT encapsulation of ferrocene [ 89 ]  
which further enables the introduction of a metal catalyst. [ 90 ]  

 Recently, peapod growth has been demonstrated by photon-
induced decomposition of fullerenes. [ 27,91 ]  With the use of a 
UV laser, Berd et al. [ 92 ]  irradiated C 60  peapods with photons of 
energy higher than that of the fullerene bandgap (1.7 eV for 
C 60 ) resulting in C 60  fragmentation. [ 93 ]  Berd et al. [ 92 ]  determined 
the optimum laser excitation was 3.7 eV, which effectively 
achieved coalescence of the encapsulated C 60  molecules while 
maintaining the structural integrity of the parent nanotube. 
This technique was claimed to be advantageous for nanoelec-
tronic applications as it allows for in situ growth of DWCNTs 
at room temperature and in ambient conditions, [ 27,91 ]  but, of 
course, most conceivable nanoelectronics applications will be 
exquisitely sensitive to the type of inner wall that is grown. This 
means that this technique has questionable real-world applica-
bility unless the type of nanotube that is grown can be fi nely 
controlled. 

 The peapod growth method affords very high quality 
DWCNTs [ 70 ]  that are clean of residual catalyst and enable the 
production of very thin DWCNTs (theory predicts diameters as 
small as 1.174 nm can be fi lled with C 60 . [ 94 ]  Purities of ca. 90% 
can be achieved, with the only source of contaminant being 
SWCNTs. [ 92 ]  However, the method still requires small-diameter 
SWCNTs to fi rst be synthesized, purifi ed, and carefully pro-
cessed to allow for the introduction of the precursor material. [ 95 ]  
There is also the issue of unfi lled SWCNT contamination, 
which must currently be addressed post synthesis (although 
process refi nements could likely address this issue in full). 
Such costly, time consuming, and inherently wasteful steps 
add signifi cantly to manufacturing complexity, reducing the 
viability of commercial application and meaning that peapod 
growth will likely remain limited to small-scale research appli-
cations for the foreseeable future. Furthermore, poor fi lling of 
the parent outer wall with the coalesced inner wall remains an 
issue in that theoretical calculations predict that when the fully 
packed C 60  molecules inside the parent nanotube have com-
pletely transformed, only ca. 2/3 of the parent nanotube has 
been fi lled, leaving empty space. [ 88 ]  However, it is conceivable 
that this could be a distinct advantage in certain applications 
requiring non-standard on-tube changes in electronic proper-
ties, which could in theory be moved back and forth along the 
outer wall through control of the position of the inner wall, or 
similarly in nano-electromechanical systems (NEMS).  

  4.3.     Catalytic Chemical Vapor Deposition 

 In catalytic chemical vapor deposition (CCVD) growth, a vola-
tile gaseous carbon source (typically CH 4 , CO, or C 2 H 2 ) is 
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The decomposed carbon atoms diffuse into the metal nano-
particles and, upon saturation, precipitate at the surface and 
initiate nanotube growth directly from the nanoparticle. Thus, 
the catalyst particles simultaneously act as nucleation points for 
nanotube growth and provide catalytic enhancement. The ear-
liest report of CCVD growth was in 1976 by Oberlin et al., who 
decomposed benzene in a H 2  atmosphere at 1100 ºC to produce 
nanotubes with diameters ranging from 2–50 nm, although 
these were not recognized as such at the time. [ 96 ]  Later, Dai 
et al. used catalytic decomposition of CO over nanometer-sized 
Mo particles at 1200 ºC to form individual SWCNTs with diam-
eters ranging between 1 and 5 nm and realized that the diam-
eter of the catalytic particles closely correlated to the diameter of 
the resultant nanotubes. [ 97 ]  This correlation was further investi-
gated by Cheung et al., who synthesized nanotubes using 3, 9, 
and 13 nm catalyst particles with C 2 H 2  or CH 4  as the carbon 
source at a temperature of 800–1000 ºC. [ 98 ]  It was found that 
when the catalyst particles were small, the resultant nanotubes 
were primarily SWCNTs with ca. 30% DWCNTs. By increasing 
the size to 9 nm, SWCNTs, DWCNTs, and MWCNTs were pro-
duced. Finally when the catalyst particles were large (13 nm), 
only MWCNTs were produced. The shape of the catalyst is also 
important, as shown by Liu et al., who grew DWCNTs from 
CH 3  decomposition over porous Fe/MgO. [ 99 ]  Through appli-
cation of external pressure, the pore size was varied and the 
growth of the DWCNTs was found to be highly dependent on 
the pore size of the catalyst, with pores less than 30–50 nm pro-
ducing only MWCNTs. It was proposed that the compression 
and small pore size resulted in deformation and agglomera-
tion of the metal nanoparticles, yielding MWCNTs and carbon 
capsules. Furthermore, the pore size can physically hinder the 
growth of DWCNTs when the length of the DWCNTs reaches 
the depth of the pore. At this point growth can be terminated, 
extend into the catalyst structure, or buckle and change direc-
tion. Thus, large pore size or a loose stacked structure is best 
when using porous catalyst. However, the deliberate growth 
of high-purity DWCNTs is not as straightforward as simply 
controlling the catalyst size or shape and other factors such as 
catalyst composition, [ 100,101 ]  temperature, [ 102,103 ]  atmosphere, [ 104 ]  
and growth templates [ 105,106 ]  also play pivotal roles. 

 The importance of catalyst composition was investigated by 
Hafner et al. ,  who synthesized SWCNTs and DWCNTs from 
the catalytic decomposition of both CO and C 2 H 4  using nanom-
eter-sized alumina and Mo as the catalyst. [ 102 ]  Only SWCNTs of 
monodisperse diameter were produced; however, when Fe was 
introduced into the catalyst mixture, the reaction also produced 
DWCNTs, highlighting the effectiveness of Fe for catalyzing 
DWCNT growth. Currently, Fe remains the most commonly 
used catalyst owing to its catalytic activity for the decomposi-
tion and formation of metastable carbides and because carbon 
is able to rapidly diffuse through and over the metal surface. [ 107 ]  
However, there are examples of other transition metal cata-
lysts producing DWCNTs, such as by Flahaut et al. who used 
MgCoO catalyst. [ 108 ]  They demonstrated gram-scale growth of 
DWCNTs (up to 1.3 g from 10 g of catalyst) using CH 4  as the 
feedstock by the inclusion of Mo in the catalyst mixture, which 
had already been shown to increase the yield of nanotube pro-
duction. [ 109 ]  It was later demonstrated that the preparation route 

for the catalyst was of equal importance as the catalyst compo-
sition itself. [ 101 ]  By altering the synthesis route of MgCoMoO 
from urea-based combustion to citric-acid-based combustion (a 
milder combustion process) the catalyst had a higher specifi c 
surface area and improved homogeneity, resulting in almost 
80% DWCNT growth. Similar to the arc-discharge method, the 
addition of S as a growth promoter can also change the reaction 
preference from SWCNTs to DWCNTs. This was investigated 
by Ci et al. for CCVD growth from C 2 H 2  decomposition at 900–
1100 ºC. [ 110 ]  It was reported that the growth of DWCNTs was 
strongly dependent on S addition and, without its inclusion in 
the catalyst material (ferrocene), only SWCNTs were produced. 
This was also the fi rst report of CCVD synthesis of DWCNTs 
using a “fl oating catalyst”, a popular variation of CCVD used for 
SWCNT growth, which involves subliming the catalyst into the 
gas phase rather than using substrate-bound form and offers 
the advantage of producing very long nanotube ropes. [ 111 ]  Fur-
ther improvements in DWCNT purity can be achieved through 
temperature control. [ 102 ]  It is found that by simply increasing 
the growth temperature from 700 ºC to 850 ºC, the production 
of DWCNTs increased from a composition of only 30% to 70%. 

 CCVD can be used as a means to grow DWCNTs in vertically 
aligned forests, which allows for their direct integration into 
applications such as sensors [ 112 ]  and fi eld emitters. [ 113–116 ]  The 
fi rst demonstration of vertically aligned DWCNTs grown on fl at 
substrates was by Yamada et al. using water-assisted CCVD. [ 117 ]  
This was achieved using Fe-Al 2 O 3  (30 nm)/SiO 2  (600nm)/Si, 
with C 2 H 4  as the carbon feedstock, and a DWCNT purity of 
85% was produced. The high purity was attributed to enacting 
precise control over the Fe catalyst fi lm thickness, which largely 
determines the size of the catalyst particles formed upon 
heating. This was further investigated by Ci et al. who produced 
high-purity DWCNTs (88%) using Fe fi lms on an Al support 
layer with C 2 H 4  feedstock at 700–850 ºC. [ 118 ]  It was determined 
that an Fe fi lm thickness of 1.5 nm deposited onto 10 nm of 
Al provided the greatest selectivity towards DWCNT growth. 
The optimized growth conditions resulted in ultra-low-density 
arrays due to the very large diameter of the resultant DWCNTs 
(7.9 nm) and the low catalyst particle density. Ultra-long, super-
aligned DWCNT forests have been reported by Kim et al. with 
lengths of 9 mm in 10 h of growth time. [ 119 ]  This was achieved 
by fi rst reducing the catalyst (Fe fi lm (1 nm)/Al 2 O 3  (30 nm)) by 
exposure to a He/H 2  atmosphere at 750 ºC. The reduction time 
had a signifi cant effect on the density and size of the catalyst 
particles and ultimately changed the quality and alignment of 
the nanotubes forests, where, at 5 min of reduction time, the 
catalyst formed the smallest grain size, leading to the highest-
quality growth. 

 Due to CCVD’s compatibility with a wide variety of sub-
strates, researchers are also focused on preparing aligned 
DWCNT arrays on substrates more easily integrated into 
electronics, such as silicon or gold. For instance, Chen et al. 
produced vertically aligned DWCNT arrays using point-arc 
microwave plasma CCVD to allow for direct measurement of 
fi eld-emission properties. [ 114 ]  In that work, a three-layered cata-
lyst of Al 2 O 3 /Fe/Al 2 O 3  (0.5 nm/0.8–1 nm/5 nm) was deposited 
onto both Cr (100 nm)/Si and SiO 2  (200 nm)/Si. The trilayer 
catalyst provides two functions: the thicker, bottom Al 2 O 3  layer 
acts as a barrier, preventing the Fe catalyst from reacting with 
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the underlying substrate; the thin, top Al 2 O 3  layer serves to 
increase the surface diffusion barrier of the Fe atoms so as to 
suppress aggregation. Growth of the DWCNTs occurs via the 
decomposition of CH 4  in a hydrogen atmosphere at 600 ºC, 
yielding outer diameters of 2.5–3.8 nm. It was determined 
that the Cr/Si substrate achieved a higher nanotube density, 
but had a lower growth rate than the SiO 2 /Si substrate. This 
was attributed to the SiO 2  accumulating heat during the plasma 
radiation exposure. Importantly, when growing DWCNTs 
for direct integration into electronic applications, good con-
tact between the DWCNTs and underlying substrate is essen-
tial. Chen et al. determined that the presence of Cr provided 
less resistance (compared to the SiO 2 ) and the DWCNT/Cr/Si 
surface demonstrated superior fi eld emission. Liu et al. later 
showed that SiO  x   (30 nm) deposited onto SiO 2  (100 nm)/Si 
surfaces could be directly used to catalyze DWCNT growth. [ 120 ]  
It was determined that the critical factors for growth were the 
thickness of the deposited SiO 2  layer and pre-growth heat treat-
ment, which both affect the size of the resultant SiO  x   catalyst 
particles and, in turn, the number of walls. Nanoparticles in the 
range of 3–5 nm (annealed for 10 min at 850 ºC in Ar atmos-
phere) were found to be the most effective for DWCNT growth, 
achieving a purity of 70%. Growth directly on conducting metal 
foils has been reported by Iijima and co-workers, with Ni-based 
alloys containing Cr or Fe found to be best for DWCNT and 
SWCNT growth. [ 106 ]  In that work, an Al 2 O 3  (30 nm)/Fe (1 nm) 
catalyst layer was deposited onto various metal foils and then 
exposed to C 2 H 4  in a H 2 O/He atmosphere at 750 °C. By selec-
tively tuning the catalyst thickness to 1.8 nm, DWCNTs were 
produced and measurement of the fi eld-emission properties 
confi rmed that good electrical contact had been established. As 
well, Fu et al. demonstrated that DWCNTs could be grown on 
catalyst (Fe/Al 2 O 3 )-coated Au fi lms for use as fi eld-effect emit-
ters. [ 121 ]  This was done by fi rst reducing the catalyst in a H 2  
atmosphere before introducing C 2 H 4  at 700 ºC. 

 CCVD is the most commonly used growth method to pro-
duce DWCNTs as it offers high yields, is cost effective and 
controllable, and is appropriate for industrial-scale production. 
Furthermore, the ability to grow nanotubes on a substrate ena-
bles direct integration into some applications, as well as ease of 
collection. However, despite considerable advances in favoring 
the growth of DWCNTs over other species, CCVD growth 
cannot yet be tuned to generate a specifi c DWCNT type and 
instead produces a heterogeneous mixture of DWCNTs with 
small- and large-diameter SWCNTs and even triple- and multi-
walled contaminants, as well as amorphous carbon and rem-
nants of metal catalyst. The slow development is in part due 
to the time-consuming nature of the experiments, where each 
CCVD run can take an entire day to complete and characterize, 
as well as the large parameter space of the CCVD process 
itself. Recently, Nikoleav et al. reported the use of automated 
experimentation as a means to overcome this cumbersome 
approach and conduct over 100 water-assisted CCVD growth 
cycles in a single day. [ 122 ]  The adaptive and rapid experimen-
tation system, equipped with in situ Raman spectroscopy, is 
capable of mapping regions of selectivity toward SWCNT and 
MWCNT nucleation and growth in a four-dimensional param-
eter space from only a limited number of input experiments. 
From this, the authors conclude that “perfect” selectivity does 

not exist because the probability of growing either SWCNTs or 
MWCNTs is never zero when the parameters are optimized to 
maximize growth of the other; therefore, the typical product is 
always a mixture of nanotube types.   

  5.     Processing and Sorting 

 The fi eld of DWCNT processing is still in relative infancy com-
pared to the more extensively investigated fi eld of SWCNTs. 
In some ways, the sorting of DWCNTs could be viewed as an 
extension of already-established SWCNT sorting techniques; 
however, even at this early stage of development, important dif-
ferences are apparent and these will only become more promi-
nent as researchers refi ne the specifi city of their methodologies 
toward the ultimate goal of sorting by inner wall character. The 
discussion that follows is thus necessarily dominated in some 
parts by the descriptions of progress in SWCNT sorting. Where 
SWCNT sorting techniques have been utilized for DWCNTs, 
some notable results are presented, and in all cases the appli-
cability and potential benefi ts in relation to DWCNT sorting 
are analyzed. Unless new techniques are developed that pro-
vide for targeted growth of highly pure DWCNTs of desired 
type, there is a clear need to improve the purity of as-produced 
DWCNT material in order to unlock their potential in useful 
applications. This can be achieved through several different 
approaches, where each approach targets certain contaminants. 
These approaches can be broadly grouped into two categories: 
purifi cation, which involves the crude removal of amorphous 
carbon, fullerenes, SWCNTs, MWCNTs, and any remaining 
catalyst through chemical or thermal treatment; and sorting, 
where molecular control is enacted to fi nely refi ne the desired 
product according to requirements e.g., the preparation of 
material with exclusively semiconducting outer walls. 

  5.1.     Purifi cation 

 Several treatments can be applied post-synthesis to improve the 
purity of raw DWCNT material by selective removal of contami-
nants. For example, the pulsed arc-discharge method of Sugai 
et al. reported only 20% DWCNT purity due to the presence of 
fullerenes, SWCNTs, and amorphous carbon contamination. [ 24 ]  
Following purifi cation, they were able to dramatically increase 
the DWCNT purity to ca. 90%. In their purifi cation strategy, the 
as-prepared material is fi rst washed with CS 2,  a solvent known 
to selectively solubilize fullerenes, allowing their removal by 
standard laboratory separation techniques. [ 123 ]  Residual catalyst 
particles are then dissolved via sonication in concentrated acid; 
in this case HCl. Treatment with various acids has been used 
extensively to purify SWCNTs and has been shown to effectively 
remove metal particles from as-grown nanotubes. [ 124 ]  How-
ever, the process inevitably results in functionalization of the 
nanotubes to some degree, depending on the temperature and 
length of exposure. The amorphous carbon and SWCNT mate-
rial were then removed via subsequent high temperature air oxi-
dation at 500 °C for 1 h. As the SWCNTs have the same average 
diameter as the DWCNTs (ca. 2 nm), the authors conclude that 
the greater thermal stability of the DWCNTs originates from a 
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interactions between the inner and outer walls. The same 
group later quantifi ed this effect by determining that under 
optimized conditions the oxidation rate of DWCNTs is half that 
of SWCNTs of the same diameter (1.6 nm); hence, SWCNTs are 
preferentially oxidized and removed. [ 30 ]  Purities can be greatly 
improved (from 10% up to 90%) however some hollow and 
metal-fi lled carbon capsules remain even after HCl treatment 
and cannot be removed. Furthermore, it has been reported that 
hot air oxidation exhibits a selectivity toward metallic SWCNTs, 
with semiconducting species still remaining after 4 h at 420 ºC, 
highlighting the need for the correct oxidation temperature in 
DWCNT purifi cation. [ 125 ]  However, no reports of air oxidation 
of DWCNTs specifi cally measure the electronic properties of the 
remaining SWCNTs; thus, it is unclear how the preference for 
metallic oxidation affects the remaining SWCNT population. 
While air oxidation can effectively remove amorphous carbon 
and SWCNTs in optimized conditions, and offers the advan-
tage of oxidation without the introduction of sidewall defects, 
it can result in destruction of the nanotubes at temperatures 
above 750 ºC. [ 126 ]  Alternatively, refl uxing in H 2 O 2  for 12 h can 
also be used to oxidize unwanted SWCNTs, as demonstrated by 
Yoshida et al. ,  who saw a dramatic improvement in DWCNT 
purity from only 10% initially to 95% after refl uxing. [ 30 ]  As with 
acid treatment, some oxygen-containing moieties are intro-
duced at defect sites within the lattice, [ 127 ]  but to a much lesser 
extent, and Raman studies show a dramatic decrease in the 
amount of amorphous carbon present. [ 128 ]  Similar to hot air oxi-
dation, the H 2 O 2  also exhibits a preference to attack nanotubes 
of specifi c electronic character; however, in this case it is toward 
semiconducting character. This is evidenced by the H 2 O 2  treat-
ment of SWCNTs resulting in a population of ca. 80% metallic 
composition after ca. 1 h. [ 125 ]  In the DWCNT case, refl uxing in 
H 2 O 2  is for a signifi cantly increased duration and it is unclear 
whether or not metallic SWCNTs remain after such an extended 
time. However, one can conclude that, since air oxidation and 
H 2 O 2  exhibit a preference toward metallic and semiconducting 
SWCNTs, respectively, a combination of the two may prove to 
be an effi cient purifi cation strategy.  

  5.2.     Suspension 

 All sorting strategies share one commonality, namely the 
requirement for the production of suspensions of individual-
ized carbon nanotubes in either water [ 58,61,129,130 ]  or organic sol-
vents. [ 131,132 ]  This is achieved through either covalent [ 20,31,133 ]  or 
non-covalent methods. [ 76,129,134–136 ]  Covalent chemistry routes 
involve the introduction of functional groups to the nanotube 
ends and sidewalls, rendering them soluble. [ 31,137 ]  Such pro-
cesses are extremely good at producing well-dispersed, indi-
vidualized nanotube suspensions, and often also exhibit some 
selectivity toward certain diameters [ 31,138 ]  or electronic types, [ 139 ]  
which can provide useful routes toward separation based on 
these characteristics. However, covalent functionalization is 
often disadvantageous as it causes disruption of the conjugated 
π system of the nanotube by introducing sp 3  hybridization into 
the pristine sp 2  network. [ 22 ]  Non-covalent approaches include 
the use of surfactants such as sodium cholate (SC) or sodium 

dodecyl sulphate (SDS), [ 60–62,130,140–143 ]  or dispersing agents 
such as DNA [ 58,144–146 ]  and organic polymers. [ 131,132,147,148 ]  Dis-
persion of the nanotubes in these stabilizing agents is achieved 
via ultrasonication and often followed by centrifugation to 
remove remaining bundles and residual catalyst particles. [ 136 ]  

 For surfactant-stabilized dispersions, the surface concentra-
tion and orientation of surfactant molecules on the nanotube 
sidewalls is highly dependent upon the type of surfactant, the 
concentration in solution, and the diameter and electronic 
type of the nanotube. [ 60,62,140,149–153 ]  Generally, the surfactant 
fi rst forms a random layer and, as more surfactant molecules 
bind to the surface, begins to form hemimicelles. Further addi-
tion of surfactant can cause the formation of a highly packed 
cylindrical micelle. [ 154 ]  However, this varies for different 
diameters, with smaller nanotube diameters exhibiting less-
ordered surfactant structures. [ 149 ]  For example, SDS wrapping 
of small-diameter nanotubes (<1 nm) tends to result in highly 
disordered, random confi gurations at low SDS concentra-
tions (packing densities of ca. 1.0 molecules nm −2 ) [ 155,156 ]  and 
more-ordered, cylindrical wrapping at high SDS concentra-
tions (2.8 molecules nm −2 ). [ 155 ]  The wrapping of large-diameter 
nanotubes (>1 nm) is also disordered at low concentration but 
forms hemimicelles at high SDS concentration. [ 155,156 ]  Experi-
ments suggest that the correlation between nanotube structure 
and wrapping is due to differences in the surface π-electron 
states of the various SWCNT curvatures, which affect the SDS/
nanotube interaction. [ 60 ]  When an SDS molecule wraps around 
a small-diameter nanotube with a large bond curvature, it 
encounters a larger energetic barrier due to bending. [ 156 ]  There-
fore, it is energetically more favorable for the SDS to adsorb 
to larger-diameter nanotubes with smaller curvatures, which 
is an underlying principle of several of the sorting method-
ologies described later. [ 140,155,157 ]  The extent of SDS encapsu-
lation is also dependent upon the electronic character, with 
metallic nanotubes having a higher degree of SDS wrapping 
than semiconducting nanotubes, owing to their higher polar-
izability. [ 61,140,152,158 ]  Co-surfactant wrapping, which relies upon 
competitive non-specifi c binding between different surfactants 
e.g., SC and SDS, provides a further parameter that can be 
exploited for nanotube separation according to electronic 
character. [ 58,130,142,143 ]  

 Suspension of nanotubes with DNA [ 159–161 ]  and pro-
teins [ 32,162–165 ]  relies primarily on strong π-stacking onto the 
nanotube sidewalls. This effectively individualizes the nano-
tubes and at the same time provides a negative surface charge 
density due to close proximity of the phosphate backbone to the 
nanotube. [ 159 ]  As such, DNA is particularly suitable for solubi-
lization of DWCNTs, with several examples seen in the litera-
ture. [ 135,160,161,166 ]  Using DNA, SWCNTs have been sorted by 
electronic type [ 144,159 ]  and ( n,m ) species [ 145 ]  through the use of 
ion-exchange gels. Because they contain biological elements, 
such suspensions are highly dependent on the pH of the solu-
tion, which must be optimized to achieve well-dispersed nano-
tube suspensions of high concentration. Suspension in organic 
solvents is used in polymer separation and will be discussed 
in Section 5.9. Once a good suspension of purifi ed nanotubes 
has been obtained, there are several techniques that have been 
developed to sort them using a number of different strategies 
with varying degrees of complexity, specifi city, and success.  
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  5.3.     Reversible Covalent Chemistry 

 Because various covalent modifi cation schemes are selective 
to nanotube diameter, such inherently scalable approaches are 
highly attractive for the purifi cation and separation of DWCNTs. 
One such approach demonstrated by Deng et al. [ 31 ]  involves the 
Billups–Birch reductive alkylcarboxylation reaction. That work 
involved covalently functionalizing CNTs with alkylcarboxylic 
acids groups progressively from smaller-diameter nanotubes 
towards larger diameters. Addition of these groups rendered 
the nanotubes water soluble and the diameter-dependent 
nature of the reaction allowed for standard phase separation in 
water–hexane. This resulted in partitioning of functionalized 
samples into different aqueous extracts of decreasing function-
alization and solubility, commensurate with increasing diam-
eter. As well as providing such diameter-selective separation, 
a further advantage of this kind of approach is the reversible 
nature of the reactions. In the case of alkylcarboxylation, the 
sorted nanotubes can be returned to their pristine state through 
simple annealing. Because wall number is closely correlated 
with diameter, reductive alkylcarboxylation can also be used to 
selectively remove single- and multi-walled nanotubes, as well 
as carbonaceous by-products, from as-synthesized DWCNT 
material. [ 167 ]  

 In the reductive-alkylcarboxylation method, raw DWCNT 
material is added to liquid NH 3  containing Na to individualize 
the nanotubes and enable homogeneity of the subsequent reac-
tion. When Na is added to NH 3 , it dissolves completely, with 
nitrogen lone pairs coordinating to the metal, yielding an elec-
tronic liquid comprising [Na(NH 3 )  x  ] +  complexes and free elec-
trons. When nanotubes are added to the solution, the solvated 
electrons are transferred to the various nanotubes and (aro-
matic) carbonaceous material, providing a negative surface 
charge and producing “nanotubide” radical anions. In this 
way, the van der Waals forces holding the nanotubes in bun-
dles are gently overcome by strong Coulombic repulsion, thus 
individualizing them. [ 31 ]  Upon addition of 6-bromohexanoic 
acid, as in the work of Deng et al., [ 31 ]  (or any molecule with a 
halogen-terminated alkyl chain) a reduction reaction occurs 
adding alkylcarboxylic acid groups to the nanotube sidewalls. 
The diameter selectivity arises due to the dif-
ference in the Fermi levels of the nanotubes, 
wherein smaller-diameter nanotubes (with 
higher Fermi levels) [ 168 ]  exhibit a greater 
reduction potential than larger ones. Hence, 
the reduction by solvated electrons occurs 
preferentially on the smaller-diameter nano-
tubes and, with careful control of the reaction 
stoichiometry, this can then lead to preferen-
tial addition of alkylcarboxylic acid groups to 
the smaller nanotubes. 

 In the work of Deng et al., [ 31 ]  three reac-
tion cycles were completed, each starting 
with further addition of Na and alkylcarb-
oxylate source, before phase separation in a 
water/hexane mixture. The more easily func-
tionalized SWCNTs and amorphous carbon 
were separated into the aqueous fraction, 
while the less-functionalized DWCNTs and 

MWCNTs were enriched in the insoluble solid. Deng et al. also 
demonstrated that the reduction occurs by defect activation and 
propagates exclusively from sp 3 -hybridized sites, giving rise 
to clusters of functional groups, and thus explaining why the 
amorphous carbon, which primarily consists of sp 3 -hybridized 
carbon atoms, can be eliminated so easily. [ 133 ]  By further per-
forming a subsequent 3-cycle alkylcarboxylation on the insol-
uble solid, the DWCNTs and MWCNTs were then selectively 
functionalized and water solubilized, leaving the remaining 
MWCNTs in the insoluble solid. A schematic illustration of the 
two-step diameter-dependent reaction can be seen in  Figure    5  . 
After the successful enrichment of DWCNTs, the alkyl func-
tional groups were then removed by thermal annealing of the 
fi ltered and washed product in H 2 /Ar. High-resolution TEM 
revealed that while the fi nal sorted product did still contain 
some MWCNTs (likely resulting from their very high initial 
composition), the carbonaceous material and SWCNTs had 
been successfully removed, leading to DWCNT enrichment 
in the sample. This work not only demonstrates the applica-
bility of covalent chemistry to enrich DWCNTs, but does so 
using a straightforward and highly scalable technique, which 
further allows the nanotubes to regain their pristine structure. 
Although no enrichment by electronic character was observed, 
the reduction potential of nanotubes does exhibit depend-
ence on electronic character, and even on chirality. In theory it 
should therefore be possible to use a stoichiometric defi ciency 
of Na to selectively functionalize only those nanotubes with the 
smallest reduction potential and thus facilitate some degree of 
sorting.   

  5.4.     Biofunctionalization 

 An example of the use of biological elements to suspend and 
sort DWCNTs is seen in the 2011 work of Nie et al. in which 
DWCNTs were non-covalently biofunctionalized with the pro-
tein, lysozyme. [ 32 ]  Lysozyme is particularly desirable for this 
purpose as it primarily consists of amine groups, which pro-
vide the nanotube with adequate water solubility, [ 165 ]  and has 
hydrophobic residues within its core that readily interact with 
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 Figure 5.    Schematic illustration of the two-stage enrichment of DWCNTs using diameter- and 
defect-selective alkylcarboxylation. By exploiting the diameter dependence of the reductive alky-
lcarboxylation of carbon nanotubes, the degree of functionalization and water solubility of the 
SWCNTs were selectively enhanced, allowing for their removal in aqueous extracts by water–
hexane-phase extraction. Additional reaction cycles were performed on the insoluble solid, in 
which DWCNTs were enriched. Reproduced with permission. [ 167 ]  Copyright 2011, Royal Society 
of Chemistry.
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pH, protonated amines also interact with 
the defect sites of the nanotubes and at high 
pH, through amine adsorption. [ 162 ]  It was 
observed that lysozyme selectively suspended 
large-diameter DWCNTs [ 32 ]  and this is in 
agreement with computational studies where 
MWCNTs of larger diameter (40 nm) consist-
ently showed stronger protein binding than 
those with a smaller diameter (10 nm). [ 164 ]  
This is also in agreement with studies of 
protein interactions with nanoparticles. [ 169 ]  
Nie et al. suggest that the stronger bundles 
formed by smaller-diameter nanotubes [ 32 ]  
may also contribute to their reduced solu-
bilization via protein binding. [ 32 ]  Because 
the large-diameter DWCNTs are selectively 
functionalized, centrifugation provides separation of the larger- 
and smaller-diameter DWCNTs into supernatant and pellet, 
respectively. TEM of the respective DWCNT samples reveals 
two distinct ranges of diameter, of 3–5 nm (Gaussian average of 
4.0 nm) and 1–4 nm (Gaussian average of 2.7 nm). As diameter 
is strongly correlated with wall number, DWCNTs can also be 
separated from smaller-diameter SWCNTs, providing a conven-
ient method for DWCNT enrichment of such samples. This was 
shown by adding a 4:1 mixture of pure DWCNTs and SWCNTs 
to a solution of lysozyme. The mixture was sonicated to aid 
solubilization and then centrifuged, yielding sediment and a 
lysozyme-biofunctionalized supernatant. Only large-diameter 
DWCNTs were found in the supernatant (as determined from 
TEM), highlighting the applicability of this approach to selec-
tively produce fractions of large-diameter DWCNTs from such 
mixtures. 

 In the work of Dresselhaus and co-workers, long and 
random single-stranded (ss-) DNA was employed to indi-
vidualize DWCNTs, forming suspensions stable at high pH 
(>6.8–12.4). [ 160 ]  As the pH becomes more acidic, the DNA 
begins to destabilize and then agglomerate due to protona-
tion of the backbone phosphate groups. It is hypothesized 
that, as the larger-diameter nanotubes are more susceptible to 
bundling due to increased van der Waals forces, they agglom-
erate preferentially and can be separated through centrifuga-
tion from the suspended small-diameter DWCNTs. However, 
this is so far based solely on PL and optical absorption, which, 
as previously discussed, provide less certainty in the case of 
DWCNTs without corroboration from the more-conclusive 
TEM analysis.  

  5.5.     Molecular Nanocalipers 

 The use of chiral diporphyrin nanotweezers and nanocalipers 
can achieve simultaneous discrimination of nanotube diameter, 
metallicity, and handedness in SWCNTs. [ 171,172 ]  This technique 
involves tailoring of the diporphyrin structure to yield one that 
is sterically compatible with a nanotube of specifi c diameter 
and chiral angle. Such diporphyrins form stable host–guest 
complexes with the target nanotube through π–π and CH–π 
interactions, which can be separated from the remaining 

nanotubes via centrifugation. Specifi city arises from careful 
selection of the spacing between the calipers, which affects the 
width of the host molecule and the depth at which the nano-
tube sits within the host. [ 171 ]  These physical parameters become 
very important when targeting a specifi c nanotube, with larger 
nanotubes requiring a deeper position within the host. 

  Figure    6   shows an example of directly engineered diporphy-
rins and their complimentary nanotube types. For example, the 
(6,5) nanotube (diameter of 0.76 nm) can be accommodated 
by a nanotweezer structure. By altering the structure of the 
diporphyrin to have a slightly larger spacing, the (9,4) nano-
tube (diameter of 0.92 nm) can be accommodated. In order to 
accommodate nanotubes >1 nm, a nanocaliper structure can 
be used, which possesses arms that extend out to capture the 
target nanotube. Such tailored host structures not only allow 
for diameter sorting, but also for enantiomeric separation 
according to the handedness of the specifi c nanotube. [ 171,172 ]  By 
inclusion of a chiral center within the diporphyrin, two mirror-
image ( S ) and ( R ) hosts can be created for each target nanotube 
diameter, resulting in separation of left-handed (LH) and right-
handed (RH) nanotube enantiomers. Initially, the enthalpies 
of association of the LH and RH nanotubes with an ( S )-dipor-
phyrin are approximately equal. [ 171 ]  However, as the number 
of diporphyrin molecules bound to the nanotube surface 
increases, the formation of the RH:( S ) complex becomes more 
energetically favorable than the LH:( S ) complex. This means 
that RH:( S ) becomes more stable and therefore, more soluble, 
than LH:( S ). The opposite can be expected for the mirror-image 
host, with LH:( R ) becoming more stable.  

 DWCNT sorting via the use of chiral diporphyrins was 
reported by Liu et al., wherein DWCNTs were successfully 
sorted from MWCNTs and, to a lesser extent, SWCNTs. [ 33 ]  This 
was made possible by tailoring a chiral diporphyrin into a nano-
caliper structure with a spacer of 1.9 nm between porphyrins. 
Extraction with the nanocaliper yielded signifi cantly improved 
DWCNT purity (from 77% up to 90%) and narrower diam-
eter distribution (from 1.23–3.23 nm to 1.25–2.75 nm). After 
removal of the nanocalipers via repeated washing of the centri-
fuged solid with tetrahydrofuran (THF) and pyridine, circular 
dichroism (CD) measurements were performed, where the 
presence of LH and RH DWCNTs species were confi rmed. The 
authors thus concluded that the DWCNT enantiomers are most 
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 Figure 6.    Computer-generated molecular modeling of the interactions between nanotweezers 
and nanocalipers and appropriately sized SWCNTs. By tailoring the chiral diporphyrin structure 
to a specifi c size and depth, the (6,5), (9,4) and (9,7) SWCNTs can be isolated. Reproduced 
with permission. [ 172 ]  Copyright 2013, American Chemical Society.
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probably obtained through molecular recognition by the chiral 
diporphyrin nanocalipers.  

  5.6.     Density-Gradient Ultracentrifugation 

 Density-gradient ultracentrifugation (DGU) is a technique orig-
inally designed for separating and isolating biological elements 
(such as macromolecules or viruses) [ 173 ]  and was fi rst used to 
separate SWCNTs by Hersam and co-workers in 2005. [ 58 ]  This 
separation method involves taking individualized nanotubes 
suspended in surfactant and placing them into a graded fl uid 
medium (usually iodixanol owing to its high viscosity and 
tunable density [ 142 ] ) of varying density within a centrifuge 
tube. [ 58,130,140,143 ]  The various nanotube species are then moved 
by centripetal forces until they reach their respective isop-
ycnic points (the point where the nanotube's buoyant density 
matches that of the surrounding fl uid medium). The key to the 
separation lies in the different buoyant densities of each nano-
tube species, which is a feature that is heavily reliant upon the 
physical structure of the nanotube itself, as well as the encapsu-
lating surfactant and solvent molecules. 

 In the case of a binary surfactant, the structure of the 
surfactant shell is strongly infl uenced by the nanotube diam-
eter. [ 140,157 ]  Alternatively, in co-surfactant mixtures the polar-
izability of the SWCNT plays an important role and leads to 
non-equivalent wrapping of the two surfactants around different 
nanotubes. [ 158 ]  This is especially true for surfactant mixtures 
with SDS, which is highly sensitive to electronic type [ 140,158 ]  
and results in the encapsulated nanotubes having a strong 
contrast in density. For example, the addition of SDS to SC-
wrapped SWCNTs signifi cantly increases the density of nano-
tubes with diameters of 0.83 nm and 0.98/1.03 nm, and facili-
tates their separation from smaller nanotubes (ca. 0.76 nm). [ 140 ]  
Therefore, by employing the appropriate conditions, SWCNT 
fractions with a narrow diameter distribution, or of defi ned 

semiconducting and metallic type, or even of enantiomerically 
pure single chirality can be produced by DGU. [ 130,140,143 ]  

 Due to the great success of DGU for SWCNTs, it was a 
natural step to extend the method to DWCNTs. In particular 
because the inclusion of an inner wall signifi cantly alters the 
buoyant density and thus offers a convenient method to deal 
with unwanted SWCNT impurities. This was fi rst achieved by 
Green and Hersam in 2009 using a two-step DGU process. [ 34 ]  
In the fi rst step, raw material (DWCNT composition of 70%) 
is suspended in 1 wt% SC. The authors speculate that, due to 
the anionic planar structure of SC, its encapsulation layers are 
highly sensitive to nanotube diameter and therefore, its use 
affords fractions of SWCNTs, DWCNTs, and MWCNTs of very 
different densities. [ 34 ]  Furthermore it is speculated that another 
advantage of SC is its limited sensitivity to the electronic char-
acter of the nanotubes, which means that any electronic per-
turbations of the outer wall by the inner wall will not have 
an impact on the surrounding surfactant layer. Therefore, for 
similar diameters, SC encapsulation does not vary between 
SWCNTs and DWCNTs, and the only difference is a much 
larger density for DWCNTs due to the inner wall.  Figure    7  a 
shows a schematic of the SC encapsulation of small- and large-
diameter SWCNTs and DWCNTs, as well as its effect on their 
buoyant densities.  

 The density gradient consisted of 1.5 mL of 60 wt% iodix-
anol on the bottom, followed by 5 mL of a linear gradient 
vary ing from 32.5 to 17.5 wt% iodixanol with 1.5 mL of 15 wt% 
iodixanol on top, in which the DWCNTs initially resided. The 
remaining volume was fi lled with 0 wt% iodixanol and the 
linear density was then centrifuged at 41 000 rpm (207 570 g ) for 
12 h. In this process the nanotubes are forced to sediment from 
their initial starting position of low density to a higher density. 
The advantage of top addition is that lower-density SWCNTs 
are prevented from reaching the isopycnic point of the much 
denser DWCNTs. As seen in Figure  7 b, this results in 4 bands 
corresponding to small-diameter SWCNTs (ca. 0.7–1.1 nm), 
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 Figure 7.    Separation of DWCNTs by the number of walls via DGU. a) Schematic illustration of nanotube encapsulation by SC and its effect on the 
resultant buoyant density. b) Photograph of a centrifuge tube following the fi rst iteration of the separation showing four bands, corresponding to small-
diameter SWCNTs, large-diameter SWCNTs, DWCNTs, and MWCNTs/carbonaceous impurities/bundles. c) Absorption spectra of each band following 
the initial separation and, in the case of large-diameter SWCNTs and DWCNTs, the fi rst iteration. The absorbance is normalized and offset in each 
case. Reproduced with permission. [ 34 ]  Copyright 2009, Nature Publishing Group.
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large-diameter SWCNTs (ca. 1.6 nm), DWCNTs (ca. 1.6 nm), 
and MWCNTs, bundles, and carbonaceous impurities. The 
coarsely refi ned DWCNTs and large-diameter SWCNTs were 
then subjected to a second DGU step. In that step the mate-
rial was now inserted into the bottom of the density gradient, 
which forced the nanotubes to move from high to low density 
with the goal of removing any slow-moving, dense species that 
did not reach their isopycnic points the fi rst step. The second 
density gradient consisted of 1.5 mL of 60 wt% iodixanol on the 
bottom, 1 mL of coarsely refi ned DWCNTs in 33.5 wt% iodix-
anol, then 5 mL of density gradient ranging from 31 to 16 wt% 
iodixanol with the remaining space fi lled with 0 wt% iodixanol. 
The effect of a subsequent DGU step is clearly visible in the 
absorption spectra in Figure  7 c (dashed lines), where a signifi -
cant improvement in the purity of the large-diameter SWCNT 
and DWCNT fractions is seen, as evidenced by the sharper 
peaks and reduced scattering background. 

 In an investigation of the sorting effi ciency of DGU, Loiseau 
and co-workers conducted a layer-by-layer analysis of nano-
tube content by TEM. [ 174 ]  As seen in  Figure    8  a, twelve bands 
were taken from the centrifuge tube and characterized by 
TEM (over 100 nanotubes per band) and absorption spectro-
scopy (Figure  8 b,c). As discussed, [ 34 ]  the SWCNTs are found in 
the lower-density top half of the centrifuge tube with a trend 
of increasing diameter seen with increasing density (layers 
1–5), whereas the highest-purity DWCNTs (85%) are found in 
layer 12. Between layers 6 and 12, a mixture of SWCNTs and 
DWCNTs were found with increasing DWCNT purity.  

 Extending the DGU method to sort DWCNTs according to 
electronic character was a seminal advancement toward the real-
ization of high-technology DWCNT devices, and was achieved 
by Green and Hersam in 2011. [ 35 ]  In that work, DWCNTs 
coarsely purifi ed via their original method [ 34 ]  were separated 
by outer wall electronic type using subsequent DGU iterations. 
However, in the subsequent DGU steps, co-surfactant mixtures 
of SC and SDS were used. Due to the very different surfactant 
wrapping of metallic and semiconducting nanotubes, [ 158 ]  
the difference in density between the two electronic types in 
co-surfactant mixtures is even greater than in the single sur-
factant case and this can be optimized for a particular metallic/
semiconducting separation. [ 130,140,142 ]  For instance, ratios of 1:4 
SDS/SC and 3:2 SDS/SC have been found to be optimal for tar-
geting large-diameter semiconducting and metallic SWCNTs, 
respectively. [ 140 ]  

 For semiconducting DWCNT enrichment, three iterations 
followed the initial coarse DGU step. In the fi rst iteration, 
the DWCNTs were placed at the bottom of a 1 wt% 1:4 SDS/
SC density gradient from 25 to 40 wt% iodixanol. The gra-
dient was centrifuged (41 000 rpm or ca. 208 000 g  for 14 h) 
and resulted in further separation of DWCNTs and SWCNTs. 
However, separation according to electronic character was also 
seen owing to the introduction of SDS. The semiconducting 
outer wall enriched (s-) DWCNT layer was then isolated and 
used in the second iteration, which was a repetition of the fi rst, 
but with the s-DWCNTs added to the top of the gradient. In the 
third iteration, a 3:2 SDS/SC ratio was used with the DWCNTs 
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 Figure 8.    Analysis of the sorting effi ciency of the DGU technique by TEM. a) Centrifuge tube of the DGU sorted DWCNT material showing several 
bands within the linear gradient. b) Absorption spectra of each layer. c) TEM analysis of the different bands showing an increase in mean diameter 
with increasing density, change in relative concentration of SWCNTs and DWCNTs and the change in distribution shape. d–g) TEM images of SWCNTs 
and DWCNTs from layers 3, 6, 10 and 12, respectively. Reproduced with permission. [ 174 ]  Copyright 2008, Wiley-VCH.
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moving from low to high density to remove any remaining 
metallic species. For metallic DWCNT enrichment, only two 
iterations followed the initial coarse DGU step and both used 
a 1 wt% 3:2 SDS/SC ratio, but differed in initial DWCNT 
placement. 

  Figure    9  a shows the resultant layer structure for a co-sur-
factant ratio of 1:4 SDS/SC. Separation occurs primarily by 
diameter, however red and green fringes corresponding to 
metallic and semiconducting character, can also been seen. The 
absorption measurements of each fringe (seen in Figure  9 c) 
also show signs of electronic sorting for both SWCNTs and 
DWCNTs, with enhanced S 22  and M 11  transitions. Alternatively, 
the separation with a co-surfactant mixture of 3:2 SDS/SC can 
be seen in Figure  9 b, where the increased relative concentra-
tion of SDS has signifi cantly changed the resultant band struc-
ture. Separation is now dominated by electronic character and 
occurs concomitantly with diameter, with the four bands visible 

corresponding to m-SWCNTs, m-DWCNTs, s-SWCNTs, and 
s-DWCNTs (absorption measurements shown in Figure  9 d). As 
the m-CNTs are coated with an increased surface concentration 
of SDS compared to that of s-CNTs, their isopycnic points are at 
lower densities. [ 175,176 ]  Figure  9 e shows absorption spectra after 
the initial DGU step and the three subsequent iterations for 
s-DWCNT enrichment. While each DGU step yields enhance-
ment of the S 22  and reduction in M 11  features, the most signifi -
cant enrichment is seen in the fi nal step, which employs the 3:2 
SDS/SC co-surfactant mixture. Additionally, there is also a peak 
at ca. 1200 nm corresponding to the S 11  transition of an inner 
wall. Figure  9 f shows absorption spectra for each DGU step, 
targeting m-DWCNTs. Each separation sees the enhancement 
of the M 11  transitions with S 22  contributions from s-DWCNTs 
removed, revealing inner wall S 11  peaks in the same region. 
In each case, very high purities were achieved with fi nal frac-
tions containing 96% and 98% semiconducting and metallic 
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 Figure 9.    Separation of DWCNTs by outer wall electronic type. a–b) Photographs of centrifuge tubes following DGU separation of SWCNTs/DWCNTs 
targeted for semiconducting and metallic DWCNTs, respectively. c–d) Absorbance spectra of each band during the fi rst-iteration separations targeting 
semiconducting and metallic DWCNTs, respectively. Metallic DWCNTs, semiconducting DWCNTs, metallic SWCNTs, semiconducting SWCNTs, and 
then coarsely enriched input DWCNT material are shown by the red, green, purple, blue, and dashed grey curves, respectively. The spectra are offset for 
clarity. e–f) Absorbance spectra obtained during successive DGU iterations to produce semiconducting and metallic DWCNTs, respectively. The aster-
isks mark the absorption peaks attributed to inner-DWCNT-wall transitions. S ii  (M ii ) label the  i th order semiconducting (metallic) optical transitions 
of the SWCNTs and the outer walls of DWCNTs. Wavelength regions associated with semiconducting and metallic SWCNTs and outer wall DWCNTs 
transitions are shaded red and green, respectively. Reproduced with permission. [ 35 ]  Copyright 2011, American Chemical Society.
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DWCNTs, respectively. This clearly demonstrates the effective-
ness of the DGU technique.   

  5.7.     Centrifugal Length Separation 

 In addition to the separation of carbon nanotubes by diameter 
and electronic type, centrifugation has also been used to pre-
pare nanotubes with a narrow length distribution. [ 141,177 ]  This 
length-dependent separation technique has previously been 
reported for the fractionation of SWCNTs with lengths in 
excess of 1 µm and is achieved by exploitation of the length-
dependent friction coeffi cient through a dense liquid under 
centrifugation. [ 141,177 ]  While this technique is very similar to 
DGU, it employs a fl uid medium much denser than the nano-
tubes such that they can never reach their isopycnic points, 
and, rather, exploits transient motion, where longer nanotubes 
travel with greater velocity in opposition to the applied accel-
eration. This occurs because the rate of nanotube fl ow through 
the fl uid has a non-linear dependence on length. [ 177 ]  Separation 
occurs (with minimal chirality differentiation), provided that 
Δ ρ  =  ρ  S  –  ρ  SWCNT  >> Δ ρ  SWCNT  =  ρ  SWCNT  – ρ SWCNT,i  where Δ ρ  is 
the difference in density,  ρ  S  is the density of solution,  ρ  SWCNT  is 
the average density of all the SWCNT chiralities and  ρ  SWCNT,i  is 
the density of an individual SWCNT chirality. [ 177 ]  Thus, the key 
to length separation is to choose the linear density such that 
Δ ρ  >> Δ ρ  SWCNT,  thus exploiting the transient motion regime 
and not the regime in which buoyancy equilibrium is reached. 
 Figure    10   shows a schematic representation and photographs 
of SWCNT length separation by centrifugation, where longer 
SWCNTs travel further from the injection layer.  

 In 2010, Fagan and co-workers separated DWCNTs according 
to length in a two-step method. [ 178 ]  Firstly, the DWCNTs were 
coarsely enriched using the pre-established DGU method. [ 34 ]  
The enriched DWCNT material was then inserted into a cen-
trifuge tube with a specially designed gradient derived from 
SWCNT length separations. [ 141,177 ]  Then, 1 mL of high-density 
(40%, 1.21 g mL −1 ) iodixanol was added, followed by 1 mL of 

slightly lower density (30%, 1.16 g mL −1 ) con-
taining the DWCNTs. Finally, 20 mL of 26% 
(1.14 g mL −1 ) solution was added (the race 
layer in which fractionation occurs), with 
the concentration of surfactant remaining 
constant throughout, at 1 wt% deoxycholate 
(DOC). Importantly, the density of the sur-
rounding medium is greater than the average 
density of the DWCNTs (ca. 1.11 g mL −1 ), 
thus enabling transient motion and not 
buoyant density. The gradient was then cen-
trifuged at 34 000 g  (16 640 rpm) for 49 h. The 
top-most layer (containing nanotubes that 
had travelled the furthest from the DWCNT 
injection layer), contained nanotubes with a 
length of 2.2 µm. As expected, the average 
length decreased for fractions closer to the 
injection layer, with the shortest average 
length reported as 0.6 µm, with each layer 
having a relatively narrow length distribution 
(distribution of layer 4 was ±0.18–0.3 µm). 

 Fagan and co-workers also report partial enrichment by elec-
tronic character using co-surfactants. [ 178 ]  In that case, a slightly 
denser gradient was employed with an additional co-surfactant 
gradient; however, evidence of electronic enrichment was 
limited.  

  5.8.     Gel Permeation 

 The use of Sephacryl gel permeation, fi rst demonstrated by Mos-
hammer et al., [ 59 ]  has been shown to be extremely successful 
in the preparation of ( n,m )-purifi ed SWCNT suspensions. For 
SWCNTs, this technique has allowed for the high-throughput 
separation of metallic species from semiconducting spe-
cies, [ 59,152,153 ]  the isolation of specifi c ( n,m ) species, [ 60–62 ]  and, 
most recently, the separation of optical isomers. [ 179 ]  

 In general, the gel-permeation method involves passing 
SDS-suspended nanotubes through a stationary phase gel bed 
contained within a column, at which point semiconducting 
nanotubes with the highest affi nity for the gel (an interaction 
determined by the SDS wrapping, and hence, the individual 
nanotube structure) are selectively removed from the bulk 
solution and retained on the gel matrix. [ 61 ]  The metallic nano-
tubes, which exhibit no interaction with the gel, [ 60,61,152,153 ]  as 
well as other semiconducting nanotubes with no affi nity to the 
gel (determined by surfactant concentration), continue to fl ow 
through the gel and can be collected. The gel is then washed 
with SDS of either increased concentration [ 60,61,152 ]  or lower 
pH, [ 153,180 ]  or alternatively SC, [ 59,152 ]  which disrupts the interac-
tion between the adsorbed semiconducting nanotubes and the 
gel and thus elutes them from the column for collection. This 
process can be repeated sequentially with the nanotubes that 
have the highest affi nity for the gel becoming preferentially 
adsorbed each time. 

 While the exact mechanism of gel-based separation remains 
speculative owing to the diffi culties associated with deter-
mining the molecular dynamics on the nanoscale, evidence 
suggests that it is a kinetically driven selective adsorption 
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 Figure 10.    Schematic and photographs of the process of length separation by centrifugation 
for SWCNTs. An injection layer containing the SWCNTs, modifi ed to the appropriate liquid 
density, is placed near the bottom of the tube to maximize the separation. Longer nanotubes 
move further in response to the applied centrifugation, and thus separate up the tube; any high-
density impurities move in the opposite direction. Reproduced with permission. [ 141 ]  Copyright 
2008, American Chemical Society.
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process, [ 61 ]  highly dependent on the SDS wrapping of the nano-
tubes. [ 151 ]  This is evidenced by the clear relationship between 
SDS concentration and gel adsorptivity, [ 60,61,151,152 ]  where an 
increase in the SDS concentration allows additional SDS mol-
ecules onto the nanotube surface, [ 176 ]  reducing its interaction 
with the gel. In addition to the SDS concentration, pH [ 62,153 ]  
and temperature [ 151 ]  have also been shown to play important 
roles, giving rise to a number of separation strategies. While 
SDS-based separation is successful for small-diameter SWCNTs 
(0.77–1 nm), adsorption of large-diameter nanotubes (greater 
than ca. 1.2 nm) to the gel is quite limited. [ 37 ]  Instead, a co-sur-
factant separation method can be used, where either the large-
diameter material is suspended in a co-surfactant solution and 
applied to a column, as demonstrated by Miyata et al. [ 181 ]  and 
Wu et al. ,  [ 182 ]  or where they are suspended in SC and applied 
to a column in SDS, as demonstrated by Zhang et al. [ 183 ]  While 
all of these co-surfactant methods produced highly pure, semi-
conducting solutions (99%, 98%, and 98%, respectively), none 
report the purity of the metallic fraction, which is washed off of 
the gel in the fl ow-through. 

 Application of the gel-permeation technique to DWCNTs was 
fi rst reported by Moore et al. in 2014, [ 36 ]  wherein the separa-
tion of DWCNTs from SWCNTs was demonstrated, producing 
highly enriched fractions with mean diameters of 1.64 ± 
0.15 and 0.93 ± 0.03 nm, respectively. In that work, DWCNT 
raw material was suspended in 2 wt% SDS by sonication for 
8 h, and this was then added to a 25 cm Sephacryl S-200 gel 
column, also at 2 wt% SDS. While the bulk of the nanotubes 
passed through the gel, a small amount remained adsorbed to 
the top of the column. This is in agreement with previous work 
by Blanch et al. [ 152 ]  and Flavel et al. [ 62 ]  where it has been demon-
strated that, at a relatively high SDS concentration (1.6–2 wt%), 
only a very small portion of the overall nanotube population is 
adsorbed in a competitive process, compared to that for low 
SDS concentrations (0.4–0.8 wt%). 

 Addition of 0.5 wt% SC resulted in the desorption of the 
nanotube material and two distinct bands formed in the 
column, the fi rst of which was fast moving and dispersed while 
the second was slower moving and more tightly confi ned. This 
can be seen in  Figure    11  a, which shows time-lapse photographs 
of the initial adsorption and subsequent elution with SC. 

Extensive atomic force microscopy (AFM), absorption spec-
troscopy, TEM, and Raman spectroscopy revealed that those 
bands corresponded to DWCNTs and SWCNT, respectively. 
One explanation for the signifi cant difference in elution rates 
is that the nanotubes undergo a size-exclusion process in which 
the retention time is dependent on the size. Indeed, exten-
sive AFM revealed that there was a signifi cant size difference 
between the two nanotubes types, which is summarized in 
Figure  11 b. On average, the DWCNTs (ca. 700 nm) are twice as 
long as the SWCNTs (ca. 300 nm), which may be attributed to 
the increased structural stability of the DWCNTs during exten-
sive sonication. This is in agreement with Green and Hersam 
who also observed that DWCNT lengths were ca. 40% longer 
than SWCNTs after 1.5 h of sonication. [ 34 ]  However, a true size-
exclusion process would also occur in SC, which the authors 
confi rm is not the case. The mechanism is therefore likely a 
combination of two competing factors: diameter-dependent sol-
vation by the surfactant and length-dependent size exclusion.  

 Analogous to the evolution of DWCNT sorting by the DGU 
method, the gel-permeation technique was then extended to 
the electronic sorting of DWCNTs. [ 37 ]  In that work, a DWCNT 
suspension in 1 wt% SC was added to a 20 cm long gel 
column in 1 wt% SDS. Upon addition of the SC-encapsu-
lated nanotubes to the column, they immediately underwent 
surfactant exchange, resulting in various ratios of SDS/SC 
wrapping, depending on the diameter and electronic char-
acter. [ 130,142,143 ]  Owing to this difference in wrapping, nano-
tubes of different electronic types moved through the column 
at different rates, forming four bands, which were eluted 
from the column after different retention times. The four 
bands were shown to correspond to defected m-DWCNTs, 
m-DWCNTs, s-DWCNTs, and s-SWCNTs, respectively, with 
the elution order in excellent agreement with data from the 
separation of AD and HiPco SWCNTs of a similar electronic 
type. Thus, it is clear that the separation process is highly 
sensitive to the surface properties of each nanotube type, with 
the presence of the inner wall having little effect on the sep-
aration. The authors suggest that the mechanism is similar 
to that observed previously for SWCNT separation, where 
SDS is sensitive to electronic character and diameter. [ 60,61,152 ]  
Metallic nanotubes, which are known to have a stronger 

interaction with SDS compared to semicon-
ducting nanotubes, [ 175 ]  become more fully 
wrapped and experience limited interaction 
with the gel as they traverse the column. 
Thus, they elute fi rst, followed by large- 
and small-diameter semiconducting nano-
tubes.  Figure    12  a shows the elution profi le 
of DWCNTs, large-diameter AD SWCNTs 
and small-diameter HiPco SWCNTs. An 
excellent agreement between elution times 
is observed for metallic (Band 2) and semi-
conducting (Band 3) fractions of DWCNTs 
and AD SWCNTs, as well as between HiPco 
SWCNTs and SWCNTs within the DW 
sample. Absorption spectra of the enriched 
m- and s- DWCNT fractions are shown in 
Figure  12 b,c, demonstrating clear enhance-
ment of the M 11  (600–800 nm) and S 22  
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 Figure 11.    Separation of DWCNTs by gel permeation. a) Time-lapse photography (1 h) showing 
the introduction of raw, unsorted DWCNT material to the S-200 gel column for the separation 
of SWCNTs from DWCNTs and b) diameter vs length of SWCNTs and DWCNTs, as determined 
by AFM. Reproduced with permission. [ 36 ]  Copyright 2013, American Chemical Society.
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(900–1200 nm) transitions with calculated purities of ca. 70% 
and ca. 90%, respectively.   

  5.9.     Polymer Wrapping 

 The dispersion and separation of SWCNTs with aromatic poly-
mers in organic solvents is receiving ever-increasing attention 
in the research community due to the ability of polymer wrap-
ping to prepare suspensions with a highly pure semiconducting 
content (>99%). [ 184–186 ]  In this one-pot approach, raw carbon 
nanotube material is typically dispersed by ultrasonication in 
the presence of a chosen polymer followed by ultracentrifu-
gation. Consequently, only those nanotubes with a preferen-
tial interaction with the polymer and those that have become 
individualized during ultrasonication remain suspended in the 
organic solvent. In pioneering works by Nish et al., [ 147 ]  Chen 
et al. ,  [ 148 ]  and Hwang et al., [ 132 ]  organic polymers with the fl u-
orene structure as part of their repeat unit were used, such 
as poly(9,9-dioctylfl uorene-2,7-diyl) (PFO), poly[9,9-dihexylfl u-
orenyl-2,7-diyl)- co -(9,10-anthracene)] (PFH-A) and poly[(9,9-
dioctylfluorenyl-2,7-diyl)- co -1,4-benzo-[2,1’-3]-thiadiazole)] 
(PFO-BT). After almost 10 years of development, the polymer 
library has grown dramatically to now include polythiophenes, 
polycarbazoles, and copolymers thereof, [ 39,187–192 ]  alongside 
research to develop new polymers via click chemistry in an 
effort to avoid the strict synthetic conditions associated with 
Suzuki polycondensation or Yamamoto coupling. [ 193 ]  Using the 

currently available polymer library, mixtures of semiconducting 
SWCNTs through to near-monochiral and monochiral suspen-
sions and most recently even optical isomers thereof [ 194 ]  have 
been demonstrated. For example, poly(9,9-dialkyl-2,7-fl uorene) 
has been shown to be sensitive to large chiral angles (close to 
armchair:  θ  ≥ 25°) [ 132,148,195 ]  and poly( N -decyl-2,7-carbazole) to 
lower chiral angles (typically 10° ≤ θ  ≤ 20°). [ 191 ]  

 Despite the wide-spread application of polymer wrapping, 
the exact mechanism responsible for separation remains 
poorly understood and is the subject of current discus-
sion. [ 185,186,193,196 ]  Nevertheless, it is commonly agreed upon 
that the polymer interacts by aligning its aromatic backbone 
along the surface of a carbon nanotube so as to maximize π–π 
stacking. [ 38,39,185,188,190 ]  Peripheral groups are then believed 
to branch away from the nanotube into the solvent and facili-
tate solubility. [ 186,196 ]  Berton et al. [ 187 ]  have developed a hybrid 
coarse-grain model to describe this interaction by treating the 
nanotube and polymer as geometrical objects and assuming 
maximal (attractive) π–π interactions can be reached by maxi-
mizing the contact area. In this way, a set of solutions for 
which the polymer lies fl at on the surface of the nanotube were 
calculated as shown in  Figure    13   for poly(fl uorene- alt -pyridine) 
around a 1.2 nm-diameter SWCNT. Intuitively, and also in 
agreement with Berton's model, the number of favorable wrap-
ping solutions increase with diameter, which may explain why 
certain polymers are highly ( n,m ) specifi c in the small-diameter 
regime (i.e., due to other species having limited possible wrap-
ping solutions).  
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 Figure 12.    The co-surfactant separation of DWCNTs via gel permeation. a) Elution profi les of the normalized G-Band Raman mode intensity for 
DWCNTs, AD SWCNTs and HiPco SWCNTs. The dashed lines in the DWCNT elution profi le highlight Band 2 and Band 3, which, from the absorption 
spectra seen in (b) and (c), correspond to DWCNTs with metallic and semiconducting outer walls. Regions of S  ii   and M  ii   transitions are highlighted in 
each spectrum. Reproduced with permission. [ 37 ]  Copyright 2015, American Chemical Society.
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 The observed high selectivity of polymer systems to semi-
conducting SWCNTs is much less understood and experi-
mental evidence suggests that it is dependent upon a number 
of factors, such as polymer concentration, [ 186 ]  ultrasonication 
temperature, [ 185 ]  and solvent choice. [ 132,147,185,196 ]  Changes in 
any one of these parameters have been shown to infl uence not 
only the concentration of metallic SWCNTs in solution but also 
the polydispersity of the semiconducting species. For example 
Shea et al. [ 186 ]  showed that for high starting concentrations of 
PFO in toluene (5 mg mL −1 ) the polydispersity of s-SWCNT 
( n , m ) species increased from 5 to 8 and m-SWCNTs became 
visible in optical absorption measurements. Conversely, at 
polymer concentrations below 1 mg mL −1 , no m-SWCNTs were 
suspended. As stated by the authors, the increased polydisper-
sity and metallic content is likely to be a result of high PFO con-
centrations suspending not only individualized SWCNTs but 
also polydisperse bundles. Likewise, Han et al. [ 185 ]  dispersed 
carbon nanotubes with PFO in cyclohexane at increasing tem-
perature (5–55 °C) and found that increased ultrasonication 
temperature led to an overall higher concentration of s- and 
m- SWCNTs. 

 However, it is the choice of solvent that has captured the 
attention of many in the research community, [ 132,147,185,196 ]  as 
it has dramatic effects on the semiconducting purity. As out-
lined by Wang et al. ,  [ 196 ]  upon selecting a solvent, several rules 
are typically adhered to; namely, the solvent must solubilize the 
polymer, the SWCNTs must have a low intrinsic solubility in the 
solvent so that only polymer-wrapped nanotubes are dispersed, 
and the solvent must have a lower density than the SWCNTs 
so that the unwrapped SWCNT will sediment after centrifuga-
tion. Additionally, Wang et al. [ 196 ]  go further to state that non-
polar solvents are necessary to prevent solvent interactions with 
polarized polymer-wrapped m-SWCNTs and allow for better 
selective sorting of s-SWCNTs. As an example, the use of con-
jugated polymers in polar solvents such as THF, typically have 
a higher dispersive yield (i.e., a higher fi nal suspended mass of 
CNTs) but suspend both m- and s- SWCNT, whereas nonpolar 
solvents such as toluene, o-xylene, and m-xylene, whilst having 
a lower dispersive yield, have been shown to afford semicon-
ducting purities of >99%. [ 184–186 ]  

 In the past, research efforts focused 
mainly on the dispersion of small-diameter 
(0.8–1.2 nm) carbon nanotubes from the 
CoMoCat or HiPco processes, and selec-
tivity was shown to be poor for larger diame-
ters. [ 38,187,197 ]  As the research community now 
turns to larger-diameter nanotubes due to 
their potential application in telecommunica-
tions [ 198 ]  and FETs, [ 199 ]  new polymer systems 
are also beginning to appear in the literature. 
Initially it was believed that the poor selec-
tivity to large diameters could be ascribed to 
the nature of the polymer backbone; however, 
recent studies point to side chains as playing 
an important role. [ 38,192,197,200 ]  Gomulya and 
co-workers [ 38,39 ]  investigated the effect of 
using polyfl uorene derivatives with different-
length alkyl side chains from C 6 H 13  up to 
C 18 H 37 , and found that an alkyl chain length 

of 8 carbons favored dispersion of diameters of 0.8–1.2 nm, 
whereas longer alkyls with 12–15 carbons can effi ciently 
interact with nanotubes with diameters up to 1.5 nm. Unfor-
tunately, in spite of improved sensitivity to large diameters, the 
longer alkyl chains also had the effect of increasing the inter-
action strength with the nanotubes, and thereby decreased the 
selectivity. In other work, Berton et al. [ 188 ]  reported the disper-
sion of 1.3 nm-diameter SWCNTs using poly(9,9-didodecylfl u-
orene-2,7-diyl- alt -anthracene-1,5-diyl); Tange et al. [ 201 ]  dispersed 
1.3 to 1.4 nm diameters with poly(9,9-dioctylfl uorene- alt -benzo-
thiadiazole) (F8BT), and Wang et al. [ 197 ]  dispersed AD carbon 
nanotubes with poly(dithiafulvalene-fl uorene- co-m -thiophene). 
To date, polymer wrapping has yet to be applied to DWCNTs, 
but, considering that the outer wall of a DWCNT has a diam-
eter of greater than ca. 1.5 nm, these newly developed polymers 
look highly promising for the future of DWCNT processing. 
However, as several researchers point out, the polymer wrap-
ping of a carbon nanotube is also associated with a charge 
transfer, [ 190,196,197 ]  and what effect the presence of an electroni-
cally coupled inner wall may have on the sorting effi ciency 
remains to be seen.  

  5.10.     Aqueous Two-Phase Extraction 

 Another separation method that looks promising for the separa-
tion of DWCNTs is an adaptation of standard liquid-phase sepa-
ration, recently applied to the separation of carbon nanotubes 
by Zheng and co-workers. [ 40 ]  In this fi rst report, SC-dispersed 
nanotubes (and an appropriate amount of SDS) were added to 
a mixture of two water-soluble polymers; polyethylene glycol 
(PEG) and dextran. Spontaneous and robust separation of the 
polymer phases occurred with the more-hydrophobic PEG-rich 
phase on top and the more-hydrophilic dextran-rich phase on 
the bottom. The nanotubes quickly and spontaneously sepa-
rated into the two polymer phases with thermodynamic anal-
ysis revealing two distinct regimes. First, in the small-diameter 
regime (0.6–1.0 nm), curvature dominates the solvation free 
energy with smaller-diameter nanotubes such as (6,4) in the 
more-hydrophilic dextran-rich phase, and larger-diameter 
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 Figure 13.    One of the geometric solutions for poly(fl uorene- alt -pyridine) wrapped around a 
1.2 nm-diameter SWCNT and the corresponding molecular model. Alkyl chains are simplifi ed 
as methyl groups. The red discs and black dots represent the fl uorene and pyridine moieties, 
and these two objects are connected by sticks whose lengths refl ect the bonds between the 
fl uorene moiety and the center of the pyridine ring. Adapted with permission. [ 187 ]  Copyright 
2014, Wiley-VCH.
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nanotubes such as (7,5) and (8,4) in the more-hydrophobic PEG-
rich phase. The second, larger-diameter regime (1.2–1.5 nm), 
is governed by the degree of nanotube polarizability, and a 
clean metallic/semiconductor separation can be achieved, with 
metallic nanotubes found in the more-hydrophilic dextran-rich 
phase and semiconducting nanotubes in the more-hydrophobic 
PEG-rich phase. [ 40 ]  Investigation by Subbaiyan et al. determined 
that aqueous two-phase separation was driven by the hydro-
phobicity of the surfactant composition on the nanotube sur-
face rather than the inherent hydrophobicity of the nanotube 
itself, [ 41 ]  therefore allowing the surfactant identity and ratio to 
be tuned to target specifi c chiralities in a similar manner to 
gel permeation and DGU. By doing so, it is possible to enrich 
(6,5), (6,4)/(7,3) and (7,5) species. Since then, several advances 
have been made through variation of the surfactant concen-
tration [ 202 ]  and the type of polymer, [ 203 ]  addition of salts [ 202 ]  or 
DNA, [ 203 ]  and the use of countercurrent chromatography. [ 204 ]  
Single-chirality nanotube suspensions can now be prepared 
for a number of species, and the use of countercurrent chro-
matography enables total fractionation with a recovery close to 

90% of the starting material. [ 204 ]  While this rapidly developing 
technique has made extraordinary advances for small-diameter 
(<1.2 nm) SWCNTs through elegant refi nement, what is of 
most interest from the DWCNT perspective is the elementary 
separation of large-diameter nanotubes according to polariz-
ability. [ 40 ]  The ease with which clean metallic/semiconducting 
separation can be scaled up (Zheng and co-workers demon-
strated separation on the liter scale) provides an obvious oppor-
tunity for DWCNT sorting and will most likely be capitalized 
upon in the near future. [ 40 ]   

  5.11.     Analysis and Future Directions 

 While each of the previously discussed processing techniques 
led to enrichment of DWCNT material in some respect, each 
have their advantages and disadvantages, as summarized in 
 Table    1  . Some are inherent to the techniques themselves and 
others are simply a result of the current stage of develop-
ment of the techniques, or of their application to DWCNTs. 
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  Table 1.    Comparison of the advantages and disadvantages of all current DWCNT-sorting methods with a focus toward commercial application.  

Technique Advantages Disadvantages

Reversible covalent 

chemistry

 Diameter selective  Cannot distinguish between number of walls

 Easily scalable  Currently insensitive to electronic character

 Pristine structure can be recovered  Multiple steps; time consuming

 Scalable

Biofunctionalization  Diameter selective  Cannot distinguish between SWCNTs/MWCNTs and DWCNTs

 Easily scalable  Not sensitive to electronic character

Molecular nanocalipers  Diameter selective  Requires complex chemical engineering to make hosts

 Sensitive to handedness  Requires expensive reagents

 Pristine nanotubes can be recovered  Limited evidence of electronic sensitivity

 Host can be reused

DGU  Diameter selective  Requires expensive ultracentrifuge

 Sensitive to electronic character  Requires expensive density gradient medium

 Can distinguish between number of walls  Requires technical expertise to make intricate density gradients

 Multiple steps; time consuming

Centrifugal separation  Length selective  Requires pre-sorted DWCNT material

 Limited evidence of electronic sensitivity

 Requires expensive density gradient medium

Gel Permeation  Diameter selective  Requires expensive gel

 Sensitive to electronic character

Polymer wrapping  Diameter selective  Requires centrifuge

 Sensitive to electronic character  Requires expensive polymers

 Scalable

Aqueous two-phase 

extraction

 Diameter selective  Diameter selectivity currently limited to small diameter regime < 1.2 nm

 Sensitive to electronic character

 Easily scalable

 Inexpensive, readily available reagents

 True “one-pot” method
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As in the case of SWCNTs, an appropriate sorting method 
should be selected in accordance with the desired applica-
tion. For instance, applications requiring DWCNTs to be free 
of SWCNT or MWCNT contaminants may fi nd a number of 
techniques suitable, and the decision may ultimately depend 
on the availability of equipment, the cost, and the complexity. 
Where high-purity DWCNT enrichment is required, DGU 
and gel permeation may be more appropriate. However, both 
require specialist equipment and technical expertise, though 
gel permeation may be a more appropriate technique for those 
without an ultracentrifuge. While the purities achieved for 
DGU are currently higher than that achieved for gel permea-
tion, future research may see the gel method further optimized, 
as has been demonstrated for SWCNTs. [ 59–61,151,179 ]  Looking 
forward, it is inevitable that polymer wrapping and aqueous 
two-phase extraction will be successfully applied to DWCNTs; 
however, DGU is so far the only technique capable of distin-
guishing intrinsic differences between DWCNTs and SWCNTs, 
which are otherwise identical, except for the presence of the 
inner wall (with the added advantage of also offering sensitivity 
to electronic character).  

 Owing to the progress in DWCNT sorting, particularly 
for metallic/semiconducting separation, the sorted material 
can now be used to shed light on the intriguing properties of 
DWCNTs. For instance, Weisman and co-workers took DGU-
purifi ed fractions of DWCNTs to determine whether or not 
the inner walls of DWCNTs fl uoresce. [ 205 ]  Up until that point, 
there had been many reports of PL from the inner walls of 
DWCNTs. [ 160,206 ]  However, considerable uncertainly surrounded 
the work due to the possibility of emission from SWCNT con-
tamination. [ 205 ]  High-resolution TEM was used to defi nitively 
characterize fractions of DWCNTs and SWCNTs, and to help 
identify the source of emission in each PL measurement. The 
results revealed that whilst PL was measurable from small- 
and  large-diameter  SWCNTs, it was not observed for fractions 
containing DWCNTs (10 000 times lower than for SWCNTs of 
similar diameter). The authors therefore suggest that, in pre-
vious reports, it was residual SWCNTs trapped within bundles 
or exposed inner walls, released during extensive chemical or 
physical treatment, that were responsible for the observed PL. 

 A similar investigation conducted by Yang et al. also used 
sorted, high-purity DWCNTs for PL measurements. [ 207 ]  In that 
work, the authors showed that both sides of the debate are 
correct; the inner walls of DWCNTs do fl uoresce for a narrow 
range of diameters (at a signifi cantly reduced intensity than 
SWCNTs), but for all other diameters, complete quenching 
occurs. This was shown through extensive optical analyses that 
revealed that the only inner walls to exhibit PL were (9,4), (9,5), 
(8,6), (10,3), (7,6), and (10,2). The (9,4) nanotube showed sig-
nifi cantly higher intensity than the other chiralities, but despite 
the DWCNTs being present in higher concentration, this inten-
sity was still much less than that of the SWCNT sample, clearly 
indicating PL quenching of DWCNTs. The chiralities that were 
photoluminescent were found to share similar diameters with 
an average of ca. 0.929 nm, and they all had relatively large 
chiral angles. As a diameter of 0.930 nm is predicted to have 
the highest possible PL intensity, [ 5 ]  this work suggests that only 
those with the highest theoretical PL intensity could overcome 
the quenching effect from the outer walls. 

 While these examples clearly demonstrate the benefi ts of an 
enriched DWCNT material, the ultimate goal in DWCNT pro-
cessing is to obtain material sorted by inner wall character on 
a large scale, as this would unlock the potential of DWCNTs to 
be used in devices in ways that SWCNTs and MWCNTs cannot 
be. For example inner wall sorting would allow for large-scale 
fabrication of S@S FETs with on/off ratios of 10 8  or higher, or 
even the formation of M@M FETs, an idea contrary to our fun-
damental knowledge of modern electronics because their elec-
trical resistance is insensitive to gate voltage, [ 10,208 ]  but which 
has been nevertheless been proposed based on the results of 
theoretical calculations. [ 209 ]  The motivation behind such a study 
is that we are rapidly approaching the limit for the improve-
ment of Si-based electronics, with all-metallic DWCNT FETs 
offering the ability to be scaled down to make smaller-sized 
structures with less energy consumption and improved perfor-
mance at higher frequencies. [ 210 ]  An alternative is to use tele-
scoping DWCNTs, where the interaction between the inner and 
outer wall in the overlapped region plays a crucial role in the 
electrical transport properties. By using computational methods 
for a (5,5)@(10,10) DWCNTs, it is predicted that the sensitivity 
of all-metallic DWCNTs to gate voltage can be tuned by varying 
the amount of overlap between the inner and outer wall. [ 209 ]  
Furthermore, it has been determined that, through optimiza-
tion of this overlap, on/off current ratios as high as 10 4  could 
be achieved, which approaches that of many semiconducting 
nanotube devices (typically ca. 10 6 ). [ 211,212 ]  Clearly, the ability to 
further sort DWCNTs according to inner wall electronic char-
acter would allow for the fabrication of electronic devices, not to 
mention many other applications outlined in the next section, 
that are currently not possible. 

 In this respect, even DGU so far provides no specifi city 
because, for any given diameter, the buoyant density of the 
nanotubes has no dependence on electronic character, although 
differences in polarizability due to electronic character do have 
an infl uence on surfactant encapsulation, which indirectly 
affects the buoyant density. It has thus been suggested that 
sorting by inner wall character could be achieved by DGU by 
exploiting such minute differences in surfactant encapsulation, 
coupled with shallower density gradients and longer centrifu-
gation time. [ 35 ]  However, inner wall sorting by DGU remains 
elusive, confi rming that the task is not at all trivial. In theory, it 
is possible that other techniques that are sensitive to the polar-
izability of the nanotubes, such as polymer, DNA, and co-sur-
factant wrapping, could be developed to a level of refi nement 
whereby the subtle differences in polarizability arising from 
the character of the inner wall can be exploited to provide the 
desired separation. A careful evaluation of the magnitude of 
such differences in polarizability, arising due to the character 
of the inner wall, compared to the magnitude of the differ-
ences that arise due to the character of the outer wall and to 
the binding energy of the wrapping agent would be helpful in 
this regard. The perfect technique would be capable of sorting 
DWCNTs not just by inner wall electronic character, but by 
inner wall chirality. It is a somewhat remote possibility that one 
of the wrapping techniques could be refi ned to the necessary 
degree of sensitivity, especially considering the recent reports 
of sorting by outer wall stereoisomerism using polymers, but 
this would depend on subtle factors such as the orientation 
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approach would be to use fi eld effects to target specifi c chirali-
ties. In this way, it could be possible to signifi cantly alter the 
polarizability by, for example, irradiating the sample with light 
tuned to the S 11  transition of an inner semiconducting nano-
tube. In conjunction with any of the techniques that are sen-
sitive to polarizability, this could prove a powerful tool if the 
obvious practical challenges can be surmounted.   

  6.     Devices and Applications 

 As processing techniques improve, DWCNTs are being 
employed in an increasing variety of devices and applications 
in which theory predicts they will offer benefi ts. These include 
FETs, which provide opportunities to investigate the intriguing 
effects of inter-wall coupling, and in various sensor and elec-
tronics applications. Such devices further demonstrate the need 
for DWCNT-sorting techniques, where DWCNTs of a specifi c 
type would provide ease of characterization and the ability to 
precisely tailor the electronic character for a specifi c function. 

 In many electronic applications it is desirable to use semi-
conducting nanotube species. While outer wall sorting greatly 
removes a large portion of metallic species, there are still come 
contaminant metallic inner walls present, which can result in 
electrical shorting. In such an instance, electrical breakdown 
can be used to remove any residual metallic species from a 
device in which nanotubes are integrated. The technique was 
fi rst demonstrated by Collins et al., where application of a high 
bias voltage to an individual MWCNT resulted in wall-by-wall 
destruction. [ 154 ]  The current distribution through a MWCNT 
favors the outermost wall, owing to its direct contact with the 
external electrode. Thus, upon application of a constant voltage 
across the nanotube, most of the current is carried through 
the outermost wall until enough power has been dissipated to 
induce Joule heating, resulting in the destruction of the indi-
vidual nanotube. In the absence of signifi cant defects or buck-
ling, breaking normally occurs at the center [ 212 ]  of the nanotube 
where the temperature is at a maximum, [ 213 ]  resulting in a 
physical “cut” of the nanotube. The use of electrically induced 
breakdown for SWCNTs, enabling breakdown solely of the 
metallic elements, was also demonstrated. [ 154 ]  This selectivity 
toward metallic nanotubes arises from the fact that gateable 
semiconducting nanotubes can be depleted of carriers so that 
the current is carried solely by the (non-gateable) metallic nano-
tube until enough power has been dissipated by them to cause 
signifi cant heating and hence breakdown. Current-induced 
breakdown has since been used extensively for the removal of 
metallic nanotubes from FETs [ 214,215 ]  and can produce highly 
purifi ed networks of s-SWCNTs. [ 215 ]  

 Preserving all semiconducting walls is a much more diffi cult 
challenge for DWCNTs. In the case of DWCNTs, the situation 
is complicated by the possibility of either the inner or outer wall 
to be metallic, or both walls, or even special cases where two 
semiconducting walls become overall metallic in nature. [ 17,42 ]  
Thermal cross-talk between metallic and semiconducting walls 
is unavoidable, and heating of the metallic wall may lead to 
destruction of the semiconducting wall. [ 63 ]  Hence, it is hard 
to design an experiment to selectively remove only metallic 

walls from an integrated fi lm of mixed-wall DWCNTs. As an 
example, Wang and co-workers [ 63 ]  deposited a fi lm of semicon-
ducting outer wall DWCNTs (purifi ed using the DGU tech-
nique [ 35 ] ) between two gold contacts, as shown in  Figure    14  b. 
Despite having 96% semiconducting outer wall purity, the pres-
ence of a small number of metallic outer walls and also metallic 
inner walls was evidenced in the transconductance measure-
ments by a moderate on/off ratio of ca. 500 and on-state current 
of –700 nA. Electrical breakdown was performed by applying a 
source–drain bias of –100 V in cycles of 28 s, and three distinct 
regimes were identifi ed with respect to the electronic properties 
of the devices. This process was followed by in situ monitoring 
of the off-state current during electrical breakdown as shown in 
Figure  14 a. The fi rst regime, after 1 cycle, corresponds to the 
removal of amorphous carbon and metallic percolation path-
ways, resulting in a 2-fold increase in on-state current (to –1.2 µA) 
and 4-fold increase in on/off current ratio (to 2 × 10 3 ). It is 
well known that the continued fl ow of current can result in 
annealing of carbon nanotubes, which may have also contrib-
uted to the observed improvement in on-state current. [ 216 ]   

 The second regime, consisting of two cycles, corresponds to 
the destruction of metallic nanotubes, and results in a decrease 
in both on- (–800 nA) and off-state current, with a signifi cant 
increase in the on/off ratio (to 4.1 × 10 5 ). During the third 
regime, after a total of four cycles, no signifi cant changes in the 
off-state current were seen, indicating the majority of metallic 
nanotubes have been removed. At this point the on-state cur-
rent is reduced (–300 nA) due to destruction of some semicon-
ducting pathways as a result of thermal cross-talk; however, 
the on/off ratio remains high at 1.4 × 10 4 . Figure  14 c shows 
a highlighted portion of the second regime wherein a stepwise 
decrease in the off-state current is observed, with each step cor-
responding to the destruction of a metallic pathway. Raman 
analysis was subsequently used in conjunction with diazonium 
chemistry to confi rm that only DWCNTs with inner and outer 
semiconducting nanotubes were immune to electrical break-
down; however, whether the broken metallic outer walls remain 
around the semiconducting inner walls is not addressed. 

 In the case of few- or single-nanotube devices, more-con-
trolled experiments are possible, and electrical breakdown 
has been used to selectively remove outer wall metallic nano-
tubes from DWCNTs. For example, Liu et al. demonstrated 
that the metallic outer wall of a (28,24)@(45,15) DWCNT can 
be “broken” by a high current. [ 10 ]  While the device exhibited 
metallic behavior prior to electrical breakdown, afterwards, 
it became semiconducting with a low on/off current ratio of 
20 – an order of magnitude lower that that observed for pure 
semiconducting SWCNTs of similar diameter. This suggests 
that the rest of the broken metallic outer wall remains in place, 
confounding the effect of the gate on the inner wall. [ 217 ]  Wang 
et al. also demonstrated electrical breakdown of single-DWCNT 
devices, wherein the metallic inner wall of a M@S DWCNT was 
broken, signifi cantly improving the on/off ratio. [ 217 ]  Although 
such an approach essentially results in an SWCNT device, con-
fl icting reports make it unclear if current-induced electrical 
breakdown leads to complete removal of the outer wall [ 154 ]  or if 
the DWCNT remains mostly intact with only a small break in 
the outer wall. [ 217 ]  The latter case would be of some interest to 
the carbon nanotube transistor community, as it could represent 
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a convenient method to provide a degree of shielding of an 
SWCNT from its surrounding environment. 

 In the work of Liu et al. ,  [ 10 ]  DWCNTs were grown directly 
into an FET with narrow microfabricated slits for TEM analysis. 
This structure allowed the chirality of the inner and outer walls 
to be determined via electron diffraction and then directly cor-
related to in situ transconductance measurements. Although 
the inner@outer-wall combination was not controlled during 
growth, each of the four different types of DWCNTs could be 
located, and this allowed for comparison with theoretical calcu-
lations. As expected, the M@M (34,13)@(48,6) and S@M (19, 
12)@(22,19) DWCNTs were found to be metallic in nature and 
showed no current modulation with varied gate voltages. How-
ever, the M@S and S@S DWCNTs were found to exhibit semi-
conducting character, albeit with very different on/off ratios. For 
the M@S (33,6)@(30,23) DWCNT, the on/off ratio was on the 
order of ca. 20. This is in stark contrast to the S@S (23,13)@
(38,6) DWCNT with an on/off current ratio of ca. 10 4 . Although 
metallic behavior was not observed for an S@S DWCNT in 
that study, Wang and co-workers [ 7 ]  explain that this is still in 
accordance with the DFT predictions discussed previously in 
Section 2, [ 17,42 ]  since the study employed large-diameter, incom-
mensurate DWCNTs. 

 Similarly, Moore et al. characterized individual DWCNT 
FETs; however, in that case nanotube material of defi ned 
outer wall electronic type was used. [ 37 ]  In that work, DWCNTs 
were gel-sorted by metallic or semiconducting outer wall 
and deposited onto lithographically-defi ned FET devices via 

dielectrophoretic deposition. Transconductance measurements 
revealed two sub-populations of behavior within each respective 
DWCNT outer wall type, which are shown in  Figure    15  . The 
fi rst case corresponds to an M@M DWCNT with an on/off cur-
rent ratio of unity at a source–drain voltage ( V  SD ) of 1 V, and 
no current modulation was observed with varying gate voltage. 
The second case, corresponding to S@M DWCNTs, exhibited 
an on/off ratio close to unity; however, a slight modulation with 
gate voltage was observed, revealing a semiconducting inner 
wall and differentiating it from the M@M case. The third case 
corresponds to S@S DWCNTs where typical p-type behavior 
was observed together with an on/off ratio of ca. 10 8 . As the 
inter-wall distance is relatively low (0.380 ± 0.009 nm), the 
authors concluded that the behavior observed was from incom-
mensurate DWCNTs. The last case corresponds to the M@S 
DWCNTs with a slight modulation observed and an on/off ratio 
of 1.4.  

 Bouilly et al. integrated DWCNTs of unknown chirality into 
FETs and used chemical functionalization to indirectly identify 
the four different DWCNT combinations. [ 218 ]  This was done 
by assembling individual DWCNT FET devices (referred to 
as “pristine state”) and covalently functionalizing them using 
an outer-wall-selective, reversible aryldiazonium reaction 
(then referred to as “functionalized state”). This introduced 
phenyl groups onto the outer wall carbon lattice which inhib-
ited current fl ow due to an increase in backscattering from 
defect-induced quasibound states. [ 219 ]  The devices were then 
annealed at 500 ºC, removing the phenyl groups and returning 
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 Figure 14.    Enrichment of semiconducting DWCNTs by electrical breakdown of metallic percolation pathways. a) In situ current vs time measurement 
during electrical breakdown at a fi xed source–drain bias ( V  SD  = –100 V) for the three regimes. Electrical breakdown events are characterized by sharp 
decreases in source–drain current (marked by the asterisks). b) Percolated DWCNT networks characterized by SEM before electrical breakdown. 
c) Enlargement of the boxed region in (a). Reproduced with permission. [ 63 ]  Copyright 2014, Wiley-VCH.
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the DWCNTs to their original (“defunctionalized”) state. 
Transconductance measurements were made on DWCNTs in 
the pristine, functionalized, and defunctionalized states and 

they observed three distinct behaviors for 
the four inner@outer-wall combinations as 
shown in  Figure    16  .  

 The fi rst was attributed to S@S DWCNTs, 
which, once again, were found not to be 
metallic, in contrast with the apparent pre-
dictions. [ 17,42 ]  Indeed, this highlights the 
relative unlikelihood of inadvertently coming 
across an S@S DWCNT in the laboratory 
situation, which just happens to fi t the strict 
requirements used in theoretical calcula-
tions, such that metallic behavior is observed. 
S@S DWCNTs were found to have an on/
off ratio of ca. 10 4  in the pristine state, which 
remained high following functionalization. 
Consequently, the inner wall must also be 
semiconducting. The second behavior was 
attributed to S@M DWCNTs because an on/
off ratio of ca. 10 2  was seen in the functional-
ized state, but in the pristine or defunction-
alized states it was reduced to less than one 
order of magnitude. The authors attribute 
this lack of modulation in the pristine state 
to shorting of the device by the metallic outer 
wall. The third and last behavior was that 
attributable to either the M@S or M@M 
DWCNTs, in which no current modulation 
was observed in any of the pristine, func-
tionalized or defunctionalized states. Owing 
to the constant current fl owing through the 
metallic inner wall, the identity of the outer 
wall as being either metallic or semicon-
ducting could not be determined. 

 The application of electronically defi ned 
DWCNTs in sensors for the detection of NH 3  
was reported by Wang and co-workers. [ 220 ]  In 
that work, DWCNTs with semiconducting 
outer walls [ 35 ]  were fi rst incorporated into 
thin-fi lm FETs and then covalently function-
alized using diazonium chemistry, resulting 
in the introduction of –COOH groups onto 
the outer wall. Upon exposure to NH 3 , a 
change in transconductance behavior occurs 
and concentrations as low as 60 × 10 −9  M 
(ca. 1 ppb) could be detected. Furthermore, 
the device exhibited 6000-times-higher sen-
sitivity to amine-containing analytes (NH 3  
and NH 2 PhNH 2 ), compared with other small 
molecules. While this demonstrates a high 
sensitivity and selectivity, signifi cant advances 
could stem from control over the inner wall. 
The high on-state current and on/off ratio of 
semiconducting nanotubes provide optimum 
performance in FETs and, coupled with 
the improved sensitivity of semiconducting 
nanotubes toward chemical or electrochem-

ical changes in their environment, [ 221 ]  this means that S@S 
DWCNTs would presumably provide both signifi cantly higher 
on/off ratios and greatly improved sensitivity. [ 220 ]  
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 Figure 15.    FETs comprising individual, electronically defi ned DWCNTs. Transconductance 
measurements at various source–drain voltages and corresponding false-color SEM images 
are shown and correspond to the four possible types of DWCNT FET: a) M@M, b) S@M, 
c) S@S, and d) M@S. Adapted with permission. [ 37 ]  Copyright 2015, American Chemical Society.
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 There is a variety of work directed to the implementation of 
DWCNTs in bioapplications (such as biosensors, drug carriers, 
or biocatalysts). An example is that conducted by Jung et al. ,  
who produced water-soluble, biologically and optically active 
protein-coated DWCNTs. [ 222 ]  By employing a protein (spe-
cifi cally the mussel protein 3,4-dihydroxy-L-phenylalanin) as a 
biofunctionalization and individualization agent, the inherent 
insolubility in water and the low degree of biocompatibility of 
the DWCNTs was overcome. DWCNTs offer the most-appro-
priate material in such an instance because attachment of the 
protein requires covalent functionalization, which would render 
SWCNTs optically inactive. [ 223 ]  Heavy covalent functionalization 
with carboxyl moieties, followed by attachment of the mussel 
protein through peptide bonds and subsequent ultracentrifu-
gation yielded a uniform, transparent, protein-coated-DWCNT 
suspension. PL was used to characterize the suspension, and 
the authors concluded that several nanotube walls remained 
optically active, namely (6,4), (9,1), (8,3), (6,5), and (7,5), which 
the authors attribute to the inner walls. This is not in agree-
ment with the work discussed previously by Yang et al. ,  [ 207 ]  
who determined that very few inner walls exhibit fl uorescence, 
due to quenching. Jung et al. argue that the strongly oxidizing 
treatment of hydrogen peroxide would render the SWCNTs 
(which the authors estimate make up 5% of the pristine mate-
rial) optically inactive; therefore, the PL could only originate 
from the inner walls. [ 222 ]  Notwithstanding contemporary issues 
regarding the origin of the observed photoluminescence, it was 
determined that the protein-coated DWCNTs, when cast into 
thin fi lms, remained conducting with an electrical conductivity 
of 5.31 × 10 3  S cm −1 . [ 222 ]  Thus, protein coating may prove to 
be an effective means to realize the potential of DWCNTs in 
bioapplications because it can preserve the optical and Raman 
activity of the inner walls as well as the electronic functionality, 
providing two potential strategies for signaling. 

 The extra range of optical absorption provided by the inner 
wall of S@S DWCNTs could also be advantageous in respect 
to nanotube-based solar cells. Detailed modelling of the 

absorption properties of the fi rst 70 semi-
conducting walls, spanning almost the entire 
useful region of the terrestrial solar spec-
trum, concluded that high-effi ciency solar 
cells could only be obtained by using more 
than one type of nanotube absorber. [ 224 ]  
DWCNTs could thus provide the equivalent 
absorption range of a two-junction tandem 
nanotube solar cell in one single junction 
device. In several cases, DWCNTs have also 
been shown to be superior to their single- 
or multi-walled counterparts as transparent, 
conducting electrode materials in a variety 
of other photovoltaic architectures, including 
dye-sensitized [ 225 ]  and carbon nanotube–sil-
icon solar cells. [ 226 ]  

 The use of DWCNTs as electrochemical 
nanopores and nanochannels is currently 
being investigated, wherein they can mimic 
natural protein channels embedded within a 
biological system. [ 227 ]  In this instance, nano-
tubes are incorporated into an epoxy mem-

brane, resulting in a porous structure. By covalently function-
alizing the protruding nanotube ends with chemical moieties, 
“gate molecules” capable of changing their physical orientation 
in response to external signals such as voltage, temperature, or 
light, can then be tethered to the nanotube, creating a gateable 
pore opening. Upon application of appropriate external stimuli, 
the gate molecules change their orientation, thus opening or 
closing the gate, and enabling or preventing ions and/or mol-
ecules to pass through the membrane. DWCNTs are an advan-
tageous material for such a purpose because the smooth gra-
phitic interior of the nanotubes provides faster fl uid velocities 
than conventional membranes, [ 228 ]  and because they provide 
adequate pore sizes and the outer wall enables a high density 
of functional groups at the nanotube ends. Zhan et al. recently 
used a one-step electro-oxidation process to attach an anodic 
dye (which acts as the gate molecule) to DWCNT/epoxy mem-
branes. [ 227 ]  The negative charge on the dye allows switching 
between an open and closed state through application of an 
external bias. When a negative bias is applied across the mem-
brane, the anodic dye molecules are repelled away from the 
nanotube entrance and the pore is open. In this state, potas-
sium ions are able to fl ow through the opening resulting in a 
measurable current. Conversely, when a positive bias is applied, 
the anionic dye molecules are dragged into the pore entrance, 
blocking or greatly reducing the fl ow of ionic current. While 
rectifi cation of smaller molecules such as KCl was not observed 
due to the relatively large pore size (ca. 2 nm), a number of 
larger molecules, such as ferricyanide and sodium benzenesul-
phonate, were able to be rectifi ed. 

 Field emission is another application where the properties 
of DWCNTs could be advantageous. In general, the geometry 
and chemical properties of nanotubes are ideal for fi eld emis-
sion and owing to their low threshold voltage (the minimum 
gate-to-source voltage required to induce conduction between 
the source and the drain) and long lifetimes, [ 229 ]  they could 
provide superior performance in applications such as fi eld-
emission displays [ 230 ]  and miniature X-ray sources. [ 231 ]  The high 
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 Figure 16.    Transconductance measurements of individual DWCNT devices in the pristine 
(p – blue), functionalized (f – red), and defunctionalized (d – green) states as a function of 
gate voltage. The source-drain voltage is 10 mV. Three electrical signatures are distinguishable 
and assigned to the following electrical combinations: a) S@S, b) S@M, and c) M@S/M@M. 
Reproduced with permission. [ 218 ]  Copyright 2011, American Chemical Society.
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W aspect ratios of the SWCNTs creates excellent point sources of 

fi eld emission; however, molecules such as O 2  and H 2 O affect 
the structure of the tip, leading to fl uctuations in current [ 232 ]  
and the nanotubes are readily degraded at high emission cur-
rents. [ 233 ]  MWCNTs offer increased stability; however, their 
smaller aspect ratios result in reduced emission performance 
compared with SWCNTs. [ 232 ]  DWCNTs are an effective com-
promise, offering comparably high aspect ratios to SWCNTs 
with the added stability of an extra wall. [ 232,234 ]  As such, there 
have been many reports on DWCNTs for fi eld emission, with 
particular emphasis on enhancement through doping, [ 115,235 ]  
annealing, [ 116 ]  growth, [ 114,236 ]  and assembly [ 81,237 ]  techniques. 

 DWCNTs present unique opportunities for nanoelectrome-
chanical systems, in which wear and friction are the main causes 
of mechanical energy dissipation and component failure. [ 238 ]  
Cumings and Zettl observed ultra-low friction between sliding 
nanotube surfaces in experiments, leading to the suggestion 
that MWCNTs could be used as 0.1–1 GHz oscillators. [ 239 ]  
Rivera et al. investigated the oscillatory motion of DWCNTs 
resulting from displacing the inner wall by varying lengths and 
then releasing it. [ 240 ]  Both commensurate and incommensurate 
DWCNTs were investigated, with the latter showing signifi cantly 
lower frictional resistance. In each case, the oscillation was 
somewhat damped, suggesting that DWCNTs could potentially 
be harnessed as nanoscale shock-absorbers. Work by Ruoff and 
co-workers investigated the use of DWCNTs as rotational bear-
ings. [ 241 ]  Motivation for the investigation is that one of the major 
limitations of microbearings is that high friction-induced wear 
results in rapid disintegration. It was therefore hypothesized 
that atomically precise bearings, such as defect-free DWCNTs, 
could overcome this problem. Indeed, through molecular 
mechanical modeling, Ruoff and co-workers determined that the 
small interlayer friction between the inner and outer walls sug-
gests that wear may not occur for typical rotational frequencies, 
leading to wearless rotational bearings. Recently, Zhang et al. 
demonstrated superlubricity on the macroscale and in ambient 
conditions using centimeters-long DWCNTs. [ 238 ]  Superlubricity 
is a phenomenon where friction almost vanishes between two 
incommensurate surfaces, since the structural incompatibility 
between the concentric walls allows them to easily move rela-
tive to one another along their common axis. [ 242 ]  This low fric-
tion arises because the lateral forces between the constituent 
walls are cancelled and this means that DWCNTs could be used 
as moving components in machines and electromechanical 
devices, with huge savings in energy, resource consumption, 
and maintenance. [ 243 ]  Prior to this study, superlubricity had only 
been observed on the nanoscale, under high vacuum condi-
tions; [ 242,244 ]  thus, the work of Zhang et al. [ 238 ]  poses a signifi -
cant advance toward many practical applications, such as ultra-
sensitive sensors, fi ne-positioning devices, gyroscopes, and fast 
switches. By growing ultra-long, structurally perfect DWCNTs 
(important because the presence of any structural defects or 
adsorbed impurities on the surface would lead to an increase 
in friction), measurements of the length-independent inter-wall 
friction as low as 1 nN were obtained. 

 Lastly, DWCNTs have been employed as nanoscale mass sen-
sors. [ 245 ]  In this case, the DWCNT acts as a nanomechanical 
resonator and can be used for precision mass spectrometry 
because its resonant frequency, which is related to its mass 

and is exquisitely sensitive to the presence of any material on 
its surface. Carbon nanotubes are of great interest for such 
applications because of their low mass (typically four orders of 
magnitude lower than state-of-the-art micromachined resona-
tors [ 246 ]  and high elastic modulus, [ 247 ]  which means that they 
can sustain high resonance frequencies. Despite SWCNTs pos-
sessing the smaller mass, DWCNTs provide a superior option 
for nanoscale mass spectrometers owing to their increased 
rigidity, which allows for even higher resonant frequencies, and 
their more-uniform electronic properties (ca. 5/9 of DWCNTs 
possess a metallic wall, whereas only ca. 1/3 of SWCNTs are 
metallic). Metallicity is important as it enables detection of the 
resonant frequency by broadcasting radio signals to the nano-
tube and listening for the vibrations. By using a single DWCNT 
attached to one electrode and in close proximity to a counter 
electrode, Jensen et al. were able to measure “mass noise” of 
just 0.4 Au atoms Hz −1/2 , which correlates to atomic sensi-
tivity. [ 245 ]  Besides the obvious advantages of sensitivity, the use 
of nanotubes as mass sensors does not require ionization of the 
test sample, and is therefore suitable for large biomolecules. A 
nanotube mass sensor is also sensitive at higher mass ranges 
and is vastly smaller than any current alternative, potentially 
allowing for lab-on-a-chip measurements.  

  7.     Summary and Outlook 

 Whilst on the surface it may at fi rst appear that the DWCNTs 
are merely an extension of the SWCNT fi eld, it is now clear 
that pivotal, yet often subtle, differences exist in terms of their 
processing requirements, challenges, and outcomes, and in 
their potential for a host of useful applications and devices. 
The reports of DWCNT processing methods discussed in this 
review have made considerable progress toward the realization 
of high-purity DWCNT material for electronic, nanoelectrome-
chanical, and sensor applications, and more, yet many avenues 
remain unexplored in this emerging fi eld. Just as the more 
mature fi eld of SWCNT separation has achieved chiral and 
isomeric specifi city via a number of techniques in a relatively 
short period of time, it seems likely that signifi cant advances 
will be made in the fi eld of DWCNT processing through exten-
sion of established and evolving SWCNT sorting methodolo-
gies and continued research addressing the four fundamental 
challenges of targeted growth, controlled purifi cation, sorting 
by outer wall electronic character and chirality, and the ulti-
mate goal of sorting by inner wall electronic character and chi-
rality. There are, of course, future issues of scale up that must 
be resolved to allow for production of far more than the spec-
troscopic quantities of material currently possible, yet overall, 
despite the signifi cant diffi culties involved in dealing with all 
of these challenges, they do not seem insurmountable and with 
the variety of potential applications continually growing, the 
outlook for the DWCNT fi eld is indeed bright.  

  Acknowledgements 
 All the authors contributed equally to this work. K.E.M. appreciatively 
acknowledges and thanks the Karlsruhe House of Young Scientists, the 

Adv. Mater. 2015, 27, 3105–3137

www.advmat.de
www.MaterialsViews.com



3133wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
EV

IEW

Adv. Mater. 2015, 27, 3105–3137

www.advmat.de
www.MaterialsViews.com

Playford Memorial Trust, and scholarship support from Professor Michael 
Brunger of the Flinders University of South Australia. B.S.F. gratefully 
acknowledges support from the Deutsche Forschungsgemeinschaft’s 
Emmy Noether Program under grant number FL 834/1-1.
Note: In the originally published Review, the arrows relating to the “m” 
index in Figure 1a were misleading and the incorrect chirality was named 
in the caption. The Figure and caption were  corrected herein on May 
20, 2015.   

Received:  December 12, 2014 
Revised:  February 27, 2015

Published online: April 20, 2015     

[1]     M. S.    Dresselhaus  ,   G.    Dresselhaus  ,   R.    Saito  ,  Carbon    1995 ,  33 ,  883 .  
[2]   a)   T. W.    Odom  ,   J.-L.    Huang  ,   P.    Kim  ,   C. M.    Lieber  ,  Nature    1998 , 

 391 ,  62 ;    b)   T. W.    Odom  ,   J.-L.    Huang  ,   P.    Kim  ,   C. M.    Lieber  ,  J. Phys. 
Chem. B    2000 ,  104 ,  2794 ;    c)   M. S.    Dresselhaus  ,   G.    Dresselhaus  , 
  A.    Jorio  ,  Annu. Rev. Mater. Res.    2004 ,  34 ,  247 .  

[3]     T. W.    Ebbesen  ,   P. M.    Ajayan  ,  Nature    1992 ,  358 ,  220 .  
[4]     C. D.    Spataru  ,   S.    Ismail-Beigi  ,   L. X.    Benedict  ,   S. G.    Louie  ,  Phys. 

Rev. Lett.    2004 ,  92 ,  077402 .  
[5]     S. M.    Bachilo  ,   M. S.    Strano  ,   C.    Kittrell  ,   R. H.    Hauge  ,   R. E.    Smalley  , 

  R. B.    Weisman  ,  Science    2002 ,  298 ,  2361 .  
[6]     R.    Pfeiffer  ,   T.    Pichler  ,   Y. A.    Kim  ,   H.    Kuzmany  , in  Carbon Nanotubes , 

(Eds:   A.    Jorio  ,   G.    Dresselhaus  ,   M. S.    Dresselhaus  ),  Springer , 
 Berlin/Heidelberg, Germany    2008 , p.  495 .  

[7]     C.    Shen  ,   A. H.    Brozena  ,   Y.    Wang  ,  Nanoscale    2011 ,  3 ,  503 .  
[8]     Y. A.    Kim  ,   K.-S.    Yang  ,   H.    Muramatsu  ,   T.    Hayashi  ,   M.    Endo  , 

  M.    Terrones  ,   M. S.    Dresselhaus  ,  Carbon Lett.    2014 ,  15 ,  77 .  
[9]     T.    Shimada  ,   T.    Sugai  ,   Y.    Ohno  ,   S.    Kishimoto  ,   T.    Mizutani  , 

  H.    Yoshida  ,   T.    Okazaki  ,   H.    Shinohara  ,  Appl. Phys. Lett.    2004 ,  84 ,  2412 .  
[10]     K.    Liu  ,   W.    Wang  ,   Z.    Xu  ,   X.    Bai  ,   E.    Wang  ,   Y.    Yao  ,   J.    Zhang  ,   Z.    Liu  , 

 J. Am. Chem. Soc.    2008 ,  131 ,  62 .  
[11]   a)   Y. A.    Kim  ,   H.    Muramatsu  ,   T.    Hayashi  ,   M.    Endo  ,   M.    Terrones  , 

  M. S.    Dresselhaus  ,  Chem. Phys. Lett.    2004 ,  398 ,  87 ;    b)   Y. F.    Li  , 
  R.    Hatakeyama  ,   T.    Kaneko  ,   T.    Izumida  ,   T.    Okada  ,   T.    Kato  ,  Applied 
Physics Letters    2006 ,  89 ,  093110 ;    c)   S.    Kuwahara  ,   S.    Akita  , 
  M.    Shirakihara  ,   T.    Sugai  ,   Y.    Nakayama  ,   H.    Shinohara  ,  Chem. Phys. 
Lett.    2006 ,  429 ,  581 .  

[12]     R.    Saito  ,   G.    Dresselhaus  ,   M. S.    Dresselhaus  ,  Physical Properties of 
Carbon Nanotubes , Vol.  4 ,  Imperial College Press ,  London    1998 .  

[13]   a)   M.    Kociak  ,   K.    Suenaga  ,   K.    Hirahara  ,   Y.    Saito  ,   T.    Nakahira  , 
  S.    Iijima  ,  Phys. Rev. Lett.    2002 ,  89 ,  155501 ;    b)   F.    Villalpando-
Paez  ,   H.    Son  ,   D.    Nezich  ,   Y. P.    Hsieh  ,   J.    Kong  ,   Y. A.    Kim  , 
  D.    Shimamoto  ,   H.    Muramatsu  ,   T.    Hayashi  ,   M.    Endo  ,   M.    Terrones  , 
  M. S.    Dresselhaus  ,  Nano Lett.    2008 ,  8 ,  3879 .  

[14]     S. D.    Liang  ,  Phys. B (Amsterdam, Neth.)    2004 ,  352 ,  305 .  
[15]     S.    Wang  ,   M.    Grifoni  ,  Phys. Rev. Lett.    2005 ,  95 ,  266802 .  
[16]     T.    Okazaki  ,   S.    Bandow  ,   G.    Tamura  ,   Y.    Fujita  ,   K.    Iakoubovskii  , 

  S.    Kazaoui  ,   N.    Minami  ,   T.    Saito  ,   K.    Suenaga  ,   S.    Iijima  ,  Phys. Rev. B: 
Condens. Matter Mater. Phys.    2006 ,  74 ,  153404 .  

[17]     R.    Moradian  ,   S.    Azadi  ,   H.    Refi i-tabar  ,  J. Phys.: Condens. Matter   
 2007 ,  19 ,  176209 .  

[18]     K.    Liu  ,   C.    Jin  ,   X.    Hong  ,   J.    Kim  ,   A.    Zettl  ,   E.    Wang  ,   F.    Wang  ,  Nat. 
Phys.    2014 ,  10 ,  737 .  

[19]     S.    Uryu  ,   T.    Ando  ,  Phys. Rev. B: Condens. Matter Mater. Phys.    2005 , 
 72 ,  245403 .  

[20]     A. H.    Brozena  ,   J.    Moskowitz  ,   B.    Shao  ,   S.    Deng  ,   H.    Liao  , 
  K. J.    Gaskell  ,   Y.    Wang  ,  J. Am. Chem. Soc.    2010 ,  132 ,  3932 .  

[21]     Y.    Piao  ,   C.-F.    Chen  ,   A. A.    Green  ,   H.    Kwon  ,   M. C.    Hersam  ,   C. S.    Lee  , 
  G. C.    Schatz  ,   Y.    Wang  ,  J. Phys. Chem. Lett.    2011 ,  2 ,  1577 .  

[22]   a)   E. T.    Mickelson  ,   C. B.    Huffman  ,   A. G.    Rinzler  ,   R. E.    Smalley  , 
  R. H.    Hauge  ,   J. L.    Margrave  ,  Chem. Phys. Lett.    1998 ,  296 ,  188 ; 
   b)   J.    Zhao  ,   H.    Park  ,   J.    Han  ,   J. P.    Lu  ,  J. Phys. Chem. B    2004 ,  108 ,  4227 .  

[23]     J. L.    Hutchison  ,   N. A.    Kiselev  ,   E. P.    Krinichnaya  ,   A. V.    Krestinin  , 
  R. O.    Loutfy  ,   A. P.    Morawsky  ,   V. E.    Muradyan  ,   E. D.    Obraztsova  , 
  J.    Sloan  ,   S. V.    Terekhov  ,   D. N.    Zakharov  ,  Carbon    2001 ,  39 ,  761 .  

[24]     T.    Sugai  ,   H.    Yoshida  ,   T.    Shimada  ,   T.    Okazaki  ,   H.    Shinohara  , 
  S.    Bandow  ,  Nano Lett.    2003 ,  3 ,  769 .  

[25]     H.    Qiu  ,   Z.    Shi  ,   L.    Guan  ,   L.    You  ,   M.    Gao  ,   S.    Zhang  ,   J.    Qiu  ,   Z.    Gu  , 
 Carbon    2006 ,  44 ,  516 .  

[26]     B. W.    Smith  ,   D. E.    Luzzi  ,  Chem. Phys. Lett.    2000 ,  321 ,  169 .  
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Abstract 
Single walled carbon nanotube thin films are fabricated by solution shearing from high 
concentration sodium nanotubide polyelectrolyte inks. The solutions are produced by simple 
stirring of the nanotubes with elemental sodium in dimethylacetamide and the nanotubes are thus 
not subject to any sonication-induced damage. At such elevated concentrations (~ 4 mg mL-1) the 
solutions exists in the liquid crystal phase and during deposition this order is transferred to the 
films, which are well aligned in the direction of shear with a 2D nematic order parameter of ~ 0.7 
determined by polarized absorption measurements. Compared to similarly formed films made from 
superacids, the polyelectrolyte films contain smaller bundles and a much narrower distribution of 
bundle diameters. After p-doping with an organic oxidizer the films exhibit a very high DC to optical 
conductivity ratio of σDC/σOP ~ 35, corresponding to a calculated DC conductivity of over 7000 S 
cm-1. When very thin (T550 ~ 96 %), smooth (RMS roughness, Rq ~ 2.2 nm) and highly aligned 
films made via this new route are used as the front electrodes of carbon nanotube-silicon solar 
cells, the power conversion efficiency is almost an order of magnitude greater than that obtained 
when using the much rougher (Rq ~ 20 - 30 nm) and less conductive (peak σDC/σOP ~ 2.5) films 
formed by common vacuum filtration of the same starting material, and having the same 
transmittance.   
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ABSTRACT: Single walled carbon nanotube thin films are
fabricated by solution shearing from high concentration
sodium nanotubide polyelectrolyte inks. The solutions are
produced by simple stirring of the nanotubes with elemental
sodium in dimethylacetamide, and the nanotubes are thus not
subject to any sonication-induced damage. At such elevated
concentrations (∼4 mg mL−1), the solutions exist in the liquid
crystal phase and during deposition this order is transferred to
the films, which are well aligned in the direction of shear with a
2D nematic order parameter of ∼0.7 determined by polarized
absorption measurements. Compared to similarly formed films
made from superacids, the polyelectrolyte films contain smaller bundles and a much narrower distribution of bundle diameters.
After p-doping with an organic oxidizer, the films exhibit a very high DC electrical to optical conductivity ratio of σDC/σOP ∼ 35,
corresponding to a calculated DC conductivity of over 7000 S cm−1. When very thin (T550 ∼ 96%), smooth (RMS roughness, Rq
∼ 2.2 nm), and highly aligned films made via this new route are used as the front electrodes of carbon nanotube-silicon solar
cells, the power conversion efficiency is almost an order of magnitude greater than that obtained when using the much rougher
(Rq ∼ 20−30 nm) and less conductive (peak σDC/σOP ∼ 2.5) films formed by common vacuum filtration of the same starting
material, and having the same transmittance.

KEYWORDS: alignment, nematic, sodium nanotubide, solar cells, thin films

■ INTRODUCTION

The potential applications of carbon nanotube thin films are
numerous and varied, but the commonly used preparation
methods of spray deposition or vacuum filtration from
stabilized dispersions generally produce either sparse films
with poor homogeneity and large void spaces on the nanoscale,
or extremely rough and opaque films. The extended ultra-
sonication often required to coax the nanotubes into a
metastable suspension invariably shortens them and introduces
defects into the sidewalls which irreparably alter the electronic
and optical properties of the pristine material. Additionally, the
complete removal of surfactants, polymers, or other wrapping
agents from the films produced can be difficult. Despite these
issues, important advances in applications that use nanotube
thin films continue to be made. An area that is currently of
great interest in the nanotube research community is in the
production of thin films in which the nanotubes are highly
aligned in one direction parallel to the surface because such
films are expected to perform much better in a range of
applications than their randomly oriented counterparts. Large

area surface-aligned films have previously been generated from
evaporation driven self-assembly of sidewall-functionalized1 or
surfactant-stabilized suspensions,2,3 from superacids with4 or
without5 shear, from urea-water inks by Mayer rod coating,6

from polymer/nanotube blends by Langmuir−Blodgett,7
Langmuir−Schaeffer,8 or solution shearing onto prepatterned
substrates,9 by shearing of solutions stabilized by DNA10 or
gellan gum,11 as well as from the transfer of CVD grown
stripes12 or collapse of CVD grown forests.13 This is in addition
to a plethora of work regarding carbon nanotubes within
different kinds of liquid crystals.14−20 Despite their various
advantages, many of the aforementioned methods of film
formation still introduce damage due to extended ultra-
sonication, or are inherently limited to the small scale, require
expensive or troublesome reagents (e.g., DNA, superacids) or
extensive sidewall functionalization/wrapping agents/embed-
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ding matrix, or involve a high degree of manufacturing
complexity.
We report here a new method in which very thin carbon

nanotube films are prepared from concentrated polyelectrolyte
solutions of “nanotubide” salts, which do not require any
ultrasonication to produce and leave no difficult-to-remove
contaminants in the films. The ability to cause true dissolution
of carbon nanotubes by electrostatic charging in polar media
has been well-known for the past decade21 and such solutions
are commonly exploited at low concentration in efficient
sidewall functionalization schemes.22−27 However, the work
reported herein comprises a new application of these
polyelectrolyte salt solutions, exploiting the very high
concentration regime in which liquid crystal (LC) effects
become important. The films produced by this method exhibit
a very high degree of nanotube alignment, exceptional
homogeneity of bundle widths throughout the film and
remarkably low surface roughness; a characteristic of great
importance when considering their further incorporation into
thin film electronics, organic photovoltaics, etc. Furthermore,
the films have outstanding conductivity relative to optical
transparency, display significant anisotropy in measurements of
conductivity made perpendicular or parallel to the alignment
axis and function as optical polarizers.

■ RESULTS AND DISCUSSION

HiPco single walled carbon nanotubes are fully dissolved in
dimethylacetamide (DMA) by the addition of sodium metal
and stirring at room temperature (Figure 1a) in a similar
manner to Clancy et al.28 The strongly electropositive sodium
atoms donate their unpaired electrons to the nanotubes,
generating negatively charged “nanotubide” anions and sodium

cations in what is essentially the first half of the Billups−Birch
reductive functionalization scheme.22 The highly conjugated
carbon framework is capable of stabilizing very high charge
loads and the resulting Coulomb repulsion between adjacent
nanotubes causes them to gently debundle without the need for
ultrasonication.29

The resultant sodium nanotubide polyelectrolyte solution is
stable for months (at least) when stored under inert
atmosphere. A different method previously reported to produce
nanotubide salts first requires dissolution of the sodium metal
in liquid ammonia followed by addition of the nanotubes and
subsequent evaporation of the ammonia to yield the dry salt,30

which can then be dissolved in polar aprotic solvents such as
dimethyl sulfoxide.31 Another alternative method is to use
room temperature tetrahydrofuran to produce the salt,
employing intercalation compounds such as lithium naphtha-
lenide21 or crown ether complexes.32 We find that although
these serve to somewhat reduce the time taken to obtain a well
individualized solution in DMA and increase the upper limit of
concentration that can be sustained in a given solvent (by
reducing metal precipitation onto the tube walls32), they must
then also be removed from the produced films and are not
required to obtain the LC phase necessary for the method
described herein. The observation of LC phases in true
solutions of carbon nanotubes was reported by Davis et al.33 for
nanotubes dissolved in chlorosulfonic acid (CSA) and later by
Jiang et al.32 in polyelectrolyte solutions. Unfortunately, CSA is
hazardous, toxic, and somewhat difficult to handle, and
although it has been used extensively in large scale industrial
applications for many decades, less hazardous alternatives are
desirable. Using only sodium in DMA, we have obtained
solutions of nanotubide polyelectrolytes in concentrations up to

Figure 1. Diagrams showing the three important stages of nanotube film fabrication: (a) reductive dissolution with sodium in dimethylacetamide
(DMA), (b) flattening and shear aligning of the solution, and (c) schematic illustrating factors influencing the film morphology during drying of
either the polyelectrolyte or superacid nanotube solutions.
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∼4 mg mL−1, as is required for the observation of LC domains
as seen in cross polarized microscope images (Figure S1), and
observed previously by Jiang et al.32

Typically, to produce the aligned films, a drop of nanotube
solution (2−10 μL) is placed between two flat surfaces and
compressed, then the two surfaces are rapidly drawn apart
parallel to their contacting faces (Figure 1b). Li et al.4 propose
that the mechanism for the observed long-range ordering is
through the shear-induced macroscale alignment of microscale
LC domains pre-existing in the solution, and similar shear
aligning has been observed by Zamora-Ledezma et al.10 and
modeled by Hobbie and Fry.34 Films previously produced in a
similar manner from CSA solutions were very smooth with
excellent conductivity and a high degree of nanotube alignment
over arbitrarily large areas.4 However, the resultant films are
observed to contain very large nanotube bundles up to a
hundred nanometers across. This is despite the fact that the
nanotubes as prepared herein are fully individualized when
dissolved in the acid.35 In fact, the CSA films (Figure 2) exhibit
a bimodal bundle width distribution with very large, generally
aligned bundles of 40.3 ± 19.2 nm overlaid on smaller,
randomly ordered bundles of 4.8 ± 1.2 nm (Figure S2). This
morphology is quite different to that of the films made from the
polyelectrolyte (PE) solutions, which exhibit much smaller
bundles and a narrower distribution of bundle widths of 10.7 ±
2.6 nm, despite it being unlikely that the nanotubes are
completely individualized in such a high concentration
nanotubide solution (particularly one that is free of coanions
or cation chelating agents). Since the difference in morphology
of the films does not reflect the difference in bundle size
distributions in solution, some other mechanism(s) must be
responsible. One possibility is directly related to the solvents;
since DMA evaporates far quicker than CSA, which means that
the capillary immersion force experienced by nanoparticles in
thin liquid films36 is exerted for a much shorter duration, and
since the surface tension of CSA (72.3 mN m−1) is much
higher than that of DMA (36.7 mN m−1), which means that the
capillary force is also stronger, the net driving force for

agglomeration is greater in the CSA films. As well, we note that
the large bundles are observed only on the upper side of the
film, that is, the one that faces the ambient environment during
drying. Furthermore, as the acid solvent evaporates from the
CSA films, the Coulomb repulsion between adjacent nano-
tubes, which is caused by reversible protonation of the sidewalls
by the acid, must gradually decrease below the level required to
resist the attraction due to the capillary immersion force and
van der Waals interaction.
However, the the situation is likely to be quite different in the

case of the PE solutions, in which the repulsion is due to the
charging effect of the sodium which does not evaporate (as
illustrated in Figure 1c). Rather, the concentration of sodium in
the drying film rises until cation precipitation onto the
nanotube sidewalls occurs,25 and the presence of the salted
out metal may confound the van der Waals attraction between
sidewalls, further hampering the agglomeration process. In
addition to the narrower and more homogeneous bundles, the
RMS roughness, Rq, of the PE films is also somewhat better at
2.2 nm than the best CSA films produced in our laboratories, at
around 3 nm, or the best in the literature, at 2.8 nm.4 This
makes them some of the smoothest solution deposited carbon
nanotube thin films so far reported, and vastly smoother than
vacuum filtered (VF) films of similar optical density, which can
have Rq ≈ 20−30 nm. The thickness of the three types of films
shown in Figure 2, as extracted from AFM measurements, was
28, 9.2, and 6.5 nm for VF, CSA, and PE films, respectively
(Figure S3).
The high order and dense packing of aligned nanotube films

makes them substantially better conductors than the randomly
aligned “spaghetti” films commonly produced by the usual
vacuum filtration or spray deposition methods, in which the
charge conduction mechanism is dominated by percolation.37

This is especially apparent for very thin films which, when
randomly oriented, are so sparse as to be at or below the
percolation threshold, leading to very large sheet resistance,
Rsheet (Figure 2d). In contrast, the PE films display a much
more gradual increase in Rsheet with transparency and are at

Figure 2. SEM images [inset AFM images] of (a) VF [4 μm × 4 μm × 280 nm], (b) CSA [4 μm × 4 μm × 52 nm], and (c) PE films [1 μm × 1 μm
× 17 nm], where different scales are used to best show the surface features in each case. (d) Sheet resistance vs transmittance (taken with linear four-
point probe oriented parallel or perpendicular to the alignment direction in the case of the aligned films). (e) Variation in absorbance with
polarization angle [inset absorbance @ 1320 nm vs polarization angle]. (f) Examples of Raman spectra of the starting material vs films cast from PE
solution (statistical analysis of the D- to G-band intensity ratio from 2000 individual spectra shown in Figure S6).
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least an order of magnitude less resistive than corresponding
randomly aligned films. It is only for the thinnest of the PE
films that Rsheet increases considerably as those films also
become sparse, but still with a degree of alignment. For the
thickest PE films that we have produced, at T550 = 75%, Rsheet

was only 35 Ω sq−1 after doping with SOCl2, which is much less
than the 480 Ω sq−1 measured for a VF film of similar
transmittance and likewise doped. Even for a PE film of 95%
transmittance, Rsheet was still only 650 Ω sq−1, which is vastly
better than the 76 kΩ sq−1 obtained from its VF counterpart.
As well as these improvements, the very thin PE films exhibit
anisotropy in the conductivity. This is observed when
measurements of Rsheet are taken by linear four point probe
oriented either parallel or perpendicular to the alignment axis,
where the values obtained when parallel are up to ten times
higher than when perpendicular, depending on thickness and
degree of alignment. We attribute this to the fact that although
the thicker PE films are so densely packed as to be considered
closed, and thus not limited by percolation conductivity,37 the
thinner films are not closed, but are still generally aligned,
which means that the number of percolation pathways parallel
to the alignment direction is far greater than perpendicular to it.
To compare the conductivity-transparency properties of these
films to other thin nanotube films previously reported, the ratio
of the electrical to optical conductivity, σDC/σOP, was calculated
as per Hecht et al.38 by substituting the measured Rsheet and
T550 values (Figure S4) into:
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where T(λ) is the wavelength-dependent transmittance, RS is
the sheet resistance, and μ0 and ε0 are the free space
permeability and permittivity, respectively. To estimate the
DC conductivity, σDC, a value of 200 S cm−1 has been used for
the optical conductivity, σOP, as measured by Ruzicka et al.39

For the PE films of 85% transparency this yields σDC/σOP of ∼1,
which is comparable with others in the field.40 However, after
doping of the films with SOCl2, σDC/σOP was increased up to
35.7, corresponding to a DC conductivity of 7139 S cm−1,
which is one of the highest values ever reported for thin
nanotube films formed by any method,40 and ∼16× higher than
the similarly doped VF films of the same transmittance
produced in this work.
As well as conductance anisotropy the PE films also function

as good optical polarizers as shown in Figure 2e (with the
absorbance of the CSA and VF shown for comparison in Figure
S5). The 2D nematic order parameter is given by S2D =
⟨2cos2 θ −1⟩ (where θ denotes the angle between an individual
nanotube and the overall alignment director and the expression
is averaged over all nanotubes in an ensemble).41 The order
parameter can be calculated from the polarized optical data via
S2D = (A∥ − A⊥)/(A∥ + 2A⊥)

42 yielding S2D ∼ 0.6 for the PE
films, which is significantly better than the CSA films produced
in our laboratories with S2D ∼ 0.2−0.4 or previously reported

Figure 3. (a) Solar cell light (bold lines) and dark (dashed lines) characteristics of devices made with VF (red) and PE (black) films, both with T550
= 96%. (b) Visualization of the approximate proportion of nanotubes estimated to make contact with the silicon surface for VF films, where blue
color indicates noncontacting regions and (c) corresponding image for PE films. (d) Semilog plots of current density vs voltage showing the straight
line fits and corresponding diode characteristics calculated as described in the Supporting Information. (e, f) Height (H) vs lateral distance (D) cross
sections taken from, and indicated by yellow dashed lines in, the AFM images shown in (b) and (c) and establish the baseline and depth whereby all
nanotubes in the lower three-quarters of each film were considered to be able to make contact with the surface.
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DNA films10 with 0.1 < S2D < 0.15. Similarly, the degree of
absorbance polarization, P = (A∥ − A⊥)/(A∥ + A⊥), can also be
calculated, yielding P ∼ 0.7 and P ∼ 0.3−0.5 from the PE and
CSA films, respectively and, of course, P = 0 for VF films.
Although these values do not yet compete with the very best
aligned CVD grown films,12 they offer the twin advantages of
low temperature fabrication and solution processing, as well as
allowing for the ability to use virtually any kind of nanotube
including, especially, those sorted by electronic type.43−46 For
that case in particular, the question of whether or not the
polyelectrolyte method causes damage to the nanotubes is of
great importance. Figure 2f shows the Raman spectra of small
diameter semiconducting nanotube starting material and of the
same material after casting into a PE film and quenching in air.
The spectral shapes are almost identical, indicating that there is
no significant change to the nanotubes, although a marginal
increase in the D- to G-band intensity ratio from 0.25 ± 0.017
to 0.29 ± 0.012 (Figure S6, obtained by statistical analysis of
2000 individual Raman spectra over 2000 μm2 areas of the
films) indicates some slight increase in defect density, likely due
to a small degree of hydrogenation30 and/or hydroxylation27

upon exposure of the dry film to atmosphere and subsequent
rinsing steps, which were taken to remove the sodium and
residual DMA from the films. EDX analysis of the PE films
immediately after deposition (Figure S7) clearly shows the
presence of sodium, as expected, as well as nitrogen, which we
interpret as being due to residual dimethylacetamide. After
rinsing thoroughly with water, the amount of both sodium and
nitrogen were decreased to below 0.05 atom % within the
excitation depth of the 5 kV electron beam.
To exemplify the performance gains that can be obtained by

using these flat and aligned carbon nanotube films compared to
the rough and randomly oriented ones produced by vacuum
filtration, we fabricated carbon nanotube-silicon heterojunction
solar cells,47 which are often made with VF films. In this type of
solar cell the nanotubes function as transparent, conducting
frontside electrodes as well as setting up the built in potential
near the silicon surface that is required to separate photoexcited
electron−hole pairs.48 As shown in Figure 3a, for thin nanotube
films with T550 = 96%, dramatic differences in device
performance are observed, with the PE devices typically
producing over 9× more power than the VF type under
AM1.5G conditions.
In addition to the large difference in film conductivity, other

reasons for the performance improvement can be readily seen
by analyses of the dark currents in forward bias, which yield
ideality factors of around 2.9 and 1.3, and saturation current
densities of around 1.2 × 10−6 and 3.4 × 10−9 A cm−2 for VF
and PE devices, respectively. As illustrated in Figure 3b, where
the proportion of nanotubes in contact with the silicon is
estimated in the manner of Li et al.,4 these differences are
consistent with the fact that the VF films make poorer contact
with the flat silicon surface than the PE films. This produces an
inhomogeneous depletion region leading to inefficient
electron−hole separation, as well as a high surface recombina-
tion velocity due to the large variety of surface states. In
contrast, the smooth, dense and highly aligned PE films
produce a more complete coverage of the silicon (Figure 3c),
and it has been shown previously that such enhanced coverage
leads to significant performance improvements.49,50 This is
likely due to a much higher quality depletion region in the
underlying silicon as well as a reduction in the distance that
must be traveled by excited carriers along the silicon surface to

reach the nearest nanotube-silicon junction (maximum 20 nm
for the PE films but up to 240 nm for the VF ones−taken as the
shortest radius of the largest uncovered regions in Figure 3c).
The Schottky barrier heights are given for comparison with
previous and future work although whether or not such devices
are in fact Schottky diodes51,52 or not is still unclear with good
evidence pointing instead to a pn junction mechanism,49 and
the possibility that they function in a new, hybrid fashion.53

■ CONCLUSION

For many devices in which carbon nanotube thin films are
interfaced with other components, a method such as the one
described herein that yields films which are exceptionally flat
and ordered over large areas in such a way as to maximally
exploit the very high aspect ratio of the material, is of great
value. The issue of the true mechanism underlying the
differences in morphology between polyelectrolyte and super-
acid films beyond the models proposed herein is an interesting
question worthy of its own study. Although, irrespective of
alignment within the film, the very high DC to optical
conductivity ratio of the p-doped polyelectrolyte films is
promising for a wide range of applications and despite the use
of a short acting dopant in this work, there are others such as
gold chloride which are known to have a more permanent
effect. Alternatively, since the nanotubes in the as-deposited
films are extremely electron-rich due to the sodium, this could
provide a new route to the production of n-doped nanotube
films, though isolation from the ambient atmosphere is an issue
which will need to be addressed. Naturally, the use of
exceptionally thin films which are surely much thinner than
the optimum of the well-known film thickness−performance
relationship for nanotube-silicon solar cells54 means that it is
not expected that the device efficiency in this work should rival
that of the best reported elsewhere, which have been optimized
for high performance. The power conversion efficiency of solar
cells made with these new polyelectrolyte films can certainly be
improved by using thicker films and optimized doping, and by
adding antireflection layers such as TiO2, and these are the
subject of ongoing investigation. Nevertheless, the development
of a versatile and relatively simple fabrication route that
provides an alternative to the use of superacids while retaining
the advantage of causing minimal disruption of the intrinsic
properties of the nanotubes and yielding a final product with
excellent thin film properties is a useful addition to the
nanotube film fabrication toolset.

■ METHODS
Freshly cleaved sodium (50 mmol) (ACS reagent, Sigma) was added
to a solution of oven-dried (150 °C, 3 h) single walled carbon
nanotubes (SuperPurified HiPco, NanoIntegris, diameter 0.8−1.2 nm,
length 100−1000 nm) in anhydrous DMA (5 mg mL−1) (99.8%, Alfa-
Aesar) in an argon glovebox and stirred vigorously for 3 days, over
which time the solution developed from a very poor suspension of
black solids in clear liquid to a smooth, high viscosity solution which
was black in reflected light while transmitting a deep red/bronze color.
This solution was centrifuged at 20 000g for 30 min and the
supernatant was used in further processes. The sediment was
quenched with DI water then captured on Teflon filter papers (0.5
μm, Phenomenex), rinsed first with methanol (EMSURE, Merck) then
thoroughly with DI water, dried and then weighed, allowing the
concentration of the supernatant to be calculated as approximately 4
mg mL−1. Based on reports of nanotube dissolution in CSA55,56 and in
DMA,28 it is clear that, to obtain the individualized LC state, both the
stoichiometry and concentration of the solution must be carefully
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tuned, with C:M (where M is a Group I metal) ratios of <19
(corresponding to a fractional charge per carbon, δ > 0.053) and
volume fractions of 0.01−0.1 (corresponding to ∼1−10 mg mL−1 for
HiPco nanotubes, assuming a bulk density of ∼0.1 g mL−1). For CSA
solutions, the acid (97%, Merck) was added to nanotubes at the same
concentration (4 mg mL−1) as in the polyelectrolyte solutions in order
to provide a valid comparison, then stirred for 3 days and used directly.
Centrifugation of this solution as per the sodium polyelectrolyte
method did not result in any change to the morphology of the films
that were prepared from the resultant supernatant.
VF films were captured on mixed cellulose ester (MCE) membranes

(0.45 μm, HAWP, Merck Millipore) from surfactant-stabilized
suspensions and rinsed thoroughly with copious DI water as per Wu
et al.57 and our previous work.58 Films were deposited by placing them
nanotube side down on the desired substrate, wetting with a drop of
water, compressing with Teflon and baking at 110 °C for 15 min. To
remove the MCE from the films, the substrates were placed in an
acetone (EMSURE, Merck) bath for 30 min then transferred to two
fresh acetone baths for a further 30 min each. Both CSA and PE films
were produced by solution shearing by placing a small drop in between
two glass slides, applying a compressive force of between 40−80 N
(corresponding to an applied pressure of 27−43 kPa on the 7.5 × 2.5
cm2 glass slides used) and then rapidly drawing the slides apart at a
shear velocity of ∼0.01 m s−1. Different thicknesses were prepared by
varying the applied force and volume of liquid. After solvent
evaporation, the slides were exposed to atmosphere then slowly
immersed in water to float off the nanotube films, which were then
captured from the water surface onto a desired substrate and dried in
air at room temperature. To rinse the films without refloating them
back off, the substrates were placed in a small volume of ethanol
(EMSURE, Merck) and then approximately 10× that volume of water
was added. After 30 min, the substrates were removed, the process was
repeated, and they were then dried in air at 110 °C for 1 h.
Carbon nanotube-silicon solar cells were fabricated as described

previously.58 Briefly, Cr/Au front electrodes were patterned onto
phosphorus doped n-type silicon substrates (1−5 Ω cm, ⟨100⟩, 100
nm thermal oxide) by photolithography and defined circular active
areas (0.08 cm2) in which the SiO2 was removed by buffered oxide
etch. Films were deposited as described above and the cells were
completed with GaIn eutectic back electrodes and mounted on steel
support plates. Before testing, all cells were treated sequentially with
2% HF, SOCl2 and 2% HF again. This treatment sequence removes
the thin oxide from the silicon surface as well as p-doping the
nanotubes and dramatically increasing the conductivity of the
nanotube films. Current−voltage data was taken from cells in the
dark and under 100 mW cm−2 AM1.5G illumination (Class 2A, with
irradiance measured by a silicon reference cell with NIST-traceable
calibration). A circular aperture of 0.079 cm2 was used to ensure that
light could only impinge on the area of the cell in the region of
interfacial contact between the nanotubes and the silicon. Diode
characteristics were extracted in the usual manner from the semilog
plots of the dark current data by fitting the linear regions found around
Voc (light) to the diode equation:
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where β = q/kT and where J0 is the reverse saturation current density,
V is the applied potential, q is the elementary charge, k is the
Boltzmann constant, T is the absolute temperature, and n is the
ideality factor. The series resistance in the dark was extracted from the
slope of the current−voltage data in the region 0.7 < V < 1. Assuming
that the devices are Schottky diodes, the barrier height was calculated
from59
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where A* is the Richardson constant and a value of A* = 1.12 A m−2

K−2 was used for moderately doped n-silicon.53 Despite this the values
are given for comparison with previous and future work.

The transmittance of films used in solar cells was measured with a
spectrophotometer by placing identical films on glass. For VF films,
the filtration membrane with captured nanotubes was cut in half and
one-half was deposited onto the solar cells as described above. For PE
films, the as deposited films were scored into two halves such that the
two halves could be separately floated onto water and captured on
either solar cell substrates or glass slides. The same films were used for
Raman analysis as well as AFM and SEM imaging. SEM images were
obtained with 5 kV accelerating voltage and a working distance of 2
mm. Raman maps were collected over 2000 μm2 with an excitation
wavelength of 532 nm. AFM imaging was performed in tapping mode
at a tip velocity of 1 μm s−1 using Mikromasch probes (HQ:NSC15/Al
BS, 40 N m−1 force constant), and roughness values were calculated
from the raw images. Four-point probe measurements were taken
using collinear Au-coated BeCu pins with a probe separation of 1 mm
and contact area of 100 μm.
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  1. Carbon Nanotubes 

 In order to overcome the production costs associated with sil-
icon solar cells and the toxicity and/or scarcity issues of other 
solid state semiconductors there is currently great interest in 
fi nding alternative semiconductor materials and/or alternative 
ways of fabricating current generation solar cells. One mate-
rial with great potential in these areas is carbon, in the form of 
carbon nanotubes. Carbon is certainly not in limited supply and 
this material could be made very, very cheap with economies 
of scale in production. For reasons outlined later in this report 
carbon nanotubes show promise as photovoltaic elements. 
Since fi rst reports of carbon nanotubes by Iijima, [  1  ]  and of single 
walled carbon nanotubes by Iijima and Ichihashi [  2  ]  and Bethune 
et al. [  3  ]  in the early 1990s, the explosion of research into carbon 
nanotubes has continued to expand exponentially largely due 
to their excellent and often unique electrical [  4  ]  and optical [  5  ]  

properties. Carbon nanotubes are an allo-
trope of carbon having the form of hollow 
cylinders composed of rolled-up sheets of 
graphene. Carbon nanotubes can be single 
walled (SWNTs), double walled (DWNTs) 
or multi walled (MWNTs). A SWNT can 
be completely described, except for its 
length, by an intrinsic geometric property, 
 C h  , known as the chiral vector. [  6  ]  The chiral 
vector is defi ned by the equation  C h    =   n  a 1   
 +   m  a 2   [  7  ]  where the integers ( n,m ) are the 
number of steps along the  zig-zag  carbon 
bonds and  a 1  ,  a 2   are the graphene lattice 
basis vectors in real space. As can be seen 
in  Figure    1  a the chiral vector makes an 
angle,  θ , known as the chiral angle, with 
the  zig-zag  or  a 1   direction. [  6b  ]  The chiral 

angle determines the amount of ‘twist’ in the nanotube and two 
limiting cases exist where the chiral angle is at 0 °  and 30 ° . [  6  ]  
These limiting cases are known as  zig-zag  (0 ° ) and  armchair  
(30 ° ) based on the geometry of the carbon bonds around the 
circumference of the nanotube. [  8  ]  All other conformations in 
which the C–C bonds lie at angles 0 °   <   θ   <  30 °  are known as 
 chiral.  [  6b  ]   

 The  n, m  integers completely describe nanotube chirality 
and thus specify the electronic band structure. Therefore it is 
the chirality that has signifi cant implications for the optical, 
mechanical and electronic properties of carbon nanotubes. [  8  ]  
In particular by slightly changing the chiral angle it is possible 
to switch between metallic, low band gap and high band gap 
semiconducting carbon nanotubes. [  6  ,  8  ]  When  n – m  =  3p  ( p  is 
an integer) the nanotube is metallic, when  n – m  ≠  3p  the nano-
tube is semiconducting [  9  ]  with band gap energy,  E g  , dependent 
on the nanotube diameter,  d t  , the C–C nearest neighbour poten-
tial overlap integral,  V pp π   , and the C–C bond distance,  a cc  , such 
that;

 
Eg = 2Vppπ acc

dt  
 (1)    

 Thus  armchair  nanotubes are the only intrinsically metallic 
type (no bandgap) although approximately one third of all 
 zigzag  nanotubes are also termed ‘metallic’ at room tempera-
ture since the energy gap is smaller than the thermal energy, 
k B T, allowing thermal excitation of carriers into the conduction 
band. This use of the term metallic can lead to some confu-
sion if it is assumed to have the same meaning as is the case 
for bulk metals. For example, whereas the colour of nanopar-
ticulate metals is a result of plasmon resonance, the colour of 
metallic nanotubes arises from their excitonic properties. [  10  ]  All 
 chiral  nanotubes and the remaining two thirds of  zigzag  nano-
tubes are therefore semiconducting with band gaps defi ned by 
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 Equation 1 . This leads to the observation that approximately 
60% of all nanotube chiralities are semiconducting with the 
remaining 40% metallic. [  11  ]  

 Carbon nanotubes are so small they exhibit quasi-one 
dimensional properties and the 1D confi nement of electrons 
into allowed  k -states gives rise to van Hove singularities in the 
electronic density of states (DOS) (Figure  1 b,c). In bulk semi-
conducting materials the energy gap between the valance and 
conduction bands defi nes the absorption onset wavelength 
of the optical spectra. If nanotubes are considered similarly, 
in the manner of single particle excitations, then the discrete 
electronic transitions in the DOS should produce character-
istic peaks in the UV-Vis-NIR absorption spectra of SWNTs 
at wavelengths corresponding to the transition energies of 
the respective nanotubes. However it is now known that the 
optical absorption spectra of nanotubes are entirely excitonic in 
nature and thus many-body effects must be considered for an 
accurate description of the optical properties of nanotubes. [  12  ]  
This means that the actual light energy required to produce a 
“ v i –c i  ” transition is ( Ec i  – Ev i  )  +  binding energy ( eh ) - self energy 
( ee ), and leads to the experimental fi nding that  E 22 /E 11   tends to 
a value of 1.8 with decreasing tube diameter, rather than the 
value of 2 as would be expected from density functional theory 
calculations alone. [  13  ]  

 Fundamental photovoltaic theory stipulates that one of 
the criteria for obtaining the highest effi ciency devices is cor-
rect matching of the semiconductor’s optical band gap to the 
solar spectrum. [  14  ]  The optimal band gap of  ∼ 1.1 eV is easily 
obtained with  ∼ 12–15 different semiconducting nanotube chi-
ralities having a fundamental optical gap between 1.0–1.2 eV. [  15  ]  
However calculations for the optimal band gap criterion apply 
to bulk semiconductors in which there is a smooth continuum 
of states above and below the gap but this is not the case for 
SWNTs with their discrete DOS features. Semiconducting nan-
otubes have a Fermi level in the middle of the band gap and 
could thus be termed ‘intrinsic’ similarly to undoped silicon. 
However when exposed to air they develop p-type characteris-
tics due to the electron withdrawing nature of adsorbed oxygen 
molecules. Even in ultra-high vacuum this adsorbed oxygen 
is very diffi cult to remove and has likely skewed the results of 
much research carried out to date. [  16  ]  In addition, SWNTs can 
be chemically doped p-type by electron-withdrawing species 
such as strong oxidisers or oxidising acids, [  17  ]  or n-type by elec-
tron-donating species such as alkali metals, [  18  ]  hydrazine, [  17b  ,  19  ]  
nitrogen-rich polymers [  20  ]  and nitrogen-rich aromatic com-
pounds. [  21  ]  Substitutional doping has also been demonstrated 
with boron (p-type) [  22  ]  and nitrogen (n-type). [  23  ]  This raises the 
exciting prospect of all-nanotube photovoltaics based on  p-n  or 
 p-i-n  heterojunctions, although such architectures are yet to be 
reported for other than single tube devices. 

 SWNTs were initially touted as the quintessential nano-
structure and expectations of them were high. However the suc-
cessful application of SWNTs into new and improved devices 
has been limited by the polychirality of as-produced and purifi ed 
SWNTs. Electrical, optical and physical properties of SWNTs 
are highly dependent on nanotube chirality but although there 
are many reports of the sorting and characterisation of SWNTs 
in the literature these have often been in very small quantities 
unsuitable for further device fabrication. The performance of 

thin fi lm and other solar cell devices does not scale up well from 
very small research cells due to the domination of edge effects 
thus appreciable quantities of sorted nanotubes are required for 
the fabrication of devices large enough to provide meaningful, 
scalable performance data. The sorting of nanotubes into 
populations of individual chirality in such quantities has until 
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recently been unattainable. Today a number of methods for 
sorting of nanotubes are available such as dielectrophoresis, [  24  ]  
density-gradient ultracentrifugation (DGU), [  24b  ,  25  ]  selective 
polymer wrapping [  26  ]  or liquid-phase chromatography. [  27  ]  The 
choice of method depends on the targeted application and the 
subsequent need for sorting tubes by metallicity, diameter and/
or chiral angle. For solar cells one would ideally like to use 
quantities of semiconducting nanotubes of a single chirality 
to have uniform electrical and optical properties. Selective 
polymer wrapping, DGU and liquid-phase chromatography can 
deliver single-chirality fractions for small-diameter nanotubes 
( < 1.1 nm). However depending on the diameter and chirality 
distribution of the raw material the yield in obtaining a specifi c 
(n,m) fraction can be rather low. The strategy must therefore be 
to sort out (n,m)-tubes from raw material that already has a very 
narrow diameter distribution.   

 2. Carbon Nanotubes in Solar Cells 

 Shockley and Queisser used detailed balance calculations to 
derive a fundamental limit to the photovoltaic conversion effi -
ciency (PCE) of a single junction solar cell. [  28  ]  Calculations have 
since been refi ned giving a limit of  ∼  33%, however this is 
based on the assumption of one photon producing one exciton. 
SWNTs have been shown to exhibit multiple exciton genera-
tion (MEG) from a single photon. [  29  ]  In this process, a photon 
having energy equal to  n  multiples of the band gap is absorbed 
and produces  n  excitons. However, a complete solar cell device 
exploiting this property, and thus allowing violation of the 
Shockley Quiesser limit, is yet to be realised. 

 Currently the literature contains many cases of research 
utilising carbon nanotubes in solar cell devices. For example, 
nanotubes have been integrated into a variety of organic photo-
voltaics (OPVs). [  30  ]  However in these systems the carbon nano-
tubes are not so much responsible for exciton generation upon 
absorption of light but rather, by introducing carbon nanotubes 
into these polymeric systems, exciton dissociation or electron 
transport is enhanced within the material. There has also been 
much work in recent years incorporating carbon nanotubes 
into photoelectrochemical cells (PECs) either on their own [  31  ]  

or as elements in donor-acceptor hybrids in conjunction with 
fullerenes, [  32  ]  fullerenes/P3HT, [  33  ]  fullerenes/porphyrin, [  34  ]  por-
phyrins, [  35  ]  pyrenes, [  36  ]  polythiophenes [  37  ]  and other photoactive 
polymers, [  38  ]  phthalocyanines, [  35f  ,  39  ]  PAMAM dendrons, [  40  ]  
quantum dots [  41  ]  and more. There is also a plethora of funda-
mental work looking at photoinduced charge transfer processes 
between carbon nanotubes and other species and it must be 
noted that the line between OPVs and PECs is blurred since photo-
electrochemistry is also a method of characterising new OPV 
systems. Similarly, the implementation of carbon nanotubes 
in dye sensitised solar cells (DSCs) has included replacement 
for the platinum catalyst counter electrode, [  42  ]  improvement of 
the electrical properties of the titania [  43  ]  or replacement of the 
titania scaffold. [  31c  ,  44  ]  For further information on the use of 
nanotubes in these types of light harvesting devices and struc-
tures we suggest excellent reviews by Imahori, [  45  ]  Sgobba, [  46  ]  
Chitta, [  47  ]  Guldi, [  48  ]  and D’Souza. [  49  ]  

 If carbon nanotubes are to offer a viable alternative to silicon 
in solar cells it is necessary to understand how photogeneration, 
transport and dissociation of excitons and charge carriers oper-
ates in large ensembles of them. One of the many paths to this 
goal is to combine them with a well understood, model semi-
conductor material such as silicon. Nanotube-silicon heterojunc-
tion (NSH) solar cells are a recent photovoltaic system which 
has been purported to utilise carbon nanotubes in photocur-
rent generation. A typical device has architecture similar to that 
of a single junction crystalline silicon solar cell with the excep-
tion that the emitter layer is replaced by a thin fi lm of single, 
double or multi walled carbon nanotubes (SWNTs, DWNTs or 
MWNT’s). The exact mechanism of operation of such cells is not 
well established however the operation mechanisms mentioned 
in the literature fall into two categories;    1) The mechanism is that 
of a  p-n  heterojunction solar cell ( Figure    2  a and Figure  2 c), with 
the nanotubes acting as the p-type emitter material. Photons are 
absorbed mainly in the n-type silicon base region with resulting 
excitons diffusing to the space-charge region where they are 
separated into free charge carriers under the action of the built 
in potential formed by Fermi level equilibration at the junction. 
Photons can also be absorbed in the p-type nanotube region but 
since the nanotube fi lms typically have 85 + % transmittance this 
is not expected to be the dominant charge generation process. 

    Figure  1 .     a) Unrolled graphene sheet showing the geometry of the (4,2) nanotube. The vectors OA and OB defi ne the chiral and translational vectors  C h   
and  T , respectively, and the rectangle OAB’B defi nes the unit cell; O, A, B and B’ are reference atoms,  a 1  ,  a 2   are the graphene lattice real basis vectors 
and  θ  is the chiral angle. [  9  ]  Schematic of the electronic density of states (DOS) of (b) semiconducting and (c) metallic zigzag SWNTs showing valence 
and conduction bands, v i  and c i , and optically active electronic transitions, S ii  and M ii .  
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     2) The mechanism is that of a  Schottky  junction solar cell, or the 
closely related metal insulator semiconductor (MIS) [  50  ]  solar cell 
(Figure  2 b,d). A  Schottky  junction is formed between a metal 
and a semiconductor [  51  ]  and can be employed as a solar cell 
device. [  52  ]  In this confi guration the nanotubes act as the metal, 
a thin SiO x  passivation layer on the silicon surface serves as the 
insulator (for MIS) and the n-type silicon is the semiconductor 
base region. Photons absorbed in the base region produce exci-
tons which diffuse to an inversion layer created in the silicon 
adjacent to the Si/SiO x  or Si/metal junction. Charges are sepa-
rated by the built in potential formed between the metal or SiO x  
(which has a Fermi level pinned to that of the adjacent metal) 
and the silicon. Once the charges are separated tunnelling is 
the mechanism of minority carrier transport through the thin 
insulating oxide layer of the MIS solar cell.    

 In fact, unlike in a bulk silicon  p-n  homojunction there 
are a great multitude of tiny nanotube-silicon heterojunc-
tions, which are then further complicated by the presence of 
a distribution of nanotube chiralities. To date most NSH solar 
cells have employed inhomogeneous mixtures of metallic and 
semiconducting nanotubes and hence a combination of opera-
tion mechanisms is possible. It is tempting to presume that 
a device constructed with only semiconducting nanotubes 
would behave as a  p-n  junction solar cell whilst one with only 
metallic nanotubes would behave as a  Schottky  or MIS solar 
cell depending on the presence of an intermediate insulating 
layer.   

 3. Nanotube–Silicon Heterojunction Solar Cells 

 Although not an exhaustive list, the work detailed in the fol-
lowing covers some important and intriguing fi ndings in the 
fi eld and is summarised in  Table    1  ,  2 , and  3 . The reporting 
of NSH solar cells began in 2007 with Wei et al., [  54  ]  who dem-
onstrated a 1.3% effi cient device. In the design of Wei et al. 
DWNTs were deposited on n-silicon substrates via H 2 O expan-
sion and subsequent aqueous fi lm transfer of an as-grown 
chemical vapour deposition (CVD) fi lm as shown in  Figure    3  a. 
Wei et al. also demonstrated the importance of appropriate elec-
trical contact to the bottom of n-Si substrate, an obvious con-
tributing factor to series resistance. By depositing a Ti/Pd/Ag 
layer, which has good adhesion to, and forms good ohmic con-
tacts with, silicon, the measured short circuit current density 
( J SC  ) was enhanced by a factor of 10 compared with the use of 
silver paint as contact. However, overall PCE was low due to a 
poor fi ll factor ( FF ) of 0.19 as can be seen in Figure  3 b. Benham 
et al. [  55  ]  probed the fundamental properties of nanotube-silicon 
junctions showing that tunnelling is the dominant mechanism 
of charge transport through untreated nanotube fi lms at room 
temperature whilst, at temperatures above  ∼ 240 K, thermionic 
emission dominates.     

 Jia et al. reported a signifi cant step forward from their 
2007 work upon demonstrating a 7.4% effi cient DWNT/n-Si 
device. [  56  ]  The DWNT fi lm was prepared and deposited as in 
the earlier work. The higher effi ciency relative to the earlier 
work can be attributed to a lowered series resistance. This was 

    Figure  2 .     Device schematics and energy diagrams for  p-n  (a,c) and MIS (b,d) solar cells. The examples assume an electron affi nity, work function and 
band gap for semiconducting carbon nanotubes of 4.26 eV, 4.76 eV, and 0.7 eV, respectively, a work function for metallic carbon nanotubes of 4.76 eV, 
and an electron affi nity and band gap for silicon of 4.01 eV and 1.12 eV, respectively. The nanotube Fermi level is assumed to be  ∼ 0.1 eV below the 
middle of the bandgap due to oxygen adsorption and a dopant concentration of  ∼ 10 15  cm  − 3  is assumed in silicon yielding a Fermi level  ∼ 0.25 eV below 
the conduction band edge. Adapted with permission. [  53  ]  Copyright 2011, American Institute of Physics.  
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   Table  1.     Summary of literature reports of NSH solar cells. 

Publication details Cell properties

# Year Author Journal Subject Active area 
[cm 2 ]

J sc  
[rnA.cm  − 2 ]

V oc  
[V]

FF  η  
[%]

Rs
[ Ω ]

R SH  
[ Ω ]

Rectifi cation 
ratio

Ideality 
Factor

J rev.sat 

[mA.cm   − 2  ] 

 n 1   n 2  

1 2007 Wei Nano. Lett. DWNT solar ells 0.49 13.8 0.5 0.19 1.4 30 – 200 – 5  ×  10 2 – – 0.03

2 2008 Jia Adv. Mat. NSH solar cells 0.49 26 0.54 0.53 7.4 13 20 10 3 3.68 2.62 –

3 2008 Li Appl. Phys. Lett. SOCl 2  enhanced 

photo of NSH cells

0.25 21 0.48 0.28 1.3 – – 10 2 – – 0.05

4 2009 Li ACS Nano Light harvest high 

density NSH cells

0.25 26.5 0.49 0.35 4.5 16 – 4  ×  10 2 – – 0.03

5 2010 Jia Mat. Res. Bull. CNT fi lms fi ltration 

NSH cells

0.49 18.6 0.53 0.42 4.1 – – – – – –

6 2010 Ong Nanotechnology Hybrid NSH cells 0.25 14.6 0.37 0.3 1.7 150 7 – 3.75 – –

7 2010 Wadhwa Nano. Lett. Electronic junction 

control NSH cells

0.08 25 0.55 0.79 10.9 – – – – – –

8 2011 Jia Nano. Lett. High eff. NSH cells 

acid doping

0.09 36.3 0.53 0.72 13.8 25 – – 1.4 – –

9 2011 Jia Appl. Phys. Lett. Encapsulated NSH 

MIS cells 10%

0.09 29 0.56 0.68 10.9 65 – 1.2  ×  10 5 1.44 – –

10 2011 Wadhwa Nano. Lett. Electrolyte-induced 

inversion schottky

0.08 29.8 0.55 0.73 12.0 – – – – – –

   Table  2     Summary of literature reports of NSH solar cells. 

Nanotubes Front Content Back Content

# Type Source Chirality 
(n,m)

Diameter 
[mn]

Thickness 
[nm]

R sheet  
[ Ω .sq  − 1 ]

Deposition 
Method

Treatment T 550  
[%]

Type Thickness 
[nm]

Type Thickness 
[ μ m]

1 DWNT CVD – – 50 0.5 – 5 Aqueous fi lm 

transfer

H 2 O 2 /HCl  > 60 Ag – Ti/Pd/Ag 2

2 DWNT CVD – 2 20-50 – Aqueous fi lm 

transfer

H 2 O 2 /HCl  > 60 Ag – Au/Ti 0.01

3 SWNT HiPCO – 0.6–1.1 – 170 Spray SOCl 2 69 – – – –

4 SWNT – (6,5) (7,5) –  ∼ 250  ∼ 500 Spray SOCl 2 57 Ag – Ag –

5 DWNT CVD – – – 282 MCE – 91 Ag – Ti/Au 50

6 SWNT HiPCO (7,6) (8,6) 0.9 20000−30000 1000 Spray – 83 Ag – Cr/Au 0.02/0.15

7 SWNT – –  ∼ 45 – MCE – – Cr/Au 5/80 HF/Galn/Steel –

8 SWNT CVD – – –  < 200 Free transfer HNO 3  > 85 – – Ti/Au –

9 SWNT CVD – – – 97 Free transfer HNO 3 – – – Ti/Au –

10 SWNT – – – −45 – Free transfer – – Cr/Au 5/80 HF/Galn/Steel –

obtained in part by replacing the relatively thick isinglass (mica) 
front window with a thin SiO x  window etched using photo-
lithography. Reducing front window thickness has the effect 
of reducing bending/stretching of the nanotube fi lm over the 
step that exists between the front window and the silicon active 
area. The lower series resistance gave a gain in  J SC   from 13.8 to 
26 mA cm  − 2  and an increase in  FF  from 0.29 to 0.53 compared 
to the earlier work. 

 Subsequently other groups have utilised alternative methods 
to deposit thin fi lms of carbon nanotubes on n-type silicon. 

Li et al. [  57  ]  reported a NSH solar cell employing a SWNT fi lm 
spray coated using an airbrushing technique from a dimeth-
ylformamide (DMF) suspension. Final devices were found to 
afford an effi ciency of 1.3%. Li et al. investigated carbon nano-
tube fi lm post-treatment methods in order to increase device 
effi ciency. Hall Effect measurements showed that post-treat-
ment of the SWNT fi lms with SOCl 2  leads to increases in carrier 
density and effective mobility from 3.1  ×  10 15  to 4.6  ×  10 17  cm  − 2  
and 0.23 to 1.02 cm 2  V  − 1  s  − 1 , respectively. Quoting the authors, 
“The major conduction mechanism of the SWNT coating 
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network shifted from variable range hopping toward tunnelling 
after the SOCl 2  treatment. The SOCl 2  treatment of SWNT fi lms 
also leads to a slight increase in the open-circuit voltage and 

   Table  3.     Summary of literature reports of NSH solar cells. 

Silicon Notes

# Plane Dopant concentration 

[atoms cm  − 3 ]

Resistivity 

[ Ω  cm]

Treatment Thickness 

[ μ m]

Oxide 

[nm]

1 – – – HF 525 – Series resistance reduced by deposited Ti/Pd/Ag on 

back contact instead of silver paint

2 – 10 15 -10 16 2–3 HF – – Improvement over #1 through replacing 2  μ m 

Ti/Pd/Ag with 10 nm Au/Ti

3 – – – – – – Carrier density and effective mobility measurements 

(Hall Effect) before and after SOCF

4 – – – – – – Improvement over #3 through device optimisation

5 – – – HF – – Correlation of fi gure of merit (FM) for transparent, 

conductive thin fi lms with PCE of NSH solar cells

6  < 100 > – 0.01 HF – – Photocurrent spectra - SWNT take part in photo-

generation, compare centrifugation fractions

7 – 10 14 –10 15 4-20 BOE – 1000 Electronically gated with IL

8 – 10 15 –10 16 2-4 HF – – Nitric acid soaked nanotubes (0.1–0.5M)

9 – 10 15 –10 16 2-5 HF – – Oxide interlayer MIS design, PDMS encapsulation 

reduces refl ection

10  < 111 > 10 15 – BOE – 4 Electronically gated with IL, line-etched CNT’s

    Figure  3 .     a) Schematic showing the fabrication process for DWNT/n-Si 
solar cell device and b) J-V data. Adapted with permission. [  54  ]  Copyright 
2007, American Chemical Society.  

a signifi cant increase in the short-circuit current through read-
justing the Fermi level and enhancing the carrier density and 
mobility.” Li et al. subsequently published a paper reporting 
a trebling of effi ciency for similarly constructed, SOCl 2  post-
treated devices [  58  ]  and further characterised the performance of 
devices fabricated by transferring an as-grown nanotube ‘spider 
web’ onto silicon. [  59  ]  The effect of SOCl 2  on SWNTs has been 
relatively well-studied and it has been shown to be a very good 
p-type dopant for SWNTs that increases conductivity in part 
by shifting the nanotube Fermi level into the valance band. [  17b  ]  
However, SOCl 2  treatment bleaches the S 11  transition in sem-
iconducting nanotubes and it is unclear what effect this may 
have on the mechanism of action of NSH devices. It may well 
be that some devices function as  p-n  junctions before post treat-
ment but then switch to (in this case much better performing) 
Schottky junction devices after the post treatment gives the 
nanotubes metallic characteristics. 

 Jia et al. [  60  ]  reported a nanotube deposition method employing 
vacuum fi ltration onto mixed cellulose ester (MCE) membranes 
with subsequent removal of the MCE by dissolving in acetone. 
The MCE deposition method was used for SWNTs and MWNTs 
but aqueous fi lm transfer of a self-assembled fi lm (as per their 
prior work [  54  ,  56  ] ) was used for DWNTs. Considering the sensi-
tivity of nanotube fi lms’ electrical characteristics to fi lm mor-
phology, this renders the comparison of these three fi lms’ per-
formance in NSH solar cells less certain than would be the case 
if MCE deposition was also used for DWNTs. The report anal-
yses the effect on performance of varying the area density of 
nanotubes. It was found that SWNT fi lms outperform MWNTs 
only when the density is low, which is interpreted as indicating 
that optical transmittance is the most important variable in 
comparing SWNTs and MWNTs. The authors also correlate a 
fi gure of merit (FM) for transparent, conductive fi lms with the 
PCE of NSH solar cells. The FM is defi ned in  Equation 2  as;
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F M = T550(%)

Rs

(
�

sq

)
 
 (2)   

where  T 550   is the optical transmittance for   λ    =  550 nm and 
 R S   is the sheet resistance (not to be confused with the series 
resistance which shares the same nomenclature). It was found 
that the FM is proportional to PCE such that increasing fi lm 
transparency or decreasing sheet resistance yields higher device 
effi ciency. Optical transparency is increased for thinner fi lms 
whereas the sheet resistance is decreased for thicker fi lms. 
Thus at some point there must be a trade-off between these two 
variables with the optimal thickness likely constrained by the 
optimisation of other cell parameters. It is also interesting to 
note that  T   ∼  e  −     α d  , where   α   is the attenuation coeffi cient and  d  
is the fi lm thickness, and  R   ∼  1/ d . Thus, the FM is apparently 
dominated by the exponential dependence of  T  on  d  and only 
for very thin fi lms does  R s   dominate. Even though the nano-
tube fi lms are indeed very thin, this dependence of the PCE on 
the FM would seem to suggest that the role of the nanotubes 
is more that of a transparent, conducting fi lm rather than as 
photoactive material. The effect of nanotube fi lm thickness has 
also been investigated by Castrucci et al. [  61  ]  who similarly found 
that the density of the nanotube fi lm (number of nanotube-sil-
icon junctions) is a vital parameter in optimising performance. 

 In relation to the question of the mechanism of action of 
these devices, Ong et al. [  62  ]  made an important contribution, 
reporting that for their NSH cells “comparison of the photo-
current with the near infrared (NIR) absorption spectra clearly 
indicates an excellent matching of the S 11  band (corresponding 
to the fi rst interband transition for SWNTs with (7,6) and (8,6) 
chirality) with the photocurrent band located at  ∼  1150 nm.” 
Thus, “the SWNT fi lm contributes to the photoconversion 
process not only as a charge separator/transporter/collector 
but also as a light absorber. This is an important fact, distin-
guishing between a heterojunction solar cell with two active 
light absorbing components and a  Schottky  cell, where the 
metal component is not capable of absorbing photons”. The 
data in  Figure    4  b shows a small shoulder on the low energy 
side of the silicon photoresponse that is  ∼  50 nm lower in 
wavelength than the relevant peak in the nanotube absorption 
spectrum (Figure  4 a). The photocurrent due to silicon drops off 
sharply as the photon energy is increased. Le Borgne et al. [  63  ]  
observe a similar, but smaller, drop in the high energy region of 
the photocurrent spectrum however, comparison with a silicon 
only cell shows a small improvement in the UV response corre-
sponding with the   π - π  ∗   transitions of the nanotubes. Nanotube 
fi lms are known to produce photocurrents when deposited on 
semiconductor substrates (independent of any substrate photo-
current) [  64  ]  so, if there is a contribution from the nanotubes in 
Figure  4 b then this seems to imply that the underlying mecha-
nism of the nanotube-silicon architecture is that of a  p-n  junc-
tion not a  Schottky  junction. A rigorous study of the capacitance 
of nanotube-silicon junctions would likely shed more light on 
the issue.  

 In related work, Tsolov et al. [  65  ]  reported the mid-IR response 
of a silicon-carbon nanotube photodiode fabricated by CVD 
growth using an anodised aluminium oxide (AAO) template 
method on phosphorous doped n-type silicon ( Figure    5  a). 

Whilst the use of a template is demonstrated as a facile 
method for producing aligned nanotube arrays on silicon it is 
claimed that the broad photocurrent response observed to span 
 ∼ 1.5–10  μ m is due to the absorption of photons and genera-
tion of excitons by the nanotubes themselves. However this 
feature in the photocurrent spectrum could be due to free 
carrier absorption in the silicon as reported by Spitzer [  66  ]  
(Figure  5 b) and Schroder. [  67  ]   

 Comparison of Figure  5 a and b reveals the presence of three 
features at  ∼ 0.75 eV, 0.9 eV and 0.95 eV in (a) which are not rep-
resented in (b). These features are too far from the absorption 
band edge of silicon (1.12 eV) to be due to the silicon and might 
originate from the nanotubes. However MWNTs such as those 
used have not been shown to exhibit such well-defi ned absorp-
tion characteristics. On the contrary MWNTs are renowned for 
having rather broad featureless absorption spectra due to the 
complex mixing of states resulting from interactions between 
chirally dissimilar walls. It is also worth noting that a similar 
feature is observed on the low energy side of the silicon absorp-
tion as in the later work of Ong. [  62  ]  However the data of neither 
Tsolov nor Ong conclusively proves whether the nanotubes are 
contributing to the photocurrent of these devices. This ques-
tion could likely be answered by an experiment similar to Ong’s 
whereby cells are fabricated with larger diameter nanotubes 
where the energy of the fi rst excitonic transition  <  <  absorp-
tion onset of silicon (e.g. 1400 nm) and the spectral response 
of such devices is measured. In this case any contribution from 
the nanotubes should be easily resolved. 

 Wadhwa et al. [  68  ]  report a novel method of improving NSH 
solar cells through electronic junction control of a SWNT/n-
Si device by the use of a gate potential applied to the junction 

    Figure  4 .     a) UV–vis–NIR spectra of SWNT fi lms on glass, b) photocur-
rent spectra showing current peak corresponding to SWNT’s S 11  transi-
tion. Reproduced with permission. [  62  ]  Copyright 2010, IOP Publishing.  
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via the ionic liquid electrolyte 1-ethyl-3-methylimidazolium 
bis(trifl uoromethylsulphonyl)imide (EMI-BTI) ( Figure    6  ). The 
device exhibited a PCE of 8.5% which was dynamically and 
reversibly adjusted to between 4 and 11% by electronic gating. 
The mechanism of action of the electronic junction control is 
explained by considering the gate-induced modulation of the 
nanotube Fermi level and the gate-modulated enhancement or 
suppression of the interface dipole at the junction. Of course 
this argument would apply to both  Schottky  (metallic nanotubes) 
and  p-n  (semiconducting nanotubes) junction solar cells.  

 Jia et al. [  69  ]  has achieved the highest effi ciency so far with a 
PCE of 13.8% by in situ doping of the nanotube fi lm with 0.5 M 
HNO 3 . The untreated device exhibited a PCE of 6.2% and the 
improvement was due to an increase in  J SC   from 27 mA cm  − 2  
to 36 mA cm  − 2  coupled with an increase in the  FF  from 0.47 to 

0.72. Even after drying of the acid solution the cell maintained a 
higher effi ciency than the original. Nitric acid doping of SWNT 
membranes has been shown to both decrease the tube-tube 
resistance and shift the Fermi level down towards the valance 
band (p-doping) [  70  ]  and these fi ndings are used to explain to the 
observed increases in effi ciency. Whilst decreasing the series 
resistance is necessary for a large  FF , the observation of a slight 
decrease in  V OC   is incongruent with p-doping. An increase in 
 J SC   with nitric acid treatment is explained by considering the 
nanoscale structure of the junction, which is composed of 
many tiny junctions and leads to some nanotubes having no 
contact at all with the underlying silicon. It is proposed that the 
HNO 3  can play the part of an electrolyte, effectively bridging 
these ‘unconnected’ nanotubes to the silicon and allowing for 
the rapid shuttling of charge back and forth between tube and 
substrate. These Si-acid-SWNT units in the pores of the mem-
brane form tiny photoelectrochemical cells where the silicon 
is the anode and the SWNTs are the cathode. This proposal is 
verifi ed by showing that a similar (wet state) device in which 
the nanotubes and the silicon are separated by a distance of 
300 nm also produces an appreciable photocurrent. Further 
support is given to the hypothesis by replacing the HNO 3  with 
an aqueous solution of NaCl. In this case a similar increase in 
the current density is also observed but, since the NaCl does 

    Figure  5 .     a) Mid-IR photocurrent response of AAO-templated aligned 
carbon nanotube array on silicon. Reproduced with permission. [  65  ]  Copy-
right 2007, American Chemical Society. b) IR absorption spectra of n-type 
silicon doped with: 1 arsenic (N d   =  1.4  ×  10 16  cm  − 3 ), 2 antimony (N d   =  
8.0  ×  10 16  cm  − 3 ), 3 antimony (N d   =  1.7  ×  10 17  cm  − 3 ), 4 phosphorous (N d   =  
3.2  ×  10 17  cm  − 3 ). Adapted with permission. [  66  ]  Copyright 1957, American 
Physical Society.  

    Figure  6 .     a) Schematic of electrically-gated NSH solar cell; b) schematic 
of charge distribution during gated operation; c) J-V characteristics of the 
device with varying gate voltage [Inset shows the change in built in poten-
tial V bi  due to more or less silicon band bending with gate voltage]. Adapted 
with permission. [  68  ]  Copyright 2010, American Chemical Society.  
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not have the ability to reduce the series resistance or dope the 
nanotubes, there is no corresponding increase in  FF . 

 In another work by Jia et al., [  53  ]  encapsulation of the active 
area by the insulating polymer polydimethylsiloxane (PDMS) is 
shown to increase effi ciency whilst providing greatly improved 
device stability. Additionally, it is shown that the formation of a 
thin SiO x  layer inbetween the SWNTs and the underlying silicon 
leads to gains in  V OC  . A schematic of the encapsulated device 
and fabrication steps is shown in  Figure    7  a. The gains in  V OC   

shown in Figure  7 c are provided via the formation of the thin 
insulating oxide layer and can be understood by considering 
the effect the oxide has upon majority carrier transport across 
the junction. Majority carriers can surpass the potential barrier 
at the junction by thermionic emission but this process is sup-
pressed in the presence of the oxide (while the minority car-
rier current across the junction via tunnelling would be largely 
unaffected). This reduces recombination between majority and 
minority carriers and hence the increased  V OC  . Clear evidence 
for this is given by the reduction in dark current density at −1 V 
from 1.2  ×  10  − 3  to 6.2  ×  10  − 4  mA cm  − 2  after HNO 3  oxidation 
(Figure  7 d). Additionally, minority carrier lifetime is increased 
from 14  μ s to 19  μ s after oxide formation whilst the bulk life-
time remains constant indicating that this is a surface effect. 
Presumably the increase in lifetime is due to the passivation 
of surface trap states and reduction in the frequency of recom-
bination events. PDMS encapsulation is shown to improve the 
stability of the devices (Figure  7 c) although a slight reduction in 
performance observed in the 20 day period which is attributed 
to the growth of an oxide layer that becomes too thick for tun-
nelling. Oxidation might be suppressed by hermetically sealing 
the device in an oxygen-free environment. PDMS encapsula-
tion increases cell effi ciency by reducing the refl ectance from 
 ∼ 35–40% for silicon and silicon-SWNT to  ∼ 10% for the encap-
sulated device ( Figure    8  d).   

 It is suggested that the SWNT-oxide-Si resembles a tradi-
tional MIS structure and an energy band diagram is proposed, 
but this confl icts with the earlier work by Ong [  62  ]  where the 
SWNTs appear to display a photocurrent response. An analysis 
of the photocurrent spectra would perhaps shed light on this 
but such measurements can be problematic. This is due to 
two factors; 1) the SWNT fi lm has very high transmittance and 
is thus expected to produce only a small fraction of the total 
photocurrent and 2) if the nanotube chirality is such that the 
position of the S 11  transition overlaps the absorption range of 
the silicon such a small contribution may be diffi cult to eluci-
date. Nevertheless, if the nanotubes have been shown to pro-
duce a photocurrent when in the NSH architecture then this is 
incompatible with the proposed MIS mechanism. 

 Wadhwa et al. [  71  ]  extend previously reported work by engi-
neering a grid pattern in the nanotube layer through oxygen 
plasma etching. A modest improvement in PCE from  ∼ 11% 
to  ∼ 12% is observed via this strategy. In this work the junc-
tion electrostatics are modelled showing that the mere pres-
ence of the ionic liquid EMI-BTI induces a depletion layer in 
the silicon without any applied gate voltage. This fi nding is 
commensurate with the observation of a prompt improvement 
in performance immediately upon introduction of the elec-
trolyte. Although an electrolyte is used in the cell the authors 
are careful to distinguish between this architecture and that 
of a photoelectrochemical liquid junction cell (e.g., Grätzel 
cell [  72  ] ) in which the electrolyte plays the part of a redox shuffl e 
between photoanode (silicon) and cathode (the nanotubes). 
This mechanism is precluded by the deliberately chosen large 
electrochemical window of the EMI-BTI electrolyte (−2.6 to 
2.0 V vs. Fc/Fc  +  ). Thus the necessary depletion layer in the 
silicon is set up by the accumulation of negative ions at the 
surface. The cell is similar to the grating MIS cells reported 
by Godfrey and Green in 1978 [  73  ]  and the mechanism of action 

    Figure  7 .     a) Schematic of device fabrication; b) J-V characteristics of the 
NSH cells before and after oxide formation and after encapsulation with 
PDMS; c) change in J-V characteristics of the PDMS encapsulated device 
over 20 days in air; d) refl ectance data for the cells. Adapted with permis-
sion. [  53  ]  Copyright 2011, American Institute of Physics.  
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of the grating is reasonably assumed to be as in those devices 
whereby there is photogeneration of excitons in the silicon 
which then travel along the surface until reaching a junction 
where the grid lines are. It is suggested that the increase in 
performance is due to the blocking of majority carrier current 
by the strong surface dipole setup by the accumulation of neg-
ative ions repelling electrons. This may also be relevant for the 
nitric acid doped work of Jia et al. whereby some of the per-
formance gains in those works could be due in part to a sim-
ilar build-up of NO 3   −   ions at the junction providing majority 
carrier blocking in addition to that of the oxide layer. Chen, 
et al. [  74  ]  have continued this work, modelling of the effect of 
the ionic liquid on inversion layer properties and furthermore 
demonstrating signifi cant improvements in device perform-
ance by the introduction of a highly doped back contact region. 
Such back contacts are shown to function as hole blocking 
layers, improving carrier separation and lowering surface 
recombination thus providing gains in both short circuit cur-
rent density and fi ll factor. 

 It is clear that carbon nanotube fi lms function, at least, as 
transparent conducting front electrodes. Carbon nanotube fi lms 
have been used similarly in amorphous silicon solar cells, [  75  ]  
heterojunction solar cells of quantum dots and silicon, [  76  ]  on 
silicon nanowires with [  77  ]  and without [  78  ]  photoactive polymers, 
as well as enhancing the performance of ‘standard’  p-n  junction 
silicon solar cells. [  79  ]  Photovoltaic output from NSH cells can be 
improved by the addition of graphene ‘patches’ to the nanotube 
fi lm [  80  ]  and by fl owing gasses over the surface of the nanotube 
fi lm, an effect that has been explored in the fabrication of gas 
sensors. [  81  ]  

 Svrcek et al. [  82  ]  introduced a new branch in 
the NSH solar cell fi eld by combining semi-
conducting SWNTs with silicon nanocrystals 
(Si-ncs) in a bulk heterojunction (BHJ) device 
(Figure  8 a). This architecture differs from the 
nanotube-(planar) silicon case in that both 
the nanotubes and the silicon are of nano-
scale dimension, with the Si-ncs having a 
diameter of  ∼ 3 nm. Another important differ-
ence is that, in contrast to nanotube-(planar) 
silicon devices which only generate power 
when the silicon is n-type, these BHJ devices 
only display a strong photocurrent when the 
Si-ncs are p-type (in n-type devices the short 
circuit current density is  ∼ 2 orders of magni-
tude smaller). The nanotubes were enriched 
in semiconducting chiralities by interaction 
with the p-type polymer poly-9,9-di-n-octyl-
fl uorenyl-2,7-diyl (PFO) followed by ultra-
centrifugation. Comparison of the absorp-
tion spectra of PFO-wrapped nanotubes in 
Figure  8 b with the external quantum effi -
ciency (EQE) data in Figure  8 c shows unam-
biguously that the wrapped nanotubes 
contribute to the observed photocurrent, 
although contributions from both the Si-ncs 
and the PFO are also observable. In Figure  8 d 
discrete photocurrent peaks are assigned to 
the individual nanotube chiralities present 

and show that the introduction of Si-ncs preferentially enhances 
the photocurrent due to smaller diameter, larger band gap 
nanotubes. The proposed mechanism of charge transfer from 
Si-ncs to SWNTs is supported by the observation of photolumi-
nescence quenching (by a factor of  > 2) in Si-ncs upon addition 
of SWNTs. 

 In different but related work, Bindl et al. [  83  ]  combine sem-
iconducting SWNTs with C 60  in a device that builds on their 
prior carbon nanotube photodetector work. [  84  ]  This differs from 
other work involving nanotubes and fullerenes in that, in this 
work, it is the nanotubes that do the primary work of absorbing 
light energy rather than the fullerenes or other species com-
plexed to them. As in the later work of Svrcek et al. both the 
nanotubes and semiconductor are of nanoscale dimension 
and the thermal deposition method employed for the C 60  pro-
duces a conformal covering on the nanotube layer ( Figure    9  a). 
Importantly, the devices incorporate an exciton blocking layer 
of bathocuproine (BCP) between the C 60  and the silver cathode. 
Comparison of the data in Figure  9 b,c shows a clear correla-
tion between the S 11  absorption bands and the EQE of the 
devices, providing strong evidence of light harvesting by the 
nanotubes. The excitation of the smaller diameter nanotubes 
produces better device performance and there is a cut-off for 
the nanotube diameter above which excitation of these nano-
tubes yields signifi cantly reduced performance. This is related 
to the band offset at the nanotube-C 60  junction resulting in 
a positive driving force  Δ E for C 60  junctions with the smaller 
diameter, larger bandgap nanotubes and this effect has also 
been demonstrated elsewhere. [  35f  ,  85  ]  It is shown that semicon-
ducting-enriched nanotubes clearly outperform mixtures of 

    Figure  8 .     a) Device schematic; b) optical absorption spectrum of the PFO-wrapped SWNTs; 
c) spectrally resolved short circuit external quantum effi ciency (EQE) of devices with (red/grey) 
and without (black) Si-ncs; d) normalised EQE showing peak assignments to fi rst and second 
excitonic transitions in semiconducting SWNTs, the third line indicates overlap with the silicon 
absorption. Adapted with permission. [  82  ]  Copyright 2011, American Chemical Society.  

Adv. Energy Mater. 2012, 2, 1043–1055



1053

www.MaterialsViews.com
www.advenergymat.de

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com

P
R
O

G
R
ES

S
 R

EP
O

R
T

    Figure  9 .     a) Device schematic; b) absorption spectra of mixed (dashed) and semiconducting-enriched (solid) nanotube solutions (top) and fi lms 
(bottom); c) EQE of devices fabricated with mixed (dashed) and semiconducting-enriched (solid) nanotubes. Adapted with permission. [  83  ]  Copyright 
2010, American Chemical Society.  

semiconducting and metallic nanotubes (Figure  9 d). It is found 
that effi ciency is limited by the relatively short diffusion length 
which is estimated to be  ∼ 3 nm. This short diffusion length in 
the membrane may be due to the insulating effect of the PFO 
wrapping agent inhibiting tube-tube transfer. If so the devices 
may be improved by removing the PFO prior to deposition of 
the nanotubes, if possible. It would also be of interest to investi-
gate the effect of post treatment of the nanotube fi lms (prior to 
C 60  deposition) with thionyl chloride or nitric acid. This would 
presumably increase the charge transport capability of the nano-
tubes although, since both treatments can bleach the optical 
absorption of nanotubes, they may be detrimental to perfor-
mance. The fact that the nanotubes’ discrete absorption ranges 
produce correspondingly discrete features in the spectrally 
resolved EQE is an inherent disadvantage in solar cell devices 
where it is desirable for the photoactive layer to absorb across 
the useful spectrum of solar radiation. However, a multijunc-
tion device comprising an appropriately engineered stack of 
nanotube chiralities can be envisioned whereby the individual 
absorption ranges of the component layers could be tailored 
such that the complete device exhibits a net absorption covering 
the desired spectral range.    

 4. Summary 

 Properties of carbon nanotubes make them promising can-
didates for incorporation into future low cost photovoltaic 
devices. From early reports of  ∼ 1% power conversion effi ciency, 
the fi eld of nanotube-silicon heterojunction solar cells has rap-
idly seen performance gains up to  ∼ 11% for ‘dry’ cells and cells 
employing electrolyte assisted junction control, and up to  ∼ 14% 
for cells doped in situ with nitric acid. However the mechanism 
of action is still unclear, with fi ndings such as the fi gure of 
merit established by Jia et al. suggesting  Schottky/MIS  whilst 
the photocurrent spectra of Ong et al. may suggest  p-n  char-
acteristics. The polychirality of nanotubes employed in many 
of the devices reported so far certainly confounds this issue 
and thus as chirality sorted material becomes more available 
to the nanotube research community we anticipate measure-
ments on devices employing purely metallic or semiconducting 
nanotubes. Post treatment of nanotube fi lms with strong oxi-
disers and oxidising acids has been shown to markedly improve 

device performance through reduction in fi lm resistivity and 
adjustment of the nanotube Fermi level. The use of ionic 
liquid electrolytes to provide electronic junction control has 
been demonstrated to be an effective method of signifi cantly 
improving the performance of nanotube-silicon heterojunction 
solar cells although it is unlikely this could see practical appli-
cation in commercial devices. Furthermore, one may argue 
that the addition of nanotubes to silicon solar cells that already 
exhibit effi ciencies in excess of  ∼ 24% is unhelpful. However it 
must be noted that, compared to several decades of very exten-
sive research into silicon solar cells, this is still quite a new, and 
relatively small, research area and as such it is worthwhile to 
investigate these devices further. Considering the apparent ease 
with which good effi ciencies have been achieved in a short time 
by a limited number of researchers it is likely that signifi cant 
potential exists in the fi eld. As clearly demonstrated, carbon 
nanotube fi lms function well as transparent, conducting front 
electrodes and as such could at least offer improved perfor-
mance of silicon solar cells through reduced optical shading. 
The ability of carbon nanotubes to harvest light when combined 
with silicon nanocrystals or C 60  in solid state devices has been 
unequivocally demonstrated but it remains to be seen whether 
or not this is ever true in the case of nanotubes combined with 
planar monocrystalline silicon.  
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Abstract 
Carbon nanotube–silicon solar cells are a recently investigated photovoltaic architecture with 
demonstrated high efficiencies. Silicon solar-cell devices fabricated with a thin film of conductive 
polymer (polyaniline) have been reported, but these devices can suffer from poor performance due 
to the limited lateral current-carrying capacity of thin polymer films. Herein, hybrid solar-cell devices 
of a thin film of polyaniline deposited on silicon and covered by a single-walled carbon nanotube 
film are fabricated and characterized. These hybrid devices combine the conformal coverage given 
by the polymer and the excellent electrical properties of single-walled carbon nanotube films and 
significantly outperform either of their component counterparts. Treatment of the silicon base and 
carbon nanotubes with hydrofluoric acid and a strong oxidizer  
(thionyl chloride) leads to a significant improvement in performance. 
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Single-Walled Carbon Nanotube/Polyaniline/n-Silicon Solar
Cells: Fabrication, Characterization, and Performance
Measurements
Daniel D. Tune,[a] Benjamin S. Flavel,[b] Jamie S. Quinton,[a] Amanda V. Ellis,[a] and
Joseph G. Shapter*[a]

Introduction

In recent years it has become clear that carbon nanotubes
(CNTs) show great promise as elements of photovoltaic sys-
tems. The huge diversity of CNTs means that their excellent,
and often unique, electrical and optical properties can be
finely tuned to suit specific application requirements. CNTs can
be both covalently and noncovalently functionalized allowing
the production of an almost limitless variety of macromole-
cules and supramolecular species. Coupled with the ability to
easily process them by using a variety of methods, these char-
acteristics have resulted in a plethora of research involving
their incorporation into light-harvesting structures and devices.
For example, CNTs have been employed in a range of organic
photovoltaics,[1] as elements of donor–acceptor hybrids in pho-
toelectrochemical cells with porphyrins,[2] phthalocyanines,[3]

quantum dots,[4] polyamidoamine dendrons,[5] fullerenes,[6] and
more, and in various roles in dye-sensitized solar cells.[7] CNTs
are known to exhibit many properties attractive in photovolta-
ics including direct band gaps, ballistic conduction,[8] moderate
and tunable binding energies,[9] and multiple electron–hole
pair generation from single photons.[10]

A widely researched application of CNTs in light-harvesting
devices is that in which randomly aligned films are employed
as transparent conducting electrodes. Recently, such films have

been applied to silicon-based photovoltaics in CNT–silicon
solar cells.[11] In these devices, a thin film of CNTs is deposited
on the surface of a moderately doped n-type silicon substrate.
At the points where the nanotubes contact the substrate, a lo-
calized depletion region is set up in the silicon substrate due
to Fermi level equilibration between the (moderately p-type)
CNTs and the silicon substrate. Under illumination, electron–
hole pairs photogenerated in the silicon base diffuse to these
regions, in which they are separated by the built-in potential,
with resultant holes transported through the CNT film to be
extracted into an external circuit. In the short time since initial
reports, the field of CNT–silicon solar cells has seen power-con-
version efficiencies of up to 14 % for small-area research
cells.[12] Similar efficiencies have been achieved with novel
strategies involving ionic-liquid-mediated gating of the CNT–
silicon junction electrostatics.[13] In addition to process im-
provements, the considerably improved performance of the
most recent devices relative to earlier reports is a result of
either the buildup of negative ions adjacent to the silicon sur-
face[13] or the presence of a thin oxide layer.[12] Both of these
have the effect of creating a more complete depletion region
in the silicon layer compared to the relatively inhomogeneous
region that exists when no ionic liquid/oxide is present. The
effect of the oxide on device performance has been further
studied[14] and shown to improve the shunt resistance, yielding
a reduced reverse bias saturation current, as well as shifting
charge transport across the interface from purely thermionic
emission to a mixture of thermionic emission and tunneling.
Recently, hybrid silicon–organic heterojunction solar cells of
poly(3,4-ethylenedioxythiophene) poly(styrenesulphonate)
(PEDOT:PSS) on n-type silicon surfaces modified with a regular
nanocone structure have been demonstrated with efficiencies
of about 11 %.[15] Herein, we examine high-efficiency hetero-
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junction solar cells, in which a thin layer of a conducting poly-
mer, polyaniline (PANI), is placed between the silicon base and
the CNTs. PANI–silicon heterojunction solar cells have been re-
ported previously,[16] but such devices can suffer from relatively
poor performance for silicon-based photovoltaics largely due
to the limited lateral conductivity of thin PANI films. This poor
conductivity is overcome in our devices by the presence of the
highly conductive transparent CNT film.

Results and Discussion

Figure 1 a shows an SEM image of the edge of the active area
after deposition of the CNT film (gold on the right). The film
contains wrinkles, which could be an imprint from the filter
paper or contraction due to the evaporation of water during
the film immobilization step. The film morphology on this
scale is that of a relatively isotropic randomly aligned CNT net-
work containing CNT bundles of about 15 nm in diameter (Fig-
ure 1 c). AFM measurements of the CNT films reveal an average
film thickness of about 35 nm (Figure 1 b).

Raman spectra of single-walled carbon nanotube (SWNT)
films on glass (Figure 2) show the characteristic modes. The
radial breathing mode (RBM) is located at a Raman shift of
167.6 cm�1. By the method of Alvarez et al. ,[17] which takes into

account tube–tube interactions when CNTs are present in the
bundled state, RBM was used to calculate the CNT diameter to
be about 1.4 nm, which is in good agreement with supplier
specifications. Of note is the small D-band at 1336 cm�1, giving
a D/G ratio of 0.023 and indicating that the CNTs used in this
study are relatively defect-free. This is in stark contrast to the
usual spectra obtained from HNO3-treated CNTs, which show
a much higher level of disordered carbon atoms (larger D/G
ratio). The low level of defects in these CNT films is likely due
to a reduced affinity of the TritonX100 surfactant for defective
CNT sidewalls, which means that centrifugation of the aqueous
SWNT/TritonX100 suspension removes all but the most defect-
free tubes.

Subsequently, the UV/Vis–near IR (NIR) absorption properties
of PANI and SWNTs were investigated (Figure 3). HF was used
to remove silicon oxide from the active area of the solar cell
devices. However, to obtain comparable UV/Vis–NIR measure-
ments from the films on glass, HCl was used in lieu of HF to
prevent damage to the surface of the glass substrate and/or
peeling of the CNT film. The presence of broad yet reduced
signals in the spectra of SWNTs (Figure 3 a) indicated that they
were not highly dispersed, which was in agreement with the
bundle sizes observed in SEM micrographs. Absorption signals
in UV/Vis–NIR spectra corresponded to SWNT excitonic transi-
tions for semiconducting and metallic CNTs with the absorp-
tion regions S11 and S22 located at about 1870 and 1040 nm, re-
spectively, and the region M11 at about 700 nm. Average CNT
diameter was again confirmed through the position of S11,
which is characteristic of CNTs of about 1.4 nm in diameter.[18]

A common method to improve the electrical properties of CNT
films is to expose them to SOCl2 (organic oxidizer). This has the
effect of hole-doping the CNTs [Eq. (1)]:

2 SOCl2 þ 4e� ! Sþ SO2 þ 4 Cl� ð1Þ

Following treatment with SOCl2, there is complete bleaching
of the S11 absorption region and a substantial decrease in the
intensity of region S22. Such bleaching of region S11 is consis-
tent with electron transfer from the top of the CNT valence
band to the organic oxidizer as previously observed.[19]

PANI films (Figure 3 b) show the expected p–p* absorption
in the UV region and the emeraldine base (EB) single peak at
550 nm, corresponding to a molecular exciton associated with
the quinone diimine structure of partially protonated polymer
in the compact coil conformation.[20] The compact coil confor-
mation is expected because PANI is spin-coated from dimethyl-
formamide (DMF) onto the highly hydrophobic silicon hydride
surface.[21] The dip below zero in absorbance is a minor back-
ground subtraction issue, but this does not qualitatively affect
spectra. After SOCl2 treatment the well-resolved signal at
550 nm is replaced by a broad absorption tail corresponding
to a Peierl’s gap in the expanded coil conformation of the per-
nigraniline base (PB), beginning at about 500 nm, with a signal
at about 800 nm and extending well into the IR region.[22] The
spectra of PANI–SWNT hybrid films (Figure 3 c) are a summation
of the individual component spectra as expected.

Figure 1. a) SEM image of the SWNT-coated silicon surface showing the
edge of the active area (silicon on the left, gold on the right) ; b) AFM image
of the SWNT membrane, from which thickness measurements were ob-
tained; c) magnified SEM image of the SWNT membrane shown in (a).

Figure 2. Raman spectrum of the SWNTs used, magnified to show all fea-
tures. Inset: full spectrum showing the intensity of the dominant G-band rel-
ative to other features.
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Regardless of post-treatment, PANI films all exhibit sheet-re-
sistance (Rsheet) values on the order of MW sq�1 (Table 1), con-
firming the poor conductivity of the films herein. In contrast,
untreated CNT films have Rsheet values that are lower by
a factor of about 104 and these are reduced further following
treatment with SOCl2 and acid. The hybrid films of PANI and
CNTs begin with Rsheet values that are almost double that of
films containing only CNTs (1300 and 850 W sq�1, respectively),
but after treatment these films exhibit relatively similar values
to the pure CNT films (310 and 270 W sq�1, respectively).

The light current-density–voltage (J–V) characteristics of cells
fabricated solely with PANI (Figure 4 a) show poor performance
with a power-conversion efficiency of about 0.005 %. This is
probably due to the aforementioned poor conductivity of PANI
films used herein, the effect of which is evident by the fact
that series-resistance (RS) values are on the order of kW. How-
ever, PANI films on a silicon base do exhibit the diode-like be-
havior expected for semiconductor–synthetic-metal systems.
After treatment with SOCl2 this behavior tends more towards
ohmic, whereas after HF treatment the device returns to
a more diode-like behavior, albeit with a reduced open-circuit
voltage.

The J–V characteristics of cells fabricated solely with CNTs
(Figure 4 b) initially show a conversion efficiency of about
0.13 %, which is higher than that of PANI cells by a factor of
about 102. However, the poor fill factor (FF) indicates that the
cells are substantially underperforming: the sigmoidal nature
of J–V curves has been shown to be a result of limited interfa-
cial electron transfer,[23] which could be due to the formation
of an oxide layer. After treatment of CNT films with SOCl2 the
efficiency is increased to about 0.9 %, predominantly through
an increase in the short-circuit current density (JSC), but with
a small increase in open-circuit voltage (VOC). Performance
gains through SOCl2 treatment of CNT–silicon heterojunction
solar cells have been reported previously.[24] The effect of SOCl2

on SWNTs has been relatively well-studied and it has been
shown to be a very good p-type dopant for SWNTs that in-
creases conductivity in part by shifting the CNT Fermi level
into the valence band (as evidenced in this study by the
bleaching of S11 absorption), and increases film conductivity by
reducing barriers at the tube–tube junctions.[25] After SOCl2

treatment, the conduction mechanism of the CNT films
switches from variable range hopping/thermionic emission
over tube–tube barriers to tunneling through them.[26] A fur-
ther brief treatment with dilute HF is sufficient to remove the
electron-transfer-limiting surface oxide and yields a doubling
of both JSC and FF which results in a substantial increase in
device performance up to about 3.4 %. The S-bend kink feature
is now absent in accordance with the improved interfacial elec-
tron transfer rate, however the FF is still rather low.

The J–V characteristics of hybrid devices using both PANI
and SWNTs are shown in Figure 4 c. Immediately apparent is
the improved FF and increased VOC values in all devices regard-
less of treatment. However, FF values of the devices before
treatment are still low. Because FF can be regarded as a mea-
sure of the ability of the cells to maintain charge separation,
this indicates a greater level of recombination occurring in the
untreated devices. Specifically, in the fresh devices under illu-
mination, RS is high (2.46 kW) and the shunt resistance (RSH) is
low (176 W). Neglecting the small contribution of the thin PANI
film in the vertical plane, RS can be attributed to the poor elec-
trical properties of the CNT film before SOCl2 treatment.
As shown in Table 1, Rsheet decreases substantially from 1300 to
310 W sq�1 and transmittance (T550) increases marginally from
75.2 to 76.8 % with SOCl2 treatment. The S-bend kink feature is
present in the fresh hybrid devices and after SOCl2 treatment,
but, as with the SWNT devices, disappears after the second

Figure 3. UV/Vis–NIR absorption spectra of a) SWNT membranes, b) PANI
films, and c) SWNT membranes on PANI films. Note the different scale in (b).
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acid treatment. If we assume that polyaniline protects the sili-
con substrate from oxidation, then the origin must result from
some change to polyaniline, the CNT film, or the CNT–polyani-
line junction. It is known that protonation of polyaniline–gra-
phene junctions improves interfacial charge transfer[27] and this
is likely also the case for CNT–polyaniline junctions. Although
the growth of an atmospheric oxide on the silicon caused per-
formance degradation in a matter of hours, the beneficial
effect of SOCl2 treatment was long lasting: a brief exposure of
the active area to dilute HF was enough to “refresh” device
performance, even after several days (although after several
weeks this was no longer the case). Repeated exposure to HF
would eventually cause undercutting and collapse of the Ti/Au
electrode around the active area, as indicated by a large

abrupt change in J–V character-
istics. Thus, for long term stabili-
ty the devices would require
protection from the atmosphere.

Relative to solar cells without
PANI, the use of PANI may have
an effect on the silicon depletion
region similar to that in the
ionic-liquid-modified devices of
Wadhwa et al.[13a,b] In that model
SWNT devices suffer from the
CNT film, being a porous net-
work, not forming a complete
conformal covering on the sili-
con surface. This produces an in-
complete and nonhomogeneous
depletion region in the silicon
base and results in reduced per-
formance. However, PANI does
form a complete conformal cov-
ering, producing a much better
depletion region and serving the
additional function of maintain-
ing a physical separation be-
tween photogenerated holes
travelling through the CNT film
and electrons in the underlying
silicon layer.

To obtain the Schottky diode
parameters, dark J–V characteristics were analyzed by using
the thermionic emission model [Eq. (2)]:[28]

J ¼ JS e
qðV�JARÞ

nkT � 1
h i

ð2Þ

where JS is the reverse saturation current density, V the applied
potential, q the elementary charge, k the Boltzmann constant,
A the interfacial area, R the series resistance, T the absolute
temperature, and n the ideality factor. For V�J A R @ 3 k T/q
(�20 mV), the �1 term can be dropped because the exponen-
tial term dominates. Taking the logarithm, differentiating with
respect to J and rearranging affords Equation (3):[29]

Table 1. Measurements for the three films/membranes/device types. RSH and RS values are estimated from the axis intercepts of the light J–V curves.

Device type Treatment VOC

[V]
JSC

[mA cm�2]
FF Efficiency

[%]
Rsheet

[W sq�1]
T550

[%]
RSH

[W]
RS

[W]

PANI
fresh 0.26 0.087 0.22 0.005 1.9 � 106 96.4 32 845 35 169
SOCl2 0.13 0.17 0.22 0.005 1.7 � 106 98 9792 11 590
HF/HCl 0.17 0.11 0.22 0.004 2.5 � 106 98.4 18 235 20 777

SWNT
fresh 0.25 2.76 0.19 0.13 8.5 � 102 79.8 748 1873
SOCl2 0.35 11.41 0.22 0.89 1.8 � 102 79.7 370 764
HF/HCl 0.39 21.71 0.4 3.36 2.7 � 102 81.3 680 93

PANI–SWNT
fresh 0.4 19.54 0.14 1.11 1.3 � 103 75.2 176 2460
SOCl2 0.53 27.1 0.37 5.25 3.1 � 102 76.8 10 291 468
HF/HCl 0.52 27.38 0.68 9.66 3.1 � 102 77.5 6077 37

Figure 4. Light J–V characteristics of solar cell devices with a) purely PANI (note the different scale), b) purely
SWNTs, c) hybrid devices of PANI and SWNTs, and d) comparison of all three devices after SOCl2 doping and HF
oxide removal.
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dV
dðln JÞ ¼ RAJ þ n

b
ð3Þ

where b= q/k T. A plot of dV/d(lnJ) versus J yields the series-re-
sistance and n values from the intercept and slope, respective-
ly (Figure 5 a).

We additionally define parameter H(J)[Eq.(4)] , such that:[29]

HðJÞ ¼ V � n
b

� �
ln

J
A�T 2

� �
¼ R A Jþn 1SBH ð4Þ

where A* is the Richardson con-
stant. Subsequently, a plot of
H(J) versus J yields the Schottky
barrier height (ØSBH), and a self-
consistency check against Equa-
tion (3) through a second mea-
sure of the series resistance (Fig-
ure 5 b). A new parameter, S(J),

can be defined by taking the logarithm of Equation (2) and re-
arranging to obtain Equation (5):

SðJÞ ¼ ln J þ bJAR
n
¼ b

n

� �
V þ ln JS ð5Þ

A plot of S(J) versus V, using n and R from Equation (3),
yields a straight line and extrapolation to zero bias yields JS

(Figure 5 c), which can then be used as an additional estima-
tion of ØSBH because JS [Eq. (2)] is defined as:[28]

JS ¼ A* T 2e�
q�SBH

kT ð6Þ

The results of the dark current analysis are shown in Table 2
together with efficiency and FF values calculated from light
measurements.

The hole-doping effect of SOCl2 can be seen in the increased
ØSBH values and a decrease by two orders of magnitude the in
reverse saturation current density for the SWNT and SWNT–
PANI devices after treatment. The ability of SOCl2 to also im-
prove film conductivity can be seen in the reduced series re-
sistance and concurrent decrease in ideality factor towards
unity. The modeled increases in ØSBH values are consistent with
the measured increases in VOC values; for SWNT devices ØSBH in-
creases by 0.13 eV, whereas VOC increases by 0.14 V, and for
PANI–SWNT devices ØSBH increases by 0.13 eV, whereas VOC in-
creases by 0.12 V. Comparison of ØSBH values in PANI and PANI–
SWNT devices seems to suggest that the maximum effective
barrier height of these devices is limited by the PANI–Si inter-
face to 0.81 eV. This is consistent with a model, in which the
PANI–Si interface is the photoactive junction and the CNTs
function as efficient transporters of holes to the external cir-
cuit. The superior depletion region of PANI–SWNT devices rela-
tive to SWNT devices is also evidenced in the order of magni-
tude decrease in the reverse saturation current density when
PANI is present. This is also seen in the increased shunt resist-
ance of PANI–SWNT devices relative to those containing SWNTs
only.

Relative to the highly developed regime of front-side metal-
lization currently employed in commercial silicon solar cells,
the devices described herein are not optimized. For example,
relative to state-of-the-art literature examples, the electrical
characteristics of PANI films used herein were poor and there is
much that could be done to improve these in future investiga-
tions. Also, although the CNTs used in these devices had been
purified to remove any residual catalyst or amorphous carbon
and were highly defect-free, as evidenced in the Raman
measurements, the UV/Vis–NIR spectra show that the films

Figure 5. Dark current analysis of SWNT (*) and SWNT–PANI (^) devices;
a) dV/d(lnJ) versus J ; b) H(J) versus J ; c) S(J) versus V.

Table 2. Change in device characteristics before and after (SOCl2/HF) film treatment.

Device type ØSBH

[eV]
n R

[W]
Js

[A m�2]
Efficiency
[%]

FF

PANI 0.81–0.81 2.16–2.05 33–33 3.4 � 10�4–2.8 � 10�4 0.005–0.004 0.22–0.22
SWNT 0.64–0.77 3.68–2.02 242–89 1.3 � 10�1–1.2 � 10�3 0.13–3.36 0.19–0.40
PANI–SWNT 0.68–0.81 3.30–1.38 112–26 7.5 � 10�2–1.2 � 10�4 1.11–9.66 0.14–0.68
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comprise a range of CNT chiralities, including both metallic
and semiconducting varieties. In another study[30] we will show
that, contrary to the assumption of some authors, nanotube–
silicon heterojunction solar cells do not operate as p–n junc-
tion solar cells, with the nanotubes contributing to the ob-
served photocurrent. Taking this into account, it can be reason-
ably assumed that such devices will perform better as the met-
allicity of the CNT film is increased, which is exactly the effect
of the SOCl2 treatment. Thus, presumably devices fabricated
using chirality-sorted metallic CNTs will outperform those fabri-
cated with mixed CNTs, and devices fabricated with doped
chirality-sorted semiconducting CNTs will outperform either
the mixed or metallic CNT devices whether they are doped or
not. This is due to the fact that conductivity scales with carrier
density and a semiconducting CNT with a Fermi level doped
up to the conduction band has a much higher electron density
at that point than at any point accessible in a metallic
CNT.[25, 31] In the ideal case of CNT–polyaniline–silicon hybrid de-
vices fabricated with state-of-the-art polyaniline films and
highly doped single-chirality semiconducting CNT membranes,
considerable gains in performance over that reported herein
are likely. The CNT films could be significantly thinner and
more transparent and these CNT films are also intrinsically anti-
reflective. Such hybrid films as those reported herein could
provide improved front-contact performance over current met-
allization strategies through reduced optical shading and en-
hanced carrier collection over the entire front solar-cell surface
and, considering the rapidly dropping cost of CNTs and their
relative ease of processing, potentially reduced production
costs.

Conclusions

Hybrid carbon CNT–PANI–silicon heterojunction solar cells
were fabricated and shown to clearly outperform their CNT–sil-
icon and polyaniline–silicon counterparts. Other reports of
CNT–silicon solar cells used controlled oxide growth or the in-
troduction of an ionic liquid to improve the performance;
however, the use of an intermediate layer of conductive poly-
mer is a new step with a demonstrated positive effect. Further-
more, the use of a layer of CNTs to improve the electrical prop-
erties of an underlying conductive polymer film clearly has
broad applications, ranging from solar cells and organic light-
emitting diodes to touch-sensitive interfaces and more. The in-
creased performance in the hybrid devices reported herein is
attributed to the synergistic combination of an improved sili-
con depletion region due to conformal surface covering by the
polymer and the high conductivity and current-carrying capaci-
ty of the CNT film. These devices show good photovoltaic per-
formance, and optimization of device components could lead
to significant performance gains. The hybrid PANI–CNT films
thus show potential as improved front-side electrodes for cur-
rent and future generations of commercial silicon solar cells
and photodetectors.

Experimental Section

SWNTs (P3, Carbon Solutions) were heated at reflux in 5 m

nitric acid (0.2 mg mL�1) for 24 h to dissolve any residual cata-
lyst particles, then passed through Teflon filters (0.45 mm, FHLP,
Millipore, USA), and rinsed with copious amounts of deionized
water until the filtrate pH stabilized at near neutral. The filtrate
was sonicated at 50 WRMS in an aqueous solution of TritonX100
(1 %, Sigma–Aldrich, Australia) at a concentration of
0.2 mg mL�1 for 2 h. The resulting black suspension was then
centrifuged at 20 000 g for 30 min, and the sediment was dis-
carded. To form SWNT membranes, the supernatant was fil-
tered through mixed cellulose ester (MCE) membranes
(0.45 mm, HSWP, Millipore, USA) at 210 mL cm�2 and rinsed thor-
oughly with deionized water. Circular regions of SWNT–MCE
with areas of 0.18 cm2 were taken for device fabrication. PANI
(emeraldine base, Mw = 10 000, Sigma–Aldrich, Australia) was
sonicated in DMF (Sigma–Aldrich, Australia) at a concentration
of 1 mg mL�1 for 30 min and then centrifuged at 20 000 g for
30 min. The supernatant was passed through Teflon filters
(1 mm, Millipore, USA) and then, for the devices with PANI,
three drops of the filtrate were spin-coated onto substrates at
a spin speed of 3000 rpm, and the resulting films were baked
in air at 130 8C for 2 h.

For device fabrication, phosphorous-doped n-type silicon
wafers (CZ, 1–20 W cm, <100> , ABC GmbH, Germany), pol-
ished on one side, and with a thermal oxide layer (100 nm)
were diced into pieces (1 cm2). UV photolithography was used
to define circular holes (0.08 cm2) in the sputtered front metal
contacts (Ti/Au, 5:95 nm) of each device and then, following
lift-off, the oxide in this region was etched with buffered oxide
etchant (BOE). For PANI devices (Figure 6 a) spin-coating was
performed immediately after etching. For SWNT (Figure 6 b),
and SWNT-PANI devices (Figure 6 c), films were deposited onto

Figure 6. Silicon solar-cell devices with a) only PANI, b) only SWNTs and
c) hybrid device of SWNTs and PANI.
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the substrate surfaces by placing the circular SWNT–MCE mem-
branes, CNT side down, concentrically over the front side
holes. The membranes were wetted with deionized water, then
compressed with Teflon, and baked at 130 8C for 15 min. Upon
cooling, the substrates were immersed in acetone to dissolve
the MCE, leaving the CNT membranes tightly adsorbed onto
the substrate surfaces providing circular active areas (0.08 cm2)
surrounded by toroidal regions (0.1 cm2), in which the CNT
membranes overlap the front metal contacts. After BOE etch-
ing of the rear oxide, the devices were completed with a eutec-
tic back contact (eGaIn, Sigma–Aldrich, Australia) and mounted
on steel plates.

SEM images of the SWNT electrodes were obtained using a FEI
Helios Nanolab 600. Prior to imaging, all samples were sputter-
coated with platinum (5 nm). AFM images were taken in air by
means of a multimode head and Nanoscope V controller (Digi-
tal Instruments, Veeco, USA), operating in tapping mode using
commercially available silicon cantilevers (FESP-ESP, Veeco,
USA) with nominal fundamental resonance frequencies of 70–
85 kHz. UV/Vis–NIR spectra were obtained by means of
a Varian Cary 5G spectrophotometer with a resolution of 1 nm
by passing the beam through glass slides, upon which PANI,
SWNT, or PANI–SWNT films were deposited as previously de-
scribed. Raman spectra were collected by means of a WiTEC
alpha300R microscope using a 100 � objective (NA 0.9) and
a laser (532 nm) operating at constant power for each experi-
ment up to a possible maximum of about 60 mW. Sheet-resist-
ance measurements were taken using a four-point probe in
linear conformation from films (2 � 2 cm2) on glass. Current–
voltage data were collected by means of a Keithley 2400 SMU
instrument and recorded using a custom LabView Virtual In-
strument program. For light experiments cells were illuminated
by collimated 100 mW cm�2 light (100 mW cm�2) from a xenon-
arc source passed through an AM1.5G filter. The irradiance at
the sample plane was measured with a silicon reference cell
(PV Measurements, NIST-traceable calibration). Data were ob-
tained by scanning from 1 to �1 V and several curves were re-
corded to verify the stability of output characteristics. Before
measurements, cells without PANI were briefly exposed to HF
(2 %) and then rinsed with ethanol and dried with N2. This re-
moved the native oxide layer, leaving a hydride-terminated sili-
con surface. Power-conversion efficiencies were calculated as-
suming an active area of 0.08 cm2, corresponding to the circu-
lar-etched area, within which silicon was in contact with the
CNTs. To verify the validity of this assumption (i.e. , to preclude
the possibility of photocurrent from either PANI covering the
front metal contact or the overlapping region of CNTs), a circu-
lar aperture (0.08 cm2) was placed over the cells close to the
surface so that light could only impinge upon the device in
the assumed circular active area. For cells with CNTs there was
no difference between the photovoltaic output thus obtained
and that obtained when there was no aperture present.
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Abstract 
The mechanism of action of nanotube-silicon heterojunction solar cells is under discussion with 
literature reports suggesting either p-n or Schottky junction characteristics. The crux of the issue is 
whether the nanotubes contribute to the observed photocurrent or not. In order to further 
understand the mechanism of action of these solar cells, devices were fabricated using nanotubes 
sorted by (n,m) species, so that the excitonic transition is well defined and is outside the range of 
absorption of silicon and such that any contribution to the photocurrent from the nanotubes should 
be easily resolved from that of the silicon by analysis of the photocurrent spectrum. The devices 
exhibited the photocurrent spectra of silicon only, indicating that the nanotubes do not contribute to 
the photocurrent. However, by changing the back contact electrode material, results were obtained 
that appear to show such a contribution. 
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  1. Introduction 

 Carbon nanotube-silicon solar cells have seen rapidly increasing 
research interest in recent years [  1  ]  with advances made in just 
the last year bringing the current maximum power conversion 

effi ciency to 11.5% in the dry state, [  1b  ]  
15% with a TiO 2  antirefl ective layer [  1d  ]  
and  > 18% in the wet state. [  2  ]  In this archi-
tecture, a thin fi lm of carbon nanotubes 
is placed in contact with the surface of 
a silicon wafer to produce a photo active 
junction. Such nanotube-semiconductor 
junctions have wide application in a range 
of advanced materials fi elds including 
electronics, catalysis, sensing and more. 
In the literature, there are two main 
mechanisms suggested for how these 
devices convert light to electrical power; 
the devices work in the manner of 1) a 
p-n heterojunction solar cell, with the 
nanotubes contributing as photoactive 
material [  3  ]  or, 2) a metal-semiconductor 
(MS) Schottky junction solar cell or the 
closely related metal-insulator-semicon-

ductor (MIS) solar cell, where the nanotubes operate as trans-
parent conducting electrodes. [  4  ]  Carbon nanotubes have been 
shown to a) produce a photocurrent when exposed to light, [  5  ]  
b) be capable of forming photoactive p-n junctions [  6  ]  and c) be 
capable of contributing to photocurrent generation in photoac-
tive donor-acceptor pairs. [  7  ]  Additionally, it is known that air-
exposed semiconducting single walled carbon nanotubes are 
p-type due to oxygen adsorption. [  8  ]  Considering this, it is not 
unreasonable to assume that nanotube-silicon solar cells could 
function in the manner of p-n junctions. Indeed, the literature 
contains reports that suggest exactly that; recent measure-
ments on nanotube-silicon devices by Jung preclude the MIS or 
MS mechanism. [  1b  ]  However, other measurements on similar 
nanotube-silicon devices show greatly enhanced (500x) perfor-
mance with an interfacial oxide layer, suggesting an MIS-type 
mechanism. [  1e  ]  

 A more direct probe of the mechanism of action is to use 
photocurrent spectroscopy to measure the external quantum 
effi ciency (EQE) of the devices. Contribution from the nano-
tubes to the photocurrent would convincingly rule out an MS or 
MIS mechanism. In the work of Tzolov, [  3a  ]  photocurrent spec-
troscopy of nanotube-silicon devices shows a broad feature in 
the IR that is attributed to the nanotubes. However this feature 
is very similar to the free carrier absorption profi le of the sil-
icon substrate, [  9  ]  confounding the issue. Also, in the EQE data 
of Ong [  3g  ]  there is a feature that is attributed to photocurrent 
generation by the nanotubes. However this small feature in the 

 The mechanism of action of nanotube-silicon heterojunction solar cells is 
under discussion with literature reports suggesting either p-n or Schottky 
junction characteristics. The crux of the issue is whether the nanotubes 
contribute to the observed photocurrent or not. In order to further under-
stand the mechanism of action of these solar cells, devices were fabricated 
using nanotubes sorted by (n,m) species, so that the excitonic transition is 
well defi ned and is outside the range of absorption of silicon and such that 
any contribution to the photocurrent from the nanotubes should be easily 
resolved from that of the silicon by analysis of the photocurrent spectrum. 
The devices exhibited the photocurrent spectra of silicon only, indicating that 
the nanotubes do not contribute to the photocurrent. However, by changing 
the back contact electrode material, results were obtained that appear to 
show such a contribution. 
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EQE, which roughly corresponds to the optical gap of the (7,6) 
nanotubes used in the study ( ∼ 1150 nm), sits right on the edge 
of the silicon absorption spectrum ( ∼ 1200 nm) thus the conclu-
sion of device p-n junction characteristics based solely on this 
feature is uncertain. 

 To determine more conclusively whether or not nanotubes 
contribute to photocurrent generation in carbon nanotube-
silicon solar cells, devices were fabricated using two different 
semiconducting nanotube samples enriched in either small or 
large diameter nanotubes. These were chosen since the fi rst 
excitonic transition (S 11 ) of the major (6,5) chirality in the small 
diameter nanotubes lies at  ∼ 980 nm and overlaps the silicon 
spectrum similarly to the (7,6) nanotubes used by Ong, [  3g  ]  
whereas in the larger diameter nanotubes the gap is  ∼ 1320 nm, 
well above the absorption onset wavelength of silicon. Any con-
tribution to the photocurrent from the larger diameter nano-
tubes should thus be easily resolved by analysis of the photo-
current spectrum.   

 2. Results 

   Figure 1   shows photoluminescence (PL) measurements of 
the semiconducting fractions of nanotubes produced by the 
a) CoMoCat and b) laser ablation methods (hereafter referred 
to as COM and LAB), where the excitation and emission ener-
gies correspond to the second (S 22 ) and fi rst (S 11 ) excitonic 

transitions, respectively. It can be clearly seen that the two 
samples are composed of markedly different populations of 
nanotube chiralities. The smaller diameter COM sample con-
tains a very high proportion of the (6,5) nanotube species 
whilst the larger diameter LAB material has the (9,7) species 
and smaller quantities of (10,5), (13,2) and (12,4). Absorption 
of emitted photons by the inner fi lter effect of water for   λ    >  
1400 nm prevents any larger diameter nanotube species from 
being observed. Although the LAB material contains a larger 
number of nanotube species it is clear that the LAB material 
will still have its fi rst excitonic transitions, S 11 , corresponding 
to wavelengths  > 1250 nm, well outside that of any of the COM 
material ( ∼ 950–1150 nm) and, importantly for this study, well 
outside the range of silicon absorption.  

 UV-Vis-NIR absorption spectra of nanotube fi lms on glass 
( Figure    2  , dash-dotted lines) support the PL measurements, with 
the COM material displaying a dominant S 11  absorption peak at 
 ∼ 1030 nm and the LAB material showing a broad absorption 
band spanning  ∼ 1300–1800 nm. The sharp Gaussian present 
in the absorption spectrum of the COM material is indicative 
of the (n,m) purity of the nanotube sample as also measured 
by photoluminescence, whereas the broad band present in the 
spectrum of the LAB material is a convolution of several peaks 
relating to the four major (n,m) species shown in the PL meas-
urements. Closer inspection reveals a substantial difference 
between the positions of the S 11  transitions as measured by PL 
and UV-Vis-NIR. The PL yields an S 11  of  ∼  980nm for the (6,5) 

     Figure  1 .     Photoluminescence spectra of sorted nanotube material (see text): (a) CoMoCat and (b) laser ablation. Spectra were taken in aqueous solu-
tion where photoluminescence of   λ    >  1400 nm is not observable due to absorption by water.  

     Figure  2 .     UV-Vis-NIR spectra of fi lms prepared from the semiconducting fractions of (a) COM and (b) LAB nanotubes. Transmission spectra are shown 
for fi lms on silicon and absorption spectra are shown for fi lms on glass.  
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absorbance spectra of LAB fi lms on glass (Figure  2 (b), dash-
dotted lines). 

 Carbon nanotube-silicon solar cells were fabricated with 
semiconducting COM and LAB nanotube material (the same 
thickness fi lms as those used for the optical measurements), 
with eGaIn back contact electrodes, and the EQE of as prepared 
and HF treated devices was measured ( Figure    3  ). Immediately 
apparent is the poor response of the as prepared devices due to 
a thick oxide formed on the silicon during the nanotube fi lm 
deposition. On the other hand, the HF treated device shows a 
signifi cant improvement in EQE. The high porosity of the nano-
tube fi lm means that hydrofl uoric acid can penetrate through 
to the underlying silicon allowing the oxide to be removed 
without harm to the nanotubes. [  11  ]  Indeed, the presence of an 
S 11  absorption feature in the UV-Vis-NIR spectra of the LAB 
nanotube fi lms on silicon show that they are still present and 
their electronic properties unchanged after the HF treatment 
although adsorbed oxygen will have been largely replaced with 
fl uorine. [  11  ]   

 Comparison of the EQE of COM solar cell devices with the 
UV-Vis-NIR absorption spectra of COM fi lms on glass shows 
no correlation between the position of S 11  and any features 
in the EQE. Importantly, a similar comparison of the EQE of 
LAB solar cell devices with the UV-Vis-NIR absorption spectra 
of LAB fi lms on silicon also shows no such correlation. Any 
contribution to photocurrent generation resulting from pho-
tons absorbed via the S 11  transition of the nanotubes should 
be clearly visible in the EQE in the range corresponding to the 
observed peak in the UV-Vis-NIR. Even though the photocur-
rent response of the COM nanotubes would be obscured by 
the silicon response, we note that (a) EQE measurements are 
extremely sensitive by design, (b) the peak S 11  absorption of 
the (thin) (6,5) fi lms was  ∼ 10% and, (c) the EQE of none of the 
devices approached 100%, leaving plenty of room for the nano-
tube response to be observed over that of the silicon base. In 
fact, the EQE of both COM and LAB devices are very similar 
to each and show no signifi cant deviation from what would be 
expected from a silicon Schottky junction solar cell, which is 
in apparent disagreement with. [  3g  ]  It is possible that different 
mechanisms apply to devices made with different nanotube 
species due to variations in band alignment with the silicon 
substrate thus the lack of a response from the LAB devices 

species and  ∼ 1320 nm for the (9,7) species whereas the absorp-
tion spectra yield  ∼ 1030 nm for the (6,5) and at least  ∼ 1490 nm 
for the (9,7). This apparent shift in the energy of S 11  has been 
reported in the literature and, in the case of the (6,5) nanotube, 
exactly matches that observed elsewhere. [  10  ]   

 Here it is important to note that the PL measurements are 
performed on highly disperse, aqueous solutions of surfactant-
wrapped semiconducting nanotube material immediately fol-
lowing the sorting process. However, the transmission spectra 
are obtained from dry nanotube fi lms on glass substrates, 
prepared from the sorted fractions, wherein the relatively 
surfactant-free nanotubes are present as bundles. Since the 
excitonic properties of carbon nanotubes are greatly affected 
by many body interactions, Coulomb interaction and charge 
transfer between adjacent nanotubes in bundles signifi cantly 
distorts the thin fi lm transmission measurements. Addition-
ally, in the dry transmission measurements, the fi lter effect of 
water is not an issue thus the contribution of the larger dia-
meter nanotubes is observable, yielding a much larger apparent 
shift in S 11  of the more polychiral LAB material than for the 
purer COM material. Therefore, if there is a contribution from 
the nanotubes then the S 11  features in the transmission meas-
urement of the dry fi lms (not those in the PL of the aqueous 
suspensions) should be represented in the EQE of solar cell 
devices that employ the same dry fi lms. 

 The UV-Vis-NIR transmission properties of nanotube fi lms 
on silicon (Figure  2 , dotted lines) are dominated by silicon 
absorption due to a) the fundamental bandgap ( < 1200 nm, 
steep onset) and b) free carrier absorption ( > 1400 nm, slow 
onset). Since the wavelength of light corresponding to the 
fi rst excitonic transition, S 11 , of the major (6,5) nanotube spe-
cies in the COM material is well below that corresponding 
to silicon’s fundamental bandgap, the major absorption fea-
tures due to (6,5) material are not discernible. Still, a small 
contribution to the absorption can be seen in the region 
1000–1400 nm (Figure  2 (a), dotted lines) arising from the 
shoulder on the higher wavelength side of the main (6,5) 
peak. In the case of the LAB material, the S 11  absorption ener-
gies of the major chiralities are well below silicon’s bandgap. 
Consequently, the S 11  absorption features of this material are 
clearly visible in the range 1300–1800 nm (Figure  2 (b), dotted 
lines) and exactly match the corresponding features in the 

     Figure  3 .     External quantum effi ciency of as prepared and HF treated carbon nanotube-silicon solar cells fabricated with fi lms of either (a) COM or 
(b) LAB semiconducting nanotubes with eGaIn back contact electrodes. UV-Vis-NIR absorption spectra of corresponding fi lms on glass are shown 
for comparison.  
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cell with an ohmic contact and a rectifying contact, as shown 
in  Figure    5  (a), has been calculated using the analytical model 
of Basu and Saha. [  12  ]  Equation (9) in that work uses as fi tting 
parameters the thickness of the semiconducting layer  t , the 
width of the depletion layer  d , the minority carrier diffusion 
length  L , the minority carrier diffusion coeffi cient  D , the sur-
face recombination velocity  s , and the wavelength-dependent 
absorption coeffi cient   α  ( λ ) . This work used  t   =  525  μ m,  L   =  
500  μ m,  D   =  10  − 3  m 2 .s  − 1 , for 525  μ m thick n-Si with a donor 
density of 10 14  cm  − 3 , [  13  ]  used   α  ( λ )  from Green [  14  ]  and  d   ≤  
10  − 6  m and  s   =  1 m.s  − 1  were set as best fi t to the photocurrent 
spectra of our as-prepared cells with silver back contacts. The 
IQE of a front-illuminated solar cell with a rectifying contact 
and an ohmic contact, as shown in Figure  5 (b), has also been 
calculated, based on the analytical model of Soukoup and 
Akers [  15  ]  requiring only  L  and   α  ( λ )  as parameters, which was 
chosen identical to the back-illuminated case. Figure  5 (c) shows 
the IQE modeling results for front- and back--illuminated solar 
cells. The non-monotonic behavior for the back-illuminated cell 
is due to the enhanced absorption of shorter wavelength light 
by the substrate and the limited diffusion of the minority car-
rier towards the charge separating back contact. Hence a back-
illuminated device can generate photocurrent only in the long 
wavelength range.  

 Comparing the IQE spectrum of the modelled back-illumi-
nated silicon Schottky junction solar cell, Figure  5 (a), with the 
feature observed in the EQE of the silver-backed carbon nano-
tube-silicon solar cell, Figure  4 (a), solid line and dotted line, it 
seems likely that the enhanced EQE in the wavelength range 
close to the absorption edge of silicon arises due to the contri-
bution of a rectifying back contact rather than as a result of con-
tribution to the photocurrent from the nanotubes. The presence 
of this contact leads to predictably poor solar IV parameters of 
V OC   =  180 mV, J SC   =  0.5 mA/cm 2 , FF  =  0.14, R series   =  24 k Ω ,  n   =  
1.97 and effi ciency  =  0.01% for LAB and V OC   =  226 mV, J SC   =  
3.1 mA/cm 2 , FF  =  0.17, R series   =  53 k Ω ,  n   =  2.06 and effi ciency  =  
0.12% for COM. This is despite the fact that the silver backed 
devices were otherwise identical to the eGaIn devices and the 
silver paste itself is highly conductive. 

 The nanotube fi lms used in this study and others are, by 
design, very thin and it may be that the contribution of such 

cannot be interpreted to mean that there can be no response 
from devices using larger bandgap material such as COM (6,5) 
and the (7,6)-enriched material used in. [  3g  ]  However we observe 
no response from either the smaller bandgap LAB or the larger 
bandgap COM devices used in this study and we note that the 
LUMO of the (7,6) nanotube is only  ∼ 80 meV below (6,5). The 
light (AM1.5G) and dark IV measurements for the devices 
shown in the EQE measurements yielded V OC   =  410 mV, 
J SC   =  9.4 mA/cm 2 , FF  =  0.35, R series   =  95  Ω ,  n   =  1.46 and effi -
ciency  =  1.4% for LAB and V OC   =  395 mV, J SC   =  17.4 mA/cm 2 , 
FF  =  0.35, R series   =  150  Ω ,  n   =  1.26 and effi ciency  =  2.4% for 
COM and these are comparable with the V OC   =  370 mV, J SC   =  
14.6 mA/cm 2 , FF  =  0.3, R series   =  150  Ω ,  n   =  3.75 and effi ciency  =  
1.7% in [  3g  ] . 

 It was demonstrated that the nanotubes do not contribute 
to the photocurrent in these devices but then the infl uence of 
the back contact was studied by fabricating otherwise identical 
solar cell devices using silver paste as the back contact elec-
trode instead of eGaIn, and measuring the EQE ( Figure    4  ). 
The work function of eGaIn is   ϕ    ∼  4.16 eV whereas for silver 
paste   ϕ    ∼  4.5–4.8 eV and eGaIn makes a good ohmic contact to 
n-type silicon (  ϕ    ∼  4.26 eV) whereas silver paste does not. In the 
spectra of as prepared COM (silver) devices (Figure  4 (a), dotted 
line) there is a prominent feature in the range  ∼  900–1200 nm 
that is not present in devices where eGaIn is used as the back 
contact (Figure  4 (a), dashed line). A similar feature is also pre-
sent in the EQE of the as prepared, silver-backed LAB devices 
(Figure  4 (b), dotted line) and even after HF treatment this fea-
ture remains clearly apparent as a shoulder in Figure  4 (a), solid 
line. Importantly, the features in the EQE, before and after HF 
treatment of the silicon, appear to be independent of any of the 
nanotube absorption characteristics shown for comparison in 
Figure  4 (a) and Figure  4 (b), dash-dotted lines.  

 The decrease in the EQE towards shorter wavelengths 
(1000–900 nm) is typical of a back-illuminated Schottky junc-
tion solar cell. [  12  ]  Here it is important to note that the terms 
‘front-illuminated’ and ‘back-illuminated’ refer to whether the 
rectifying contact is illuminated directly, or indirectly through 
the device substrate, respectively. To determine whether or not 
this is the origin of the 900–1200 nm feature in Figure  4 , the 
internal quantum effi ciency (IQE) of a back-illuminated solar 

     Figure  4 .     External quantum effi ciency of as prepared and HF treated carbon nanotube-silicon solar cells fabricated with fi lms of either (a) COM or 
(b) LAB semiconducting nanotubes with silver paint or eGaIn back contact electrodes. Note, a log EQE scale has been used to allow visual comparison 
between the shape of the small “as prepared” EQE profi le and the much larger “HF treated” profi le. UV-Vis-NIR absorption spectra of the corresponding 
nanotube fi lms on glass are shown for comparison. There was no photocurrent response from any device for   λ    >  1200 nm.  
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effect of various fi lms’ nanostructure and component nano-
tube type/species.   

 3. Conclusion 

 The photocurrent spectra of carbon nanotube-silicon solar 
cells fabricated with small and large diameter semiconducting 
nanotubes do not show any features that could be attributed 
to photocurrent generation by the nanotubes. This is despite 
the fact that the nanotubes used in this work were deliberately 
chosen so that any such contribution should be clearly dis-
cernible. Thus the nanotubes in the devices reported herein 
are not contributing elements of a p-n junction-type solar cell. 
Photocurrent spectra of carbon nanotube-silicon solar cells 
fabricated with non-ohmic back contact electrodes do show a 
similar feature to that which has been elsewhere attributed to 
photocurrent generation by the nanotubes. However the data 
herein suggests that this feature arises due to the choice of 
back contact electrode material. With these understandings in 
mind, future research endeavours in this fi eld should be largely 
directed towards exploiting and optimising the application of 
carbon nanotubes as front contact electrodes. With very high 
transparency and excellent conductivity, carbon nanotubes are 
well suited to this purpose and could have the potential to sur-
pass the performance of the current generation of front metal-
lisation strategies via reduced optical shading and enhanced 
carrier collection over the full solar cell surface.   

 4. Experimental Section 
 Two types of SWNT raw materials were used for this study: (i) CoMoCat 
SWNTs (Sigma-Aldrich) and (ii) SWNTs prepared in-house by pulsed 
laser vaporisation in an argon atmosphere using carbon targets doped 
with 1 atom% Ni and Co catalyst and an oven operated at 1000  ° C. [  17  ]  
For the starting suspensions each of the SWNT material (typically 
10 mg) was suspended with sodium dodecyl sulphate (SDS) (1 wt.%) 
in H 2 O (15 ml) using a tip sonicator (Bandelin, 200 W maximum power, 
20 kHz, in pulsed mode with 100 ms pulses) applied for 2 hr at 20% 
power. The resulting dispersion was then centrifuged at 100,000 g for 
1 hr (Beckmann Coulter) to remove larger agglomerates. 

a fi lm is so small that it could not be observed. However, a 
device made with a much thicker nanotube fi lm not only 
does not show a contribution from the nanotubes but, rather, 
shows distinct reductions in effi ciency in the regions of the 
nanotubes’ S 11 , S 22  and  π  −  π  ∗  absorptions (Figure S1). This is 
expected though since any exciton produced in the nanotube 
fi lm away from a nanotube-silicon junction would have no 
driving force for separation and cannot percolate far through 
the nanotube network in the manner of free charges. Any con-
tribution could only come from the nanotubes in a thin region 
close to the silicon surface and so a thicker fi lm effectively just 
gets in the way. 

 If the nanotubes do not contribute to the photocurrent then 
it may be that they function primarily as transparent front 
electrodes. This is possible even for a device made with high 
purity semiconducting nanotube material as, even without the 
presence of fl uorine resulting from intentional acid treatment, 
adsorbed oxygen molecules act as p-type dopants. Indeed, for 
electrode purposes, one would ideally like to use highly doped 
semiconducting nanotubes (with a Fermi level pushed into the 
valence or conduction band) in preference to metallic nano-
tubes. [  16  ]  Even if the nanotubes do not contribute to the photo-
current, this would not necessarily mean that the mechanism 
of action of the devices is not that of a p-n junction. Meas-
urements by Jung [  1b  ]  on their carbon nanotube-silicon solar 
cells indicate that the mechanism is similar to that of a single 
crystal silicon p-n homojunction. In those devices, removal of 
the native oxide signifi cantly improved device performance. 
However, measurements by Jia [  1e  ]  on similar devices showed 
the opposite; that the presence of an interfacial oxide layer 
improved device performance, indicating an MIS mechanism. 
These differing results may be related to the structure of the 
nanotube fi lms in the different devices. In Jia’s devices the 
nanotube bundles were present as a porous, randomly aligned 
membrane but in Jung’s the bundles were very highly aligned 
by design. The difference could also be due to the different 
types of nanotube material, their (n,m) species purity or the 
effects of treatments they received during fabrication. Such 
apparently confl icting data further illustrates the complexity 
and diversity of carbon nanotube fi lms and their properties 
and underscores the need for more work to determine the 

     Figure  5 .     The schematics in (a) and (b) show the two solar cells modelled with back- and front-illuminated rectifying contacts, respectively, and their 
calculated IQE is shown in (c).  
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(47.7 Hz), a 300 mm monochromator (LOT-Oriel), 
a custom designed current amplifi er (DLPCA-S, 
Femto Messtechnik) and a digital lock-in amplifi er 
(eLockin 203, Anfatec). A modifi ed photoreceiver 
(OE-200-S, Femto Messtechnik) with a Si/
InGaAs sandwich diode was used to monitor the 
stability of the monochromatic light beam. Initial 
calibration was carried out with reference silicon 
and germanium diodes (Thorlabs, NIST traceable 
calibration).   
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 Gel fi ltration was performed as described by Moshammer [  18  ]  using 
Sephacryl S-200 gel fi ltration medium (Amersham Biosciences) in a 
glass column of 20 cm length and 2 cm inner diameter. After fi lling the 
glass column with the fi ltration medium, the gel was slightly compressed 
to yield a fi nal height of approximately 14 cm. For the separation, SWNT 
starting suspension (10 ml) was applied to the top of the column and 
subsequently a solution of SDS (1 wt.%) in H 2 O as eluent was pushed 
through the column by applying suffi cient pressure with compressed air 
to ensure a fl ow of  ∼ 1 ml/min. After  ∼ 10 ml of this eluent had been 
added most of the metallic SWNTs had moved through the column 
whereas the semiconducting SWNTs remained trapped in the upper part 
of the gel. After applying a total of 20 ml of SDS solution in this fashion, 
the metallic nanotubes were completely removed from the gel. By then 
changing the eluent from SDS (1 wt.%) in H 2 O to sodium cholate 
(2 wt.%) in H 2 O the semiconducting SWNTs also subsequently eluted 
completely from the column and were collected separately in fractions 
of approximately 1 ml. 

 Randomly aligned nanotube membranes were prepared similarly 
to Wu. [  19  ]  Briefl y, the nanotubes were fi ltered through mixed cellulose 
ester (MCE) membranes (0.45  μ m, HAWP, Millipore) and rinsed 
thoroughly with deionised water. Circular regions (0.32 cm 2 ) of the 
resulting SWNT-MCE membrane were taken for device fabrication. 
Phosphorous doped n-type silicon wafers (CZ, 5–25 Ω.cm,  < 100 > , 
ABC GmbH), polished on one side and with a thermal oxide (100 nm) 
were diced into pieces (2 cm 2 ). E-beam lithography (Raith) was used 
to defi ne square regions (0.09 cm 2 ) in the negative resist (maN-2403, 
micro resist technology GmbH, Germany), which was developed 
and then the front metal contact (Ti/Au, 5/50 nm) was sputtered. 
Following lift off the oxide in these regions was etched with a reactive 
ion etcher (50 sccm CHF 3 , 5 sccm O 2 , 140 W) (Plasmalab 80 Plus, 
Oxord). The SWNT fi lms were deposited onto the substrate surfaces 
by placing the circular SWNT-MCE membranes, nanotube side down, 
centred over the etched holes. The membranes were wetted with 
deionised water then compressed and baked (80  ° C, 15 min). Upon 
cooling, the substrates were immersed in acetone to dissolve the MCE 
leaving nanotube membranes of approximately 35 nm in thickness [  20  ]  
tightly adsorbed onto the substrate surfaces providing 0.09 cm 2  square 
active areas surrounded by 0.23 cm 2  regions where the nanotube 
membranes overlap the front metal contacts. After etching of the rear 
oxide with HF (2%) the devices were completed with silver paste or 
gallium indium eutectic (eGaIn) back contacts and mounted on steel 
plates ( Figure    6  ).  

 UV-Vis-NIR spectra of fi lms of sorted nanotube material were 
recorded with a Varian Cary 500 spectrophotometer. In the transmission 
measurements of fi lms on silicon, the maximum transmission was 
111–116% at 1300 nm due to the uncoated silicon used as a baseline 
having a greater absorbance than the nanotube coated sample thus the 
spectra were normalized to 100% at 1300 nm. A similar process was 
applied to the absorption spectra of fi lms on glass, for the same reason. 
Photoluminescence excitation (PL) maps of sorted nanotube material 
in solution were measured in the emission range of 900–1700 nm 
and excitation range of 500–950 nm (scanned in 3 nm steps) using a 
modifi ed FTIR spectrometer (Bruker IFS66) equipped with a liquid 
nitrogen cooled Ge photodiode and a monochromatised excitation 
light source as described elsewhere. [  21  ]  The EQE was measured using 
a setup consisting of a 450W xenon light source, an optical chopper 

     Figure  6 .     Schematic showing solar cell device structure.  
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Abstract 
Research into silicon solar cells that use a thin film of single walled carbon nanotubes as the front 
electrode is an important area of increasing research activity. This paper provides the first ever 
direct performance comparison between devices fabricated with either semiconducting, metallic or 
mixed nanotubes to probe the effect of the semiconducting/metallic nature, or ‘metallicity’, of the 
nanotube film on solar cell performance and properties. HiPco nanotube material sorted using the 
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species. The solar cells fabricated with the metallic nanotubes greatly outperform their 
semiconducting or mixed counterparts. The operating mechanisms underlying this observation and 
its implications in regards to current understanding are discussed in light of recent literature.  
Dramatic increases in performance as well as substantial changes in the effect of metallicity due to 
subsequent hole doping of the sorted nanotube films are also demonstrated.  Using highly pure 
semiconducting and metallic carbon nanotubes, film metallicity is shown to be a vital factor in the 
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Research into silicon solar cells that use a thin film of single
walled carbon nanotubes as the front electrode is an important
area of increasing research activity. This paper provides the first
ever direct performance comparison between devices fabricated
with either semiconducting, metallic or mixed nanotubes to
probe the effect of the semiconducting/metallic nature, or
‘metallicity’, of the nanotube film on solar cell performance and
properties. HiPCO nanotube material sorted using the gel
chromatography technique is highly purified in either metallic
or semiconducting nanotube species. The solar cells fabricated
with the metallic nanotubes greatly outperform their semicon-
ducting or mixed counterparts. The operating mechanisms
underlying this observation and its implications in regards to
current understanding are discussed in light of recent literature.
Dramatic increases in performance as well as substantial
changes in the effect of metallicity due to subsequent hole
doping of the sorted nanotube films are also demonstrated.

Using highly pure semiconducting and metallic carbon
nanotubes, film metallicity is shown to be a vital factor in
the performance of carbon nanotube–silicon solar cells.

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Reliance on silicon is ubiquitous
in the modern world however material limitations
require the incorporation of a range of other materials with
desirable properties that can be exploited at the nanoscale
where several size-related drawbacks of bulk silicon begin to
dominate the usefulness of the material, particularly the
well-known heat production and dissipation issues affecting
microelectronics. Heterojunctions between single walled
carbon nanotubes (SWCNTs) and silicon are predicted to
be technologically important, having broad application in a

variety of fields and receiving increasing attention [1].
Although there have been major fundamental advances there
there is still much to be understood to enable the promise of a
fruitful marriage between established silicon technology
and the carbon newcomer. For many years, a major factor
limiting progress in the understanding and application of
SWCNT–silicon heterojunctions has been the polydispersity
of as-produced SWCNT material. Whilst technological
routes to the separation or sorting of SWCNTs by (n,m)
species have been known for some time [2], production has
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predominantly been in small research quantities and there
has been slow progress in scale-up, although several recent
refinements to chromatographic separation methods may
offer practical solutions. These include tailoring the tube–gel
interaction through temperature control [3], pH variation [4]
and surfactant concentration [5], as well as advances in
fundamental understanding of the interactions [6].

A promising application of SWCNT–silicon hetero-
junctions is in photovoltaic devices [7]. Interest in this
field has been growing rapidly in the last few years and
SWCNT–silicon solar cells have seen very significant
performance gains, with recent reports of dry-state, small
area efficiencies from Jia et al. [8] (2011, 10.9%), Jung
et al. [9] (2012, 11.2%) and Shi et al. [10] (2012, 15%).
There has been work towards revealing the mechanism of
action of these devices [11–15], numerous papers involving
performance improvement through optimisation of device
structure parameters [16, 17] and the effect of doping the
nanotube films [18, 19], as well as other reports of novel
ways to improve upon the basic SWCNT–silicon design [20,
21]. However, in some respects the data is apparently
conflicting; with reports suggesting that the mechanism is
either that of a p–n, Schottky or metal–insulator–semicon-
ductor (MIS) junction. Confusion may be arising as a result
of the complexity and diversity of SWCNT films, their
metallicity, various nano- and microstructures, component
species and the effect of any treatments they receive
during device fabrication. Also, the literature reveals that
the particular physical structures of the SWCNT–silicon
junctions present in a device are vital characteristics in
terms of performance, and perhaps operating mechanism.
For example, devices that use vacuum filtration and spray
deposited films are inevitably quite porous, containing
holes that generate a range of junction types depending on
fabrication conditions and treatment methods. These include
SWCNT–Si, SWCNT–SiO2–Si and SWCNT–SiOx–Si, as
well as the SiO2–Si and/or SiOx–Si junctions present on the
surface regions where none of the SWCNTs make contact
with the underlying silicon. Pintossi et al. [22] recently
showed that while the presence of SiO2 between the
SWCNTs and the silicon is beneficial, the presence of SiOx is
certainly not. Much of the data derived from such ‘patchy’
films supports a Schottky operating mechanism. On the other
hand, the use of highly aligned SWCNT films [9, 15, 23]
produces a more conformal coverage of the silicon which
enhances the quality of the diode [21], narrows the
polydispersity of junction types and greatly increases the
number of SWCNT–Si junctions, not to mention signifi-
cantly increasing the conductivity of the film and reducing
the recombination current through minimisation of charge
traps and intertube barriers. Of these, the reports by Li
et al. [15], and Jung et al. [9], which use very highly aligned
films produced by the ‘sliding-coating’method derived from
Saha et al. [24], strongly support a p–n mechanism.

Most of the literature so far has used mixtures of nanotube
types. As a step towards more fully understanding the role of
SWCNT film metallicity in these devices, this report details

the first direct performance comparison between SWCNT–
silicon heterojunction solar cells fabricated with unsorted
(u-SWCNTs) and sorted metallic (m-SWCNT) and semicon-
ducting (s-SWCNT) material. Additionally, a remarkably
different effect is observed between the three systems upon
p-type doping of the SWCNT films using an electron
withdrawing chemical treatment (SOCl2).

2 Experimental Vacuum filtration films of mixed and
type-sorted SWCNTs with significantly different optical
spectra (Fig. S1, see Supporting Information, online at www.
pss-a.com) were used to fabricate solar cells and also
deposited on glass and silicon to allow optical, Raman and
AFM characterisation as well as measurement of the sheet
resistance. For each material type, three different optical
densities were used; roughly corresponding to average
transmittances in the visible/NIR of Tav¼ 96%, 90% and
84% (see Fig. S2, Supporting Information). Each solar cell
was made in duplicate and solar cell parameters are averaged
from both devices with the standard deviation most often
contained within the extent of the data point markers.

SWCNT dispersions were generated from solutions
(25ml) of SDS (either 2% or 0.5% w/v as indicated)
containing HiPCO SWCNTs (1mgml�1) via tip ultra-
sonication (Sonics VCX 750W) for 45min. Sonication
(20 kHz) was performed with a Ti microtip (6.5mm)
operating at 22% of the maximum amplitude (corresponding
to a power input of approximately 0.4Wml�1) [25].
Samples were cooled with ice water during exposure to
ultrasound and were ultracentrifuged directly after sonica-
tion. Ultracentrifugation was carried out at fixed angle
(90min, 40500 rpm, approx. 120� 103 g) in an ultracentri-
fuge (Optima L-100XP, Beckman–Coulter), with the upper
75–85% of the supernatant collected via pipette. U-SWCNT
films were prepared from this supernatant after dilution.

For metal–semiconductor separation, the gel chroma-
tography technique was used [36]. SWCNTs dispersed in
aqueous SDS (0.5% w/v) were used as a starting solution.
This concentration was selected as it has been found to
provide the best metal–semiconductor separation for the
HiPCO distribution [5]. A glass column with a fritted
disc was filled with Sephacryl S-200 HR (N,N0-methyl-
enebisacrylamide cross linked allyl-dextran; 25–75mm
diameter) gel bead solution (30ml) to give a bed height
of approximately 22 cm. The gel was first washed with DI
water (30ml) followed by aqueous SDS (30ml, 0.5% w/v)
before addition of the SWCNT solution (10ml). Elution was
facilitated by application of unregulated nitrogen flow to
the top of the column, giving a variable flow rate (0.5–
0.8mlmin�1). The flow through eluate was collected with
the addition of SDS solution (15ml, 0.5% w/v) to the
column until the coloured mobile band was observed to be
completely eluted. This flow through solution is very highly
enriched in metallic species and was therefore used to
prepare m-SWCNT films.

Although it is possible to collect the s-SWCNT fraction
in this process by further eluting the SWCNT material that is
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adsorbed to the gel, this would provide a large number of
different SWCNT species with varied optical properties.
To obtain a semiconducting fraction of significantly reduced
chirality distribution, the gel separation process was per-
formed again in a manner similar to that in reference [26].
In this case, SWCNTs dispersed in aqueous SDS (2% w/v)
were used as the starting suspension with less of the gel
beads (0.6ml), providing a thin gel bed. The gel was washed
with DI water and SDS solution (2%w/v) prior to addition of
SWCNT solution (10ml), which was passed through the gel
bed and collected. The gel was then washed with DI water
and SDS solution (6ml, 2% w/v) before changing the
eluent to aqueous sodium deoxycholate (DOC) (0.5% w/v).
The s-SWCNTs are desorbed from the gel in this surfactant
and were collected (3ml aliquot). The gel bed was then
flushed by DI water and SDS solution (2% w/v) before
repeating this procedure, re-using the same original SWCNT
dispersion to generate a second semiconducting fraction.
Three such fractions were collected before replacing the
gel and collecting additional fractions. Suspensions of the
unsorted material and the enriched fractions were diluted in
DI water (150ml) and this was used to prepare films.

Randomly aligned SWCNT films were prepared
similarly to Wu [27] and Hu [28]. The required volume
of SWCNT suspension (see Fig. S3, Supporting Informa-
tion) was diluted with DI water and then filtered onto
large pore mixed cellulose ester (MCE) ‘target’ membranes
(0.45mm, HAWP, Millipore) over a smaller pored ‘stencil’
membrane (25 nm, VSWP, Millipore). The large difference
in flow rates between target and stencil allows the fabrication
of well-defined film shapes on the target membrane. The
films made this way are highly reproducible and the
thickness/optical density are precisely controllable by
varying the concentration and/or volume of SWCNT
suspension, with the additional benefit of minimising
wastage of SWCNT material. The SWCNT films were
rinsed thoroughly with DI water (3� 50ml, then 250ml).
Circular regions (0.32 cm2) of the resulting SWCNT-MCE
membrane were taken for device fabrication.

Phosphorous doped n-type silicon wafers (CZ, 5–
25V cm, h100i, SSP, ABC GmbH) with a thermal oxide
(100 nm) were diced into rectangular pieces (1� 1.5 cm2).
UV photolithography was used to define circular regions
(0.08 cm2) in a positive resist (AZ1518, micro resist
technology GmbH), which was developed and then the
front metal contact (Ti/Au, 5/145 nm) was sputtered (Fig. 1).
Following lift off the oxide in these regions was removed
with buffered oxide etch. The SWCNT films were deposited

onto the substrate surfaces by placing the circular SWCNT-
MCE membranes, SWCNT side down, centred over the
etched holes. The membranes were wetted with DI water
then compressed and baked (80 8C, 15min). Following
cooling, the substrates were immersed in acetone (1 h) to
dissolve the MCE. After removal from this first acetone bath
and drying with N2, the devices were washed in a further
three baths of fresh acetone (1 h each) and with mild stirring
of the solvent. After the final drying with N2, substrates
were obtained with SWCNT membranes tightly adsorbed
onto their surfaces providing circular active areas (0.08 cm2)
surrounded by toroidal regions (0.24 cm2) where the
SWCNT membranes overlap the front metal contacts. After
etching of the rear oxide the devices were completed with
gallium indium eutectic (eGaIn) back contacts and mounted
on steel plates (2 cm2). The solar cells thus produced are
called ‘as-prepared’.

UV–Visible–NIR absorbance spectra of the SWCNT
films were measured using a spectrophotometer (Cary50,
Varian) by passing the beam through films mounted on glass.
Simple background subtraction was performed using the
absorbance spectra of the glass substrates. Transmittance
spectra were calculated post-measurement from the absor-
bance data. Sheet resistance measurements were taken from
the same films using a four point probe (KeithLink) in
linear geometry and a multimeter (GDM-8261, GW Instek).
Photoluminescence (PL) excitation maps of sorted nanotube
material in solution were measured (emission range of 900–
1700 nm, excitation range of 500–950 nm, scanned in 3 nm
steps) using a modified FTIR spectrometer (Bruker IFS66)
equipped with a liquid nitrogen cooled Ge photodiode and
a monochromatised excitation light source.

3 Results and discussion Photoluminescence (PL)
measurements taken of aqueous suspensions of the three
types of SWCNT material (Fig. 2) show that they are
composed of distinctly different populations. The unsorted
material contains the expected large range of chiralities
with S11< 1400 nm (the measurement cut-off due to water
absorption). The PL process involves absorption of a high
energy photon through S22, followed by decay of the excited
state to S11 and then radiative relaxation down to the ground
state. Naturally, m-SWCNTs cannot be observed by this
technique because (a) there is no M22 in the practical range
of measurement and (b) even if there were, non-radiative
recombination is by far the dominant mechanism. However,
the m-SWCNT PL data are still important in that it
indicates the metallic purity of the m-SWCNT fraction or,
more correctly, the lack of semiconducting species. The
s-SWCNT fraction is dominated by the (6,5) nanotube, but
also with significant amounts of (6,4), (7,5), (7,6) and traces
of others.

Current–voltage measurements obtained from solar
cells fabricated with the three different kinds of SWCNT
starting material (Fig. 3a–c) show remarkably different
output characteristics (summarised in Table S1, Supporting
Information). The devices made with m-SWCNTs clearlyFigure 1 Solar cell device structure.
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outperform their semiconducting and unsorted counter-
parts. This is despite great care being taken to ensure that
the amount of material (optical density) in the different
films is comparable (Fig. 3d–f). The reasons for these
differences in performance are quite complex. In the case
of the semiconducting material and the devices with
the thinnest of the unsorted films it can easily be argued
that the poor performance is due to the very high
sheet resistance (Rsheet) of those films, in the MV range
(Fig. 3g–i), which causes a high series resistance (Rs) in

the resulting devices – a dependence that has been observed
previously [17]. However, this reasoning fails when
trying to rationalise the approximately 20� greater power
conversion efficiency (PCE) when using metallic versus
unsorted SWCNTs in the thicker film devices (which
have comparable Rsheet). Furthermore, the fact that Rsheet is
relatively the same for the unsorted and metallic devices
with the thicker films (U-84 and M-84), yet Rs is around
3� larger in the unsorted devices, means that other factors
must be involved.

Figure 2 Photoluminescence maps of (a) unsorted, (b) metallic and (c) semiconducting SWCNT material. Note that m-SWCNTs
cannot be observed by this measurement, see text.

Figure 3 Current–voltage characteristics of as-prepared solar cell devices made with either (a) unsorted (denoted ‘U’), (b) metallic (M) or
(c) semiconducting (S) SWCNTmaterial at three different optical densities (approximately 96%, 90% and 84% transmittance). (d–f) Show
the corresponding UV–Vis–NIR absorption spectra (obtained from SWCNT films on glass) and (g–i) show the variation of Rsheet and
PCE as a function of SWCNT film transmittance. Noise in the longer wavelength region of the optical spectra is simply an artefact of
the instrument near its upper limit.
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Comparison of the first transition peak positions shown
in the UV–Vis–NIR measurements (Fig. 3e and f) with the
data from Hároz et al. [29] and Weisman et al. [30] indicates
that the species in the m-SWCNT HiPCO material could
be the (7,7), (8,8) and (9,9), and correlates well with PL
measurements for the s-SWCNTs. Thus, although the
u-SWCNT material contains a distribution of SWCNT
diameters, the m-SWCNT and s-SWCNT diameters are
relatively similar and so the performance differences are not
due to diameter. Also, AFM measurements show that the
morphology of the films, including thickness, bundle size,
level of connectivity and degree of alignment (none), is
comparable for similar optical densities (Figs. S5–S8,
Supporting Information). So, if not due to simple morpho-
logical differences in the films, the substantial difference in
output characteristics must arise as a result of some other
differences between the SWCNT films used.

The unsorted material was suspended with sodium
dodecyl sulphate (SDS) and the m-SWCNT material was
suspended and eluted with SDS, however, the s-SWCNT
material was suspended in SDS but eluted by the addition
of sodium deoxycholate (DOC) and it is conceivable
that this may in some way give rise to the observed
performance differences. However, it must be noted that,
(a) the films were thoroughly rinsed with a very large
volume of DI water and this is expected to remove much
surfactant, (b) films produced with DOC have been shown
to outperform, in terms of electrical characteristics, those
made with SDS due to improved fine structure (smaller
bundles, better connectivity) [31], although this was not
observed for these filtered films where the inherent effect
of aggregation due to filtering through defined pores
dominates the effect of different surfactants on the film
structure and, (c) the brief acid treatment and ethanol
rinse applied to the films/devices prior to measurement is
expected to also desorb surfactant molecules.

It seems likely then that the differences in output
characteristics are caused by inherent differences in the

SWCNTs. Considering the density of states (DOS) of
s-SWCNTs, silicon and m-SWCNTs shown in Fig. 4, it is
clear that an energy diagram for these devices is not a
trivial matter. One may (boldly) draw up the (S11) band
alignment of the s-SWCNT/silicon interface as a classical
p–n junction but in the case of m-SWCNTs, the M11

transition shown in Fig. 4(c) is an optical transition only –

despite the existence of the Van Hove singularities (VHSs)
this is not a semiconducting material and should thus never
form a semiconductor–semiconductor p–n junction. Fur-
thermore, the single particle model shown in Fig. 4(a)
and Fig. 4(c) is a simplification; the SWCNT’s absorption
properties are in fact entirely excitonic in nature [32]. It may
be that in such a simplified model the junction-defining
characteristics are not retained.

If unavoidable p-type doping of the SWCNTs by
adsorbed oxygen molecules is assumed to shift the
SWCNT Fermi energy down by a modest 100meV (a
reasonable figure for large bandgap SWCNTs) [33] then the
difference in Fermi energies between the moderately doped
n-type silicon and the (6,5) s-SWCNTs is approximately
4.6� 4.26 eV¼ 0.34 eV. This difference presumably causes
the formation of a built-in potential, Vbi, upon contact
between the two materials, which in turn sets an approximate
limit on the open circuit voltage, VOC, and this correlates well
with that measured from devices (0.33V for S-84 devices).
The VOC of the metallic devices tended towards a higher
value of 0.45V with increasing film thickness. The
distribution of species in the unsorted material, and thus
conduction/valance state and first excitonic transition
energies, will surely give rise to the formation of intertube
energy barriers and localised charge traps in the film. This
will contribute to an enhanced recombination current that
will reduce the device potential under illumination. This is
both the likely cause of the lower VOC of 0.19V and a likely
contributor to the approximately 3� greater Rs in the thicker
unsorted (U-84) versus metallic (M-84) devices, which have
very similar Rsheet of 2.08� 103 and 1.85� 103V sq�1,

Figure 4 Density of states of the (a) s-SWCNTs, (b) bulk silicon and (c) m-SWCNTs used in devices. The valance (vi) and conduction (ci)
states (or HOMO and LUMO levels) are indicated in the SWCNTs, as are the optical transitions giving rise to the Sii andM11 excitons. The
bandgap energy (Eg) of silicon is 1.12 eV and the Fermi energy is indicated by dashed lines. The Fermi energy in the silicon is shifted up by
around 0.25 eV due to the moderate n-doping whilst that of the SWCNTs is shifted down slightly to account for p-type doping by adsorbed
oxygen molecules [33].
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respectively. The fill factor (FF) is roughly the same for all
three kinds of SWCNTs (likely limited by the high Rs).
However, the reverse saturation current density, J0, through
the metallic devices, which depends on the quality of the
diode, is over an order of magnitude lower than through
the unsorted, and over two orders lower than through
the semiconducting devices. That is, it follows the trend
m-SWCNT< u-SWCNT< s-SWCNT (where a lower J0
entails better performance). This is consistent with the
observation that, whatever the operating mechanism, the
width and homogeneity of the space charge region set up
in the silicon, and thus the quality of the diode, will
depend heavily on the initial carrier concentration at the
Fermi level of the SWCNT, which follows the trend
m-SWCNT> u-SWCNT> s-SWCNT. As well, a visual
inspection of the current–voltage curves in the reverse bias
regime suggests that, at least in the thicker film devices,
the m-SWCNT devices are better at maintaining charge
separation (slope around 0). In short, the performance of the
solar cells follows the trend in SWCNT film metallicity with
the m-SWCNT solar cells significantly outperforming the
unsorted devices, which in turn outperform the semicon-
ducting devices.

The situation becomes remarkably different after the
application of the powerful organic oxidiser, SOCl2, to
the SWCNT films (Fig. 5). Following treatment with
SOCl2 there is almost complete bleaching of the S11
absorption and a substantial decrease in the intensity of S22
and this is consistent with electron transfer from the top of

the SWCNT valance states to the organic oxidiser [34].
The electron withdrawing nature of this treatment has a
strong p-type doping effect on the SWCNTs and has been
repeatedly shown to greatly improve SWCNT film
conductivity [35, 36], and the performance of similar solar
cells made with them [17, 18]. This is clearly in evidence
here; the s-SWCNT and u-SWCNT films underwent
decreases in Rsheet of 2–3 orders of magnitude, depending
on film thickness. Concurrently, around a 20� improvement
in s-SWCNT device efficiency (0.11–2.01% for S-84) was
observed, and around 35� improvement in u-SWCNT
device efficiency (0.13–4.51% for U-84), accompanied by
relatively similar increases for the thinner film devices. It
should not be possible to p-dope the m-SWCNTs down into
the VHS by chemical doping alone (an increase in the work
function of about 1.2 eV!) and this is confirmed in this case
by the lack of observation of M11 bleaching seen in the
UV–Vis–NIR (Fig. 5e). Therefore, unlike in the case of
u-SWCNT and s-SWCNTs, the p-doping should not
significantly alter the density of states at the Fermi level
(see Fig. 4c). The SOCl2 lowers the contact resistance at the
tube–tube junctions, tightening the bundles as observed by
M11 peak broadening in Fig. 5e. These two effects should
improve the conductivity of the film, but not nearly to the
same degree as shifting the Fermi energy fully into a VHS.
This is commensurate with the observation of only relatively
minor improvements in Rsheet (around 10–70%, depending
on thickness) and PCE (2.45–4.51% for M-84) for the
m-SWCNT films/devices. The improvements in PCE are

Figure 5 Current–voltage output of solar cells, optical absorption and Rsheet of SWCNT films, after doping with SOCl2.
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well correlated with measured improvements in Rsheet of
the SWCNT films while changes in the trends in efficiency
with film transmittance (comparing Fig. 3g–i and Fig. 5g–i)
exactly match changes in the corresponding trends in
Rsheet, i.e. the very noticeable change for the unsorted and
semiconducting films from nonlinear before treatment to
distinctly linear after (the trend in the m-SWCNT film
Rsheet with transmittance remained linear).

The SOCl2 treatment greatly increases carrier (hole)
density, reducing energy barriers at tube-tube junctions [36]
and switching the conduction mechanism from thermionic
emission over tube-tube barriers to tunnelling through
them [37]. The fact that Rsheet of the thinner m-SWCNT films
remained relatively unaffected after treatment compared to
the other films is consistent with the fact that the metallic
film conductivity was not initially limited to any great
degree by low carrier density at the Fermi level, unlike the
semiconducting and unsorted films. It is more likely that the
metallic films were already limited instead by their density,
degree of (mis)alignment and level of connectivity, which
then also become the limiting factors in the semiconducting
and unsorted SWCNT films after the SOCl2 treatment.
However, despite the obvious huge changes in SWCNT
film conductivity, Rsheet of the three thickest films is,
conveniently, almost identical (726, 727 and 768V sq�1

for unsorted, metallic and semiconducting, respectively).
This precludes the improved conductivity due to the SOCl2
treatment as the only contributor to the observed differences
between device types.

One striking difference after treatment is that both JSC
and VOC of the unsorted SWCNT solar cells are now higher
than their metallic counterparts, although the FF values are
lower in the unsorted, which results in solar cells of both
types being equally efficient (at 4.5%). This may be because
the complex mixing of states in the films’ DOS means that
the average carrier density in the unsorted films is now
higher at the new Fermi energy since these films contain a
proportion of s-SWCNTs doped into their VHS, providing a
higher carrier density than is attainable in the m-
SWCNTs [38]. Considering the nanoscale dimension of
the basic material elements and their presumably homoge-
neous physical mixing in the film as well as their high
conductivity, particularly after doping, it is not unreasonable
that the bulk material properties may be an average of those
of the individual SWCNT species. Thus, in some respects,
the SWCNT films behave like an alloy – where the electrical
properties of the composite can exhibit features not found in
any single component. In this case, it may be possible to
fabricate SWCNT films with specifically tailored properties
provided by defined compositional ratios of two or more
SWCNT species. With a plethora of SWCNT species, each
with their own peculiar electronic structure and resulting
varieties of SWCNT–silicon heterojunction properties, there
is great opportunity for exploration and leverage of such
characteristics in future solar cells and electronic devices.

As mentioned, there is some disagreement as to the
underlying photovoltaic mechanism of action of SWCNT–

silicon junctions, be it p–n, Schottky or MIS, and this must
be addressed in light of the results of the mixed/metallic/
semiconducting comparison described herein. A small
increase in the quantum efficiency at wavelengths corre-
sponding to the SWCNTs has been reported by Del Gobbo
et al. [13] and by Ong et al. [11] This could be due to a p–n
mechanism, or possibly a photoconductive effect improving
performance (an hypothesis supported by the fact that the
contribution in Ref. [13] was only observed to correspond to
metallic nanotubes). An absence of SWCNT contribution to
photocurrent, despite careful attempts to reveal it, has also
been reported [14], but this does not necessarily preclude a
p–n mechanism as a p–n junction may exist (with the
SWCNTs taking the role of the p-type material) even without
observing a photocurrent response from the SWCNTs if the
conduction band energy offset at the SWCNT-Si hetero-
junction is large enough to allow for rectification, but not
large enough to overcome the exciton binding energy. In
other words if the change in electron affinity between the
SWCNT and Si does not exceed the SWCNT exciton
binding energy then there should be no driving force for
splitting the exciton into separable charge, but the change in
electron affinity may be sufficient to establish a p–n diode.
Nonetheless, it is unclear how the function of the m-SWCNT
devices could be explained in this context, or indeed the
SOCl2 treated s-SWCNT devices, in which the doping has
produced significant metallic character. In the work of Jung
et al. [9], the activation energy, Ea, of the SWCNT–silicon
solar cells was determined to be 1.12 eV, the same as the
silicon bandgap. In the conventional understanding this
indicates that it is the silicon that produces the photocurrent
and therefore a p–n junction mechanism applies. Of course,
this also indicates that it is not the s-SWCNTs that take the
role of the p side of the active junction because Ea¼Eg

should only occur for a silicon p–n homojunction [39] (or if
the bandgap of the nanotubes just happens to be exactly the
same as silicon, which is unlikely in general and certainly
not the case in the Jung et al. work, which used mixed
SWCNTs). Additionally, even if the SWCNTs do not act as
the p-type material in a p–n junction, this does not
necessarily preclude an underlying p–n mechanism for the
devices because this mechanism also underlies the MIS
system [40], where the active junction exists between the
silicon bulk and the inversion layer created adjacent to
the oxide.

However, our understanding of the underlying physics
of Schottky barriers shifted around the turn of the century,
as summarised by Tung.[41]. In light of this, the question
of how large a Schottky barrier can actually be may be
revisited. Sze [39] and Tung [41] make it clear that the
height of the activation barrier is not a good criteria for
differentiating between a Schottky and p–n junction. It turns
out that if the Fermi level pinning between the silicon and the
‘metal’ is absent then the Schottky barrier can become as
large or even larger than the band gap of silicon. Often this is
not observed with elemental metals and alloys because of
interface dipoles pinning the Fermi level, but if those dipoles
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are not there then the Schottky barrier height simply scales
with the work function of the metal. Interestingly, from
SWCNT/metal junctions we know that Fermi level pinning
is absent and Barone et al. [42] showed that the work
function of SWCNTs can vary at least from 3.9 to 5.2 eV
depending on doping. Also, Tongay et al. [43] confirms the
absence of Fermi level pinning in HOPG-nSi junctions and it
is pointed out that the Mott model works well. Hence
increasing the ‘metal’ nanotube work function by p-doping
with SOCl2 (or gold chloride [9, 44]), in combination with
the absence of Fermi level pinning, might easily explain
large Schottky barriers that are on the order of the band gap
of silicon. A Schottky model would also explain the positive
influence of a thin oxide layer as explained by Card and
Yang [45] and Doghish and Ho [46]. Nevertheless, Jung
et al. [9] also measured a very long minority carrier lifetime,
which is difficult to explain with reference to the Schottky
mechanism. In short, there is a strong case for an underlying
p–n mechanism, but also an alternate line of reasoning
which poses that the devices are Schottky junctions just as
with graphene-silicon [47] and graphene-germanium [48]
devices, where the existence of a s-SWCNT bandgap just
confuses the issue and where the important characteristics
are the Fermi energy relative to silicon for the establishment
of a built-in potential, the SWCNT carrier density and
mobility, and the film density and degree of alignment which
give rise to the conductivity and ampacity of the film. Whilst
the results of the current study do not resolve this issue,
they do provide clear guidance in the design of future
experiments that may, as well as raising the possibility that
the operating mechanism may depend on the metallicity of
SWCNT film used.

4 Conclusions In summary, the first ever direct
performance comparison between SWCNT–silicon hetero-
junction solar cells fabricated with unsorted, metallic, or
semiconducting SWCNTs is presented. Whilst the conduc-
tivity and ampacity of the SWCNT film are always primary
factors determining the performance of these solar cells,
it is also evident that the metallicity of the SWCNT film
also plays a very significant role. This result may call into
question some earlier reported conclusions regarding the
role of the SWCNTs in devices which used mixed SWCNTs
and the underlying operating mechanism of these photo-
voltaic systems. Armed with this new understanding, future
investigations should be better able to resolve some of the
outstanding questions regarding SWCNT–silicon solar cells.
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Abstract 
In this work, polymer-free (6,5) single walled carbon nanotubes (SWCNTs) prepared using the gel 
permeation approach are integrated into SWCNT:C60 solar cells. Evaporation driven self-assembly 
is used to form large-area SWCNT thin films from the surfactant-stabilized aqueous suspensions. 
The thicknesses of various layers within the solar cell are optimized by theoretical modeling using 
transfer matrix calculations; where the distribution of the electric field within the stack is matched to 
light absorption by the SWCNTs through either their primary (S11) or secondary (S22) absorption 
peak, or a combination thereof. The validity of the model is verified experimentally through a 
detailed parameter study and then used to develop SWCNT:C60 solar cells with high open circuit 
voltage (0.44 V) as well as a cutting edge internal quantum efficiency of up to 86 % through the 
nanotube S11 transition, over an active area of 0.105 cm2. 
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driver of this interest has been the desire 
to absorb the infrared light excluded by 
traditional organic sensitizers. In addition, 
the presence of multiple excitonic transi-
tions within SWCNTs may allow for solar 
cells built from them to not only cover the 
infrared spectrum but also the visible and 
UV regimes. For example, small diameter 
(≈0.8–1.2 nm) semiconducting nanotubes 
have their fi rst excitonic transition (S 11 ) in 
the NIR (900–1250 nm), the second (S 22 ) 
in the visible (550–900 nm), and the third 
(S 33 ) in the UV. [ 9 ]  Due to the larger absorp-
tion cross section of the S 11  transition 
compared to S 22 , S 33,  etc. most researchers 
have so far focused on the infrared regime. 
However, Bindl and Arnold have recently 
investigated the quantum effi ciency from 
S 11 , S 22,  and even hot S 11  + K transitions 

from (7,5) SWCNTs and found that the measured effi ciencies 
correlated well with the expected absorption cross sections. [ 10 ]  

 The development of SWCNT solar cells capable of harvesting 
light across such a broad wavelength range introduces new 
questions regarding the ideal design of the layer stack such 
that there is adequate electric fi eld intensity from the incoming 
light at the positions where the nanotubes absorb. To this end, 
transfer matrix calculations (TMCs) are particularly useful 
because it is possible to predict the optimal exciton generation 
rate in the nanotubes based on the normal squared electric 
fi eld intensity (| E | 2 ) for any combination of layers in a solar cell 
stack. [ 11 ]  By correlating | E | 2  calculations to the SWCNT absorp-
tion profi le, we demonstrate control of the ratio of external 
quantum effi ciency (EQE) due to S 11 , S 22,  and a combination 
thereof through variation of the stack design. This comple-
ments the work of Bindl and Arnold and Guillot et al. who used 
solar cell stack designs which resulted in electric fi elds distrib-
uted across either S 22  and S 11  or specifi cally across S 11 . [ 1,2,6,10 ]  

 The preparation of semiconducting pure SWCNTs suit-
able for use in SWCNT:C 60  solar cells can broadly be divided 
into two categories; fi rst, via selective polymer wrapping in an 
organic medium, [ 12,13 ]  or second, through aqueous surfactant-
based methods such as gel permeation chromatography 
(GPC), [ 14,15 ]  density gradient ultracentrifugation (DGU), or 
the newly developed phase transfer method. [ 16,17 ]  In terms of 
industrial applicability, both methodologies have their advan-
tages and disadvantages. For example polymer wrapping 
with poly(9,9-dioctylfl uorenyl-2,7-diyl) (PFO) or regioregular 
poly(3-alkylthiophene)s (rr-P3ATs) has been shown to be highly 

 Polymer-free (6,5) single-walled carbon nanotubes (SWCNTs) prepared using 
the gel permeation approach are integrated into SWCNT:C 60  solar cells. 
Evaporation-driven self-assembly is used to form large-area SWCNT thin 
fi lms from the surfactant-stabilized aqueous suspensions. The thicknesses 
of various layers within the solar cell are optimized by theoretical modeling 
using transfer matrix calculations, where the distribution of the electric fi eld 
within the stack is matched to light absorption by the SWCNTs through either 
their primary (S 11 ) or secondary (S 22 ) absorption peaks, or a combination 
thereof. The validity of the model is verifi ed experimentally through a detailed 
parameter study and then used to develop SWCNT:C 60  solar cells with high 
open-circuit voltage (0.44 V) as well as a cutting-edge internal quantum 
effi ciency of up to 86% through the nanotube S 11  transition, over an active 
area of 0.105 cm 2 . 

  1.     Introduction 

 Over the past 5 years, single-walled carbon nanotubes (SWCNTs) 
have attracted much attention in the organic solar cell com-
munity, from both a theoretical and practical point of view, as 
either a light sensitizing material, or in active layer compos-
ites. [ 1–7 ]  This is due to such desirable characteristics as their 
high charge carrier mobility along the nanotube axis and excel-
lent stability toward degradation in ambient, humid, hot or 
high UV radiation conditions. [ 8 ]  As an active material, a key 
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selective to small diameter SWCNTs and capable of yielding 
extremely high semiconducting contents of >99%. [ 18 ]  In the 
case of SWCNT solar cells this observed high selectivity is 
important as the absence of metallic species reduces the poten-
tial for interlayer shorts or the introduction of trap states. [ 19 ]  
Additionally, the processing of SWCNTs in an organic medium 
is often more amenable to fl at, thin fi lm fabrication, while still 
being compatible with the surrounding layers in the device 
stack, and techniques such as doctorblading, [ 1 ]  spin-coating, and 
spray-coating have been used in the past. [ 4,6 ]  It is likely for these 
reasons that most of the nanotube solar cell literature uses 
polymer-wrapped SWCNTs as the donor material. Pioneering 
the fi eld in 2010, Bindl et al., used PFO-wrapped SWCNTs in 
combination with different electron and hole acceptor materials 
such as fullerene C 60 , [6,6]-phenyl C 61  butyric acid methyl ester 
(PC 61 BM) or poly(3-hexylthiophene) (P3HT), respectively, and 
showed that the SWCNTs form a Type-II heterojunction with 
suffi cient energetic offset to drive exciton dissociation and the 
generation of photocurrent. [ 1 ]  Power conversion effi ciencies 
of 1% with C 60  and 3.1% with PC 71 BM were obtained using 
planar junctions and bulk heterojunction (BHJ) solar cells, 
respectively. [ 2,5 ]  In the planar architecture, an EQE and internal 
quantum effi ciency (IQE) of 40% and more than 85% were 
obtained at S 11 . [ 2,10 ]  Despite these remarkable results, new 
strategies to remove the excess polymer are required. As was 
later outlined by Bindl et al., [ 20 ]  residual PFO limits the inter-
tube diffusion length to ≈8 nm and therefore restricts the usage 
of thicker nanotube fi lms. However, the greatest limitation to 
polymer wrapping methodologies (at least for small diameters) 
is the low yield and expense of the polymer, which has likely 
contributed to the use of relatively small active areas of between 
0.008 and 0.04 cm 2  until, recently, Guillot et al. fabricated solar 
cell devices with an active area of 0.101 cm 2  that were masked 
to 0.061 cm 2 . [ 2,4,6,12 ]  Although the use of small areas is conven-
ient in the obtainment of statistics, increasing the active area is 
an important issue to address if carbon nanotube solar cells are 
to develop as a technology. Toward this end, Bao and co-workers 
have looked at the role of the polymer’s alkyl side chains in 
increasing the yield of sorting small diameter nanotubes for 
solar cell applications. [ 4 ]  Likewise, Blackburn and co-workers 
have demonstrated a spray-coating technique that is compatible 
with large area fi lm fabrication. [ 21 ]  

 In contrast, the yield from surfactant-based methods is sig-
nifi cantly higher; with our recently developed automated gel 
permeation system capable of routinely preparing mg amounts 
of (n,m) sorted material, albeit with higher metallic nanotube 

content compared to polymer wrapping. Although, as shown 
in the work of Tulevski et al., [ 22 ]  surfactant-based method can 
reach a semiconducting purity larger than 98%. The use of 
an aqueous suspension introduces new fabrication challenges 
due to the incompatibility of many common solar cells organic 
layers with water, which is probably a contributing factor in 
why the literature currently only provides one example of the 
use of surfactant-wrapped SWCNTs in these types of solar cells. 
In that work, Jain et al. prepared a SWCNT fi lm via vacuum 
fi ltration of surfactant-stabilized (6,5) nanotubes and placed this 
in contact with C 60  as an electron acceptor. [ 3 ]  Despite having a 
100 nm thick nanotube fi lm, the current contribution from the 
nanotubes was only 0.5% in the EQE, with an overall power 
conversion effi ciency of 0.1% and, although not reported, an 
evidently low IQE. 

 In our work, we have also investigated surfactant-wrapped 
(6,5) SWCNTs however, instead of vacuum fi ltration, we have 
used evaporation-driven self-assembly (EDSA) to form our 
nanotube fi lms. In previous reports, this approach has yielded 
closed fi lms and stripes of horizontally aligned nanotubes on sil-
icon dioxide from surfactant wrapped, enriched (6,5) nanotube 
solutions in 0.1 and 1 wt% sodium dodecyl sulfate (SDS). [ 23,24 ]  
Recently, Li et al. published videos of SWCNT stripe formation 
via a “slip-stick” mechanism, demonstrating that the dynamic 
contact line pinning and SDS concentration are responsible for 
the horizontal alignment of nanotubes. [ 23 ]  In this report, the 
stripe formation was suppressed by adjusting the evaporation 
speed of the nanotube solution and surfactant concentration to 
create thin (≈2 nm), homogenously closed fi lms over large areas 
(≈2 cm 2 ). Similarly to the work of Wang et al., our design consists 
of the nanotube fi lm sandwiched between a poly(3,4-ethylenedi-
oxythiophene) polystyrene sulfonate (PEDOT:PSS) hole trans-
port layer and a C 60  electron acceptor and transport layer in a 
planar organic heterojunction solar cell. [ 4 ]   

  2.     Results and Discussion 

 The solar cell architecture is shown in  Figure    1  a and a solution 
optical density spectrum and photoluminescence contour 
map of the (6,5) SWCNTs used in this work are shown in 
 Figure    2  a,b, respectively. Additional information regarding 
the peak fi tting procedure used to determine (n,m) purity 
can be found in Figure S1 in the Supporting Information. 
Following the method of Ghosh et al., [ 25 ]  the purity of (6,5) 
was determined to be 93% with minor (6,4), (7,5), and (7,6) 
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 Figure 1.    a) Schematic of the solar cell architecture with a close-up of the envisaged exciton dissociation at the SWCNT:C 60  interface. Electrons (blue) 
migrate through C 60  to the silver electrode while holes (red) are collected at the ITO in accordance with b) the energy-level diagram of the device stack.
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impurities also present. The fi lms made from this material 
are highly transparent, as seen in Figure  2 a and the inset of 
Figure  2 c. The nanotube fi lms used in this work absorb ≈1.1% 
in the region of their S 22  transition and ≈2.5% at S 11 . As has 
been well documented in the literature, the absorption features 
of the nanotube fi lms are red-shifted and broadened compared 
to those from the solution measurements, due to differences 
in the surrounding environment and to bundling of nano-
tubes. [ 26 ]  This equates to a 10 nm shift for S 22  (from 570 to 
580 nm) and 24 nm for S 11  (from 984 to 1008 nm). The mor-
phology of a typical 2 cm 2  (6,5) fi lm obtained by EDSA was also 
investigated and a representative scanning electron microscopy 
(SEM) image is shown in Figure  2 c. The fi lms are porous and 
disordered, consisting of bundles of nanotubes. As outlined in 
Figure S2, Supporting Information, the bundle height (SWCNT 
fi lm thickness) is determined from atomic force microscopy 

(AFM) measurements to be a log normal distribution with an 
average of 2.1 ± 0.7 nm, and with a surface coverage of 60 ± 8%. 
Nevertheless, as will be shown later, these sub-monolayer thin 
fi lms signifi cantly outperform similar devices made from much 
thicker fi lms (100 nm). [ 3 ]  

   The highest occupied molecular orbital (HOMO) energy of 
the nanotube fi lms was determined by photo-electron yield 
spectroscopy in air (PESA) to be 5.10 ± 0.02 eV (Figure S3, 
Supporting Information), which was used to draw the energy 
band diagram shown in Figure  1 b. The lowest unoccupied 
molecular orbital (LUMO) was calculated based on the work 
by Bindl et al. by adding the optical bandgap and exciton 
binding energy, determined by the works of Dukovic et al. and 
Perebeinos et al., to the HOMO. [ 27,28 ]  In the work of Dukovic 
et al., a dielectric constant of 3 was used however in our work 
the dielectric environment is mostly determined by C 60  with a 
dielectric constant of 4.4 and we have consequently scaled the 
exciton binding energy in accordance with Perebeinos et al. [ 29 ]  
The work functions and the energies of the HOMO and LUMO 
of all other materials were taken from literature or, in the case 
of C 60 , from the works of Bindl et al. [ 27,30 ]  The LUMOs of the 
nanotubes (−3.6 eV) and C 60  (−4.05 eV) exhibit an energetic 
offset of 0.45 eV, which is more than the expected 0.25 eV 
exciton binding energy, that was previously reported by Wu 
et al. [ 19 ]  After dissociation, the holes are collected through the 
nanotubes, PEDOT:PSS and indium tin oxide (ITO) electrode 
while electrons are collected by C 60 /Ag. 

 Assuming that the thickness of the (6,5) SWCNT fi lm, along 
with the glass, ITO and silver electrodes remain constant, 
varying the thickness of PEDOT:PSS (0 to 100 nm) and C 60  (1 to 
200 nm) in steps of 1 nm leads to more than 20 000 different 
possible combinations of layers in the solar cell design depicted 
in Figure  1 a. Although it is not expected that 1 nm changes 
in thickness result in major differences in solar cell perfor-
mance, such large data sets can easily be calculated with the 
aid of TMCs and are a helpful tool to optimize the layer thick-
nesses within the device such that absorption by the SWCNTs 
is maximized. 

 In the numerical modeling used in TMCs, it is important to 
precisely know the optical parameters of all layers. The complex 
refractive indices ( n  and  k ) of all materials in our devices except 
for the (6,5) SWCNTs are readily available in the literature (see 
Experimental Section and Supporting Information). The litera-
ture values of  n  and  k  are compared to the measured absorption 
profi les for C 60  and PEDOT:PSS in Figure S4a,b (Supporting 
Information). Fagan et al. and Battie et al. have provided values 
of the complex refractive index of (6,5) fi lms, which are plotted 
in Figure S4c, although they used different methods to obtain 
the fi lm. [ 31 ]  In Fagan’s approach, DNA-wrapped (6,5) nano-
tubes were investigated based on their horizontal alignment 
in fi lms whereas in Battie’s approach, DGU was used to sort 
highly enriched (6,5) solutions. Unfortunately, not only do the 
two approaches yield different values, but neither of the absorp-
tion profi les calculated (Equation S2 to Equation S4, Supporting 
Information) using these different complex refractive indices, 
shown in Figure S4d, are in good agreement with that meas-
ured from the (6,5) nanotube fi lms used in this study. Because 
of this lack of reliable values of the complex refractive index, 
and in light of the very high (>97%) transmittance of the fi lms 
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 Figure 2.    a) Optical density of the suspension measured with a 2 mm 
path length and fi lm absorbance of (6,5) SWCNTs on glass, scaled by 
a factor of 3.1 to the mean absorbance determined from refl ectance 
measurements in Figure S11 (Supporting Information), b) a normalized 
photoluminescence contour map of the SWCNTs in aqueous suspension, 
c) SEM image of the porous (6,5) nanotube fi lm produced by evapo-
ration-driven self-assembly. Inset shows a comparable fi lm on glass to 
demonstrate the optical transparency.
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used herein, the infl uence of the SWCNT fi lm on the posi-
tion of the electric fi eld intensity has been neglected. A similar 
approach of neglecting the nanotubes has previously shown 
qualitative agreement between | E | 2  and EQE for thin (<5 nm) 
PFO-wrapped (7,5) nanotube fi lms, even with a light absorp-
tion at the nanotube’s S 11  transition of more than 50%. [ 2 ]  In 

this way, the solar cells in the present study were optimized by 
maximizing | E | 2  where the (6,5) fi lm is located at the interface 
of PEDOT:PSS and C 60 . Rather than using TMCs to predict 
current densities or estimate EQE, they were employed in this 
study to estimate the exciton generation rate for all layer com-
binations and wavelength ranges. The exciton generation rate 
was calculated based on a (6,5) SWCNT fi lm absorbance meas-
urement, which was used instead of the product of absorption 
coeffi cient α and the real part of the complex refractive index  n  
in Equation S3 (Supporting Information) and then employed in 
Equations S5,S7 (Supporting Information). A detailed approach 
and the formulas used are described in the Supporting Informa-
tion. From these calculations, the optimum thickness combina-
tion for a maximized exciton generation rate from the SWCNTs 
through S 11  was found to be at 49 nm of PEDOT:PSS and 112 nm 
of C 60 . The corresponding normalized (to the incoming elec-
tric fi eld | 0E +|) | E | 2  can be visualized in a 2D plot as shown in 
 Figure    3  , where blue areas indicate low light intensity, and red 
areas represent high light intensity that holds the potential to 
be absorbed by the material.  

 The validity of the theoretical model was then tested 
experimentally in a parametric study varying the PEDOT:PSS 
and C 60  layer thicknesses. For PEDOT:PSS, thicknesses of 
11, 30, 41, 61, and 86 nm with an error of ±5 nm were used with 
a constant C 60  thickness of 110 ± 5 nm and all combinations 
were made in triplicate (i.e., three substrates, each holding four 
separate solar-cell-active areas). The mean short-circuit current 
densities ( J  SC , mA cm −2 ), open-circuit voltages ( V  OC , V), power 
conversion effi ciencies ( η , %) and fi ll factors (FF) of the corre-
sponding devices are summarized in  Figure    4  a and depicted in 
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 Figure 3.    Normalized spatial distribution of the normalized squared 
electric fi eld intensity, | E | 2 , as a function of wavelength and position 
within the solar cell stack. Light is incident from the left, i.e., through the 
opaque ITO electrode. A layer stack consisting of 49 nm of PEDOT:PSS 
and 112 nm of C 60  is shown and was calculated to maximize exciton 
generation rate through the S 11  transition of the SWCNTs.

 Figure 4.     V oc,  J sc, FF, and η values from parametric investigations of: a) PEDOT:PSS and b) C 60  layer thicknesses. c) Correlation between the short 
circuit current density calculated to be due to the nanotube’s S 11  transition from 800 to 1100 nm (blue diamonds, Equation  ( 1)   and the theoretically 
predicted exciton generation rate-based on Equation S7 (Supporting Information) (red curve) normalized to the maximum current from the nanotubes 
for the same wavelength range. The black curve is the best fi t of the exciton generation rate to the calculated current from the SWCNTs. d) Comparison 
between solar cell EQE and mean (6,5) nanotube fi lm absorbance in the region of the nanotube’s S 11  transition. e) Light (solid line) and dark (dotted 
line)  J–V  measurements from solar cells made with as-prepared and (6,5) enriched SWCNTs.
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more detail in Figures S5,S6 (Supporting Information). All cells 
without PEDOT:PSS failed (see Figure S7, Supporting Informa-
tion), as well as some of the 11 nm ones. We attribute this to 
the porous nature of the SWCNT fi lm that allows for direct con-
tact of C 60  with ITO in the absence of PEDOT:PSS or through 
pin holes in the case of thin fi lms. Once the layer is suffi ciently 
thick, the infl uence of PEDOT:PSS on the device current den-
sity is minor. Therefore, no immediate trend is clearly visible 
across all thicknesses. The FF and  V  OC  are approximately the 
same for all thicknesses and  η  is found to be largest for 41 and 
86 nm. Having comparable  J  SC ,  V  OC , and FF for these two 
thicknesses, 41 nm was chosen for the following C 60  thickness 
study due to it being closer to the optimum of 49 nm predicted 
from the TMC model.  

 Solar cells with six different C 60  layer thicknesses were tested: 
55 ± 2, 85 ± 4, 110 ± 5, 126 ± 2, 167 ± 2, and 191 ± 2 nm and the 
results are plotted in Figure  4 b. Once again, many devices from 
thin fi lms failed (only two out of 12 possible devices worked 
for 55 nm of C 60 ), which in this case we attribute to electrical 
shorts between isolated rough regions of the nanotube fi lm 
and the silver top electrode (one such isolated region has been 
highlighted in Figure S2d, Supporting Information). These 
regions in the SWCNT fi lm likely consist of agglomerated bun-
dles, impurities in the surfactant or catalytic particles from the 
nanotube growth process. For this reason, an additional phys-
ical buffer layer between C 60  and silver can be benefi cial. [ 2,6 ]  
Solar cells with 85 nm of C 60  performed best with the highest 
 J  SC , FF, and  η . Any further increase of the C 60  layer thickness 
resulted in a slight decrease of all parameters, as depicted in 
Figure  4 b. However, the difference across devices with different 
C 60  layer thicknesses is only small, likely due to C 60  being sig-
nifi cantly thicker compared to the SWCNTs, which means that 
its contribution is much larger, as visible in the EQE measure-
ments from 300 to 800 nm shown in Figure S8 (Supporting 
Information). The relative contributions of C 60  and SWCNTs 
to the photocurrent generation are also indicated in Figure S8 
(Supporting Information) and calculated to be 82.9% for C 60  
and 17.1% for the S 11  regime of (6,5) nanotubes (for 85 nm of 
C 60 ). For all different thicknesses of C 60 , the interface with the 
nanotubes remains basically the same and with exciton diffu-
sion lengths in C 60  ranging from 6 to 35 nm, any increase in 
thickness beyond this value does not necessarily generate more 
current. [ 32 ]  Hence, the lack of any signifi cant variation in Figure  4 b 
for increasing C 60  layer thickness. 

 A much closer correlation between experiment and theo-
retical TMC calculations becomes obvious when comparing the 
photocurrent contribution from the (6,5) SWCNTs to the pre-
dicted exciton generation rate, as shown in Figure  4 c for 41 nm 
of PEDOT:PSS. The current contribution from the nanotube 
fi lm in the S 11  region (800–1100 nm) was calculated from EQE 
using Equation  ( 1)  : 

    
EQE( ) ( )dscJ

e

hc ∫ λ λ φ λ λ= ⋅ ⋅
  

(1)
 

 where  e  is the elementary charge,  h  is the Planck’s constant, 
 c  is the speed of light,  λ  is the wavelength, and  φ  is the photon 
fl ux. In this calculation, only the S 11  transition was considered 
due to an overlap of C 60  with S 22 , as seen in Figure S8 (Sup-
porting Information). The optimum exciton generation rate for 

41 nm of PEDOT:PSS was calculated to be at 114 nm of C 60 . 
However, upon experimentally comparing the calculated exciton 
generation rate to the integrated photocurrent, a maximum of 
96 nm of C 60  was found. Qualitatively, this is in good agreement 
when considering that no nanotubes were assumed in the TMC 
model. Taking the nanotube contribution into account in future 
models will likely provide a closer agreement with experimental 
data. 

 Calculating the | E | 2  distribution throughout the solar cell and 
correlating this with the effi ciency through the S 11  transition 
of (6,5), we looked into tailoring the | E | 2  distribution such as 
to maximize photocurrent from S 11 , S 22 , or a combination of 
both. This approach is attractive in terms of light management 
in solar cells or toward transparent solar cells in which the 
nanotubes absorb only in the infrared. As shown in  Figure    5  a, 
comparing the calculated | E | 2  at the position of the nanotubes 
(interface of PEDOT:PSS and C 60 ) for different C 60  thicknesses 
and a constant 41 nm thickness of PEDOT:PSS reveals the 
opportunity to maximize electric fi eld intensity almost equally 
at both nanotube transitions (62 nm C 60 ), or primarily at S 22  
(200 nm of C 60 ), or almost exclusively at S 11  (118 nm of C 60 ). 
In Figure  5 b–d, these theoretical predictions are correlated with 
experimental EQE measurements, where the typical absorb-
ance spectrum of a (6,5) fi lm is also shown for reference. The 
EQE peak corresponding to the nanotube’s S 11  follows the elec-
tric fi eld intensity well however, for S 22 , the correlation is less 
clear due to the overlap of a peak centered at 620 nm, which 
has its origins in C 60  being interfaced with other materials. [ 33 ]  
Nevertheless ,  a shoulder at 590 nm can still be clearly seen in 
the EQE spectrum and this we attribute to photocurrent gen-
erated through S 22 . For 126 nm of C 60,  a minimum in | E | 2  is 
predicted and neither the S 22  feature at 590 nm nor the 620 nm 
peak associated with C 60  is observed experimentally while, for 
191 nm of C 60 , the S 22  region is obviously enhanced in line 
with the predictions. A comparison of | E | 2  throughout the solar 
cell stacks for calculated optima and experimentally prepared 
solar cells is shown in Figure S9 (Supporting Information). 
The exciton generation rate is shown as a function of C 60  thick-
ness and wavelength in Figure S10 (Supporting Information). 
The ability to predict and move the electric fi eld intensity in 
SWCNT:C 60  solar cells in this way is especially interesting in 
regard to designing future tandem solar cells or the use of large 
diameter nanotubes that absorb even further in the infrared 
than the (6,5) nanotubes used herein.  

 To gain an understanding of the scale and origin of internal 
losses, the IQE was also calculated for the optimal combination 
of PEDOT:PSS and C 60 , as shown in Figure  4 d. To eliminate 
the potential for artefacts and discrepancies due to inhomo-
geneity of the fi lms, the absorbance of the active area was 
measured in situ at seven different locations. Further details, 
along with the raw and fi tted data, are provided in Figure S11 
of the Supporting Information. Based on an EQE at S 11  of 
2.1% and an average absorbance of ≈2.5% at the same wave-
length, an overall IQE of 86 ± 12% at the S 11  transition was 
calculated, which outperforms earlier work with an EQE at the 
S 11  transition of 0.5% and corresponding absorbance of the 
fi lm of 35%. [ 3 ]  This is quite remarkable considering the large 
difference in nanotube fi lm thickness of ≈2 nm (this work) 
and 100 nm (the earlier work). Exploiting the photocurrent 
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generation effi ciency from the nanotubes to a degree of 86% is 
comparable to the best IQE values for polymer-wrapped nano-
tube solar cells that also used very thin nanotube fi lms (≈7 nm) 
albeit with much higher absorption due to the use of denser 
fi lms. [ 10,27 ]  In the current polymer-free work, the limiting factor 
in terms of photocurrent generation and therefore power con-
version effi ciency is the high transmittance of the fi lm. On the 
other hand, the porous nature of the fi lms, which causes the 
high transmittance, has the advantage of preventing exciton 
quenching by metallic nanotubes, as would occur in denser 
and thicker fi lms. [ 5 ]  Having isolated bundles of SWCNTs 
also reduces the charge trapping infl uence of large diameter, 
smaller bandgap nanotubes. [ 3 ]  It is for this reason that despite 
having equivalent IQE in our work the EQE remains low 
compared to the work of Guillot et al. and Bindl and Arnold 
who achieved values above 20% with much denser, polymer-
wrapped fi lms. [ 2,6,10 ]  

 With the goal of investigating possible improvements to 
device performance by increasing the semiconducting purity of 
the (6,5) suspension, we performed DGU, which is known to 
enrich the semiconducting purity and remove catalyst particles 
and bundles. [ 16 ]  Absorption spectra of the enriched material 
obtained from DGU is shown in Figure S12 (Supporting Infor-
mation) where a clear difference in the background, which is 
associated with metallic nanotubes, catalytic particles, and 
carbon residues, can be seen. In order to reduce the content 
of the DGU medium (iodixanol), the collected fraction was dia-
lyzed, which resulted in a reduction in the nanotube concentra-
tion as measured by optical density (OD). Consequently, thin 
fi lms formed from DGU enriched (6,5), henceforth referred 
to as “enriched (6,5),” were typically sparser than from the as-
prepared material. The  J–V  curves of solar cells comprising 
as-prepared and enriched (6,5) nanotube fi lms are shown 
in Figure  4 e. The photocurrent is less from the enriched 
(6,5) fi lms due to their lower density and there is only a 
slight increase in FF from 53% to 54% however, a signifi cant 
improvement in  V  OC  was observed from 0.36 to 0.44 V. Impor-
tant parameters are compared in  Table    1  . The shunt resistance 
( R  sh ) was extracted from the slope of the  J–V  curve at  V  OC  and 
is 14% larger for solar cells comprising enriched (6,5) mate-
rial than for as-prepared nanotubes, indicating a substantial 
decrease in alternative current paths, e.g., by the reduction of 
metallic tubes or trap states compared to the as-prepared solu-
tion. The series resistance ( R  s ) was extracted for as-prepared 
and enriched (6,5) from the illuminated  J–V  curve between 
0.52 and 0.66 V and 0.54 to 0.66 V, respectively (see Figure S13, 
Supporting Information). The series resistance for the enriched 
(6,5) material is smaller but results only in a small increase in 
fi ll factor. The ideality factor was extracted from the slope of the 
dark current measurement (d d ( ) 1V ln J − ) in the linear region of 
0.28 to 0.38 V and 0.4 to 0.5 V, for the as-prepared and enriched 

  Table 1.    Key performance parameters for solar cells made from as-prepared and enriched (6,5) SWCNT fi lms. Resistances were calculated from the 
 J–V  curves recorded under illumination.  

  V  OC  
[V]

 J  SC  
[mA cm −2 ]

FF 
[%]

 η  
[%]

 J  0  
[mA cm −2 ]

 R  SH  
[Ω cm 2 ]

 R  S  
[Ω cm 2 ]

Ideality

As-prepared 0.34 0.83 52 0.15 7.6 × 10 −4 2112 28 1.6

Enriched 0.44 0.60 54 0.14 3.5 × 10 −4 2946 22 1.8
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 Figure 5.    a) Variation in the electric fi eld intensity, | E | 2 , for different C 60  
layer thicknesses at a constant PEDOT:PSS thickness of 41 nm, 
b–d) show EQE spectra of solar cells with C 60  thicknesses of 85, 126, and 
191 nm, respectively. All plots show the normalized absorbance of a (6,5) 
nanotube fi lm to guide the eye as to the positions of the S 11  and S 22  transi-
tions of the nanotubes.
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(6,5) material, respectively. [ 34 ]  Reverse saturation current densi-
ties ( J  0 ) are on the same order for both materials. Having an 
ideality factor between 1 and 2 indicates recombination losses 
due to Shockley-Read-Hall (SRH) recombination, also called 
“trap charges,” at or near the interface of the SWCNTs and 
C 60 . [ 34 ]  Trap charges, or monomolecular recombination, occur if 
the electron hole pair is not dissociated fast enough upon being 
created. [ 35 ]  Crucial for fast dissociation is a suffi cient LUMO 
level offset between donor and acceptor material. Organic solar 
cells with energy offsets between 0.2 and 0.3 eV often suffer 
from suppressed quantum effi ciencies and fi ll factors. [ 35 ]  Sim-
ilar effects can also be attributed to bimolecular recombination, 
which occurs when successfully dissociated electrons and holes 
collide at the diffusive interface of the two semiconductors. A 
clear differentiation between mono- and bimolecular recom-
bination can be obtained by light intensity ( I )-dependent  V  OC  
measurements. [ 36 ]  Based on the works of Cowan et al., [ 37 ]  the 
slope of the fi tted  V  OC  to  ln ( I ) curve for BHJ solar cells should 
be equal to  k  B T e −1  (25.5 mV at room temperature, bimolec-
ular recombination), whereas 2 k  B T e −1  is expected for silicon 
solar cells (51 mV at room temperature, SRH/mono molecular 
recombination). Having slopes of 2.3 k  B T e −1  (58 mV) for 
enriched material and 4.3 k  B T e −1  (109 mV) for as-prepared (6,5) 
nanotubes (Figure S14a,b, Supporting Information, respectively) 
puts them in the regime of monomolecular recombination due 
to interface traps. [ 38 ]  The increased slope for solar cells from 
as-prepared material is correlated with a reduction in  V  OC . [ 38 ]  
Combining the increase in  R  SH  and the signifi cantly smaller 
slope in the light-intensity-dependent  V  OC  measurements indi-
cates a marked reduction in trap-assisted recombination in 
solar cells made from the enriched (6,5) material, likely due to 
a reduction of the content of metallic SWCNTs. The infl uence 
of metallic tubes on the  J–V  characteristics was additionally 
verifi ed by comparing a solar cell with SWCNTs to a “C 60 -only” 
solar cell without nanotubes in Figure S15 (Supporting Infor-
mation). The absence of as-prepared SWCNTs in the solar cell 
stack resulted in a  V  OC  of 0.44 V, which is comparable to the 
 V  OC  obtained for enriched (6,5) solar cells. The negative impact 
of metallic SWCNTs on the quantum effi ciency and exciton dif-
fusion length was also verifi ed in recent works by Gong et al., [ 5 ]  
who similarly showed a dramatic increase in device effi ciency 
upon increasing the semiconducting purity of their SWCNT 
fi lms from 95% to 98%. 

    3.     Conclusion 

 To conclude, SWCNT:C 60  solar cells have been prepared 
using large area, highly transparent fi lms of polymer-free 
(6,5)-enriched SWCNTs formed from aqueous solution with the 
aid of a novel evaporation-driven self-assembly. By theoretical 
modeling of the electric fi eld intensity within the layer stack 
using extensive TMCs, light in the solar cells was effectively 
managed so as to maximize photocurrent output from the dif-
ferent optical transitions of the nanotubes. These results con-
fi rm the validity of this powerful modeling tool for predicting 
and tailoring light absorption in carbon nanotube solar cells, 
even when the contribution of the nanotube fi lm is neglected 
in the model. With optimal layer thicknesses, SWCNT:C 60  

solar cells were constructed that showed  V  OC  of 0.44 V and 
IQE of 86%, which are the highest values so far reported for 
polymer- free variants of this design. This is despite the fact 
that, in contrast with earlier work, the nanotube fi lms used 
were exceptionally thin, being sub-monolayer in terms of nano-
tube bundles, which provides a strong indication that very large 
improvements in overall power conversion effi ciency could be 
obtained with appropriate multilayer and/or multijunction cell 
designs.   

  4.     Experimental Section 

 ITO glass substrates (PGO, 20 ± 6 Ω � −1 , 1.0 ± 0.1 mm) were covered 
with a structured foil, etched with HCl (fuming 37%; Merck), rinsed 
with water and dried to form the bottom contact and afford an active 
area of 0.105 cm 2  together with a silver top contact. PEDOT:PSS (AI 4083, 
500 to 5000 Ω cm; Ossila) was fi ltered (Millex-HV, 0.45 µm; Merck), 
mixed with ethanol (VWR) in ratios of 1:1 or 1:3 for thicknesses starting 
at 30 nm and below, respectively, and then sonicated (10 min). This was 
then spin coated (1000–5000 rpm for 60 s, to yield a series of different 
layer thicknesses) and baked in an inert atmosphere (250 °C, 10 min) 
before being covered with poly(methyl methacrylate) (40 nm, PMMA 
950K 0.25 µm/4000 rpm; Allresist). The desired thickness of PMMA was 
achieved by mixing with anisole (Merck) in a 1:4 ratio and subsequent 
spin coating (5000 rpm, 60 s) followed by a baking step (160 °C, 10 min). 
The PMMA layer served to protect PEDOT:PSS from degradation during 
deposition of the SWCNT fi lm and was removed prior to the evaporation 
of C 60  and silver. (6,5) SWCNTs were prepared from HiPco raw material 
(NanoIntegris) as outlined previously using a GPC system. [ 14 ]  Due to the 
high affi nity of (6,5) to the Sephacryl-S200 gel (Amersham Biosciences) and 
their ability to displace other (n,m) species at 1.6 wt% SDS (Merck), 1 wt% 
sodium cholate (SC ≥ 99%; Sigma–Aldrich) was used as an eluent in a one-
column approach without the use of a pH gradient. The simplicity of this 
approach allowed us to prepare large quantities of (6,5) and avoid device 
variations due to differences between suspensions. Films of (6,5) SWCNTs 
were fi rst prepared on a “dummy” substrate before being transferred onto 
the solar cell. SiO 2  substrates were oxygen plasma treated (3 min, 200 W, 
100 mTorr, 20 sccm) to increase the hydrophilicity of the surface prior to 
being covered with PMMA (200 nm). The hydrophilic surface activation of 
SiO 2  allowed for water to later penetrate between the SiO 2  and PMMA and 
thus assist transfer of the SWCNT fi lm. [ 39 ]  SWCNT fi lms were prepared by 
evaporation driven self-assembly in an oven (60 °C, 6 h) by immersing the 
PMMA-coated SiO 2  substrate vertically in a 1 wt% SC suspension adjusted 
to an OD of 0.025 at S 11 . Films were 2 cm 2  in size after evaporation. The 
SWCNT fi lm was then scored into a rectangle ≈1.3 cm 2  in size and slowly 
immersed into water to detach the SWCNT-coated PMMA from the SiO 2 . 
Prior to the fi nal detachment of the fi lm, the substrate was withdrawn from 
the water and re-immersed in glycerol (99.5%; VWR). The advantage of 
using glycerol is twofold: the PMMA/SWCNT fi lm is less mobile on the 
glycerol surface, resulting in greater control over fi lm alignment onto the 
active areas of the solar cell, and glycerol does not dissolve PEDOT:PSS. 
Following fi lm transfer, the solar cell substrates were heated (120 °C, 15 min) 
in air to promote contact between nanotubes and the substrate. Remaining 
glycerol residues were then dissolved in ethanol. Finally, the PMMA was 
dissolved overnight in chloroform (≥99.8%; Sigma–Aldrich). Various 
thicknesses of C 60  (99.9+%; Sigma–Aldrich) from 55 to 190 nm were then 
evaporated through a shadow mask with a Lesker SPECTROS (temperature 
range from 380 °C to 450 °C and pressure of 7–9 × 10 −7  Pa) with the layer 
thickness monitored by quartz crystals. In the fi nal step, a 100 nm silver 
top electrode was evaporated. 

 Solution absorption measurements were carried out on a Varian 
Cary 500 spectrophotometer, whereas fi lms were measured on a 
Bruker microscope (Vertex 80/Hyperion 2000 FTIR)). Film thicknesses 
were measured with a DektakXT profi ler (Bruker) and an ICON AFM 
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(Bruker) using silicon cantilevers from Mikromasch (Mikromasch, USA, 
325 kHz, 40 N m −1 ). Nanotube fi lms were additionally characterized using 
SEM (Zeiss Ultra Plus). The HOMO of (6,5) fi lms, shown in Figure  1 b, 
was measured on an ITO substrate by PESA (AC-2E, Riken Keiki) as 
shown in Figure S3 of the Supporting Information. [ 40 ]  The solar cells were 
characterized with a Keithley 238 source meter under AM1.5G illumination 
from a Newport 300 W solar simulator. Following  J–V  characterization, 
EQE was measured with a 450 W Xenon light source, an optical chopper 
(84.7 Hz), a 300 mm monochromator (LOT-Oriel), a custom-designed 
current amplifi er (DLPCA-S, Femto Messtechnik), and a digital lock-in 
amplifi er (eLockin 203 Anfatec). Initial calibration was carried out with a 
calibrated UV-enhanced silicon diode (SM1PD2A, Thorlabs). 

 TMCs were performed using the MATLAB code available from 
the McGehee group at Stanford and as outlined by Burkhard et al. 
and Pettersson et al. [ 11,41 ]  The complex refractive indices of glass, 
ITO, PEDOT:PSS, and C 60  were included in the code and the electric 
fi eld intensity and exciton generation rate were calculated for all layer 
combinations presented in this study. [ 11,41,42 ]  Further information can 
also be found in the Supporting Information.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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2.5 Carbon Nanotubes as Photosensitive Elements 
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Abstract 
Variable-wavelength photocurrent microscopy and photocurrent spectroscopy are used to study 
the photoresponse of (n, m) sorted single-walled carbon nanotube (SWNT) devices.  
The measurements of (n, m) pure SWCNT devices demonstrate the ability to study the 
wavelength-dependent photoresponse in situ in a device configuration and deliver photocurrent 
spectra that reflect the population of the source material. Furthermore, we show that it is possible 
to map and determine the chirality population within a working optoelectronic SWCNT device. 
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R
ecently the use of single-walled
carbon nanotubes (SWCNTs) for next-
generation all-carbon solar cells and

light-sensitive devices has gained increasing
attention in the literature.1 While SWCNTs
have traditionally been integrated into a
variety of organic photovoltaic systems, the
role of carbon nanotubes in these systems
was strictly limited to their use as an efficient
electron transport medium. The latest focus
is aimed at capitalizing on the unique and
richly varying optical properties of SWCNTs.
In order to appreciate this point, it is only
necessary to consider the SWCNTs produced
by the HiPco process and the possible appli-
cations they may have for photovoltaics. The
HiPco raw material consists of a multitude of
semiconducting (s-SWCNT) species of vary-
ingdiameter (Dt), chiral angle, or (n,m) index,
andeachof these species has uniquefirst (S11)
and second (S22) optical transitions in the
region ∼900�1350 nm and ∼500�850 nm,
respectively.2,3 Therefore, upon selecting the
appropriate (n, m) combination of SWCNTs,
it is theoretically possible to fabricate a solar
cell capable of harvesting light in not only
the visible but also the infrared,4 a spectral

region excluded by traditional silicon solar
cells. Alternatively, it is envisaged that upon
selecting highly pure (n,m) material, it would
bepossible to create a device that is sensitive
to the discrete optical transitions of the
SWCNTs, hence paving the way for optical
sensors.5 This discussion can then of course
be extended to consider other SWCNT syn-
thetic routes such as arc discharge, laser
ablation, and the CoMoCAT process, which
afford a completely different ensemble of
(n, m) species and extend the accessible
spectral regime, not to mention the possibi-
lity of probing higher order optical transitions
(S33, S44, etc.), multiple exciton generation,6

and the potential for metallic SWCNTs
(m-SWCNTs) to be used as metallic contacts.
The realization of these goals has led to the

development of several different approaches.
Toward the fabrication of solar cells from
thin films of SWCNTs, Svreck et al.7 have
combinedpoly-9,9-di-n-octylfluorenyl-2,7-diyl
(PFO)-wrapped SWCNTs with silicon nano-
crystals and shown that the photocurrent
is unambiguously correlated to the optical
properties of the nanotubes. Likewise, Bindl
et al.8,9 integrated PFO-wrapped SWCNTs
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ABSTRACT Variable-wavelength photocurrent microscopy and photocurrent spectros-

copy are used to study the photoresponse of (n, m) sorted single-walled carbon nanotube

(SWNT) devices. The measurements of (n, m) pure SWCNT devices demonstrate the ability to

study the wavelength-dependent photoresponse in situ in a device configuration and deliver

photocurrent spectra that reflect the population of the source material. Furthermore, we

show that it is possible to map and determine the chirality population within a working

optoelectronic SWCNT device.
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into bilayered heterojunctions with C60 as an acceptor.
Jain et al.10 then demonstrated the viability of this
bilayered heterojunction approach with polymer-
unwrapped, surfactant-stabilized, (6,5) SWCNTs. De-
spite initial SWCNT/C60 solar cells boasting relatively
low efficiencies, Shea et al.11 have recently reported
efficiencies of up to 1%. Nevertheless, it remains clear
that further work is required in order to achieve devices
comparable to other well-established organic photo-
voltaic systems. Perhaps this is indeed achieved
through using multiple nanotube layers as suggested
by Shea et al.,11 but the field also benefits from photo-
current studies on the single- or few-nanotube level,
where a more fundamental investigation of the gen-
eration of photocurrent is possible.
From a technological standpoint the fabrication of

single- or few-nanotube devices is not new. Techniques
such as dielectrophoretic deposition from solution12,13

or chemical vapor deposition (CVD) growth of SWCNTs
between metalized source and drain contacts in CNT
field-effect transistors are becoming standard. In this
architecture photogenerated electrons and holes are
typically separated by either an externally applied gate
bias or internal fields at the SWCNT�metal Schottky
barrier.14,15,39,40 Photocurrent generation has therefore
been studied in both substrate-supported6,16�19 and
unsupported20�22 CNTs. However, unlike in the case of
the SWCNT films discussedpreviously, a laser is typically
used to address theCNTs due to the high power density
required to measure photocurrent from only a few
CNTs. Hence the laser source and CNT must be chosen
carefully to ensure at least one of the CNT's optical
transitions (usually S22) matches the excitation source.
From this point of view one could call such systems
“nanoscale solar cells”; however, as the ability to pro-
duce power under illumination on the single-nanotube
level is yet to be shown, it is more realistic to refer to
them as “nanoscale photodetectors” or simply appreci-
ate the fundamental spectroscopic investigation that is
possible on this scale. The literature containsmany such
examples. For example the early work of Chen et al.16

and further work by Engel et al.17 using SWCNTs placed
between asymmetricmetal contacts (with high and low
work function) to achieve a strong built-in electric field
allowed for the efficient separation of electron�hole
pairs. Alternatively, Lee et al.19,22 formed a p�n junction
along the length of a single carbon nanotube by
electrostatic doping using a pair of split gate electrodes.
Electron�hole pairs were then separated in the middle
of the device where the electric field was the greatest.
Most recently, Barkelid et al.20,21 used a similar split

gate design and provided a comparison of the photo-
current generated in semiconducting and metallic
carbon nanotubes. In their work they suggest that
the photocurrent generated from semiconducting
nanotubes had photovoltaic origins, whereas in the
case of metallic nanotubes it was photothermoelectric.

In other words the photocurrent in s-SWCNTs arises
fromanelectric field (built-in or applied), and the photo-
current in m-SWCNTs is mediated by a difference in
Seebeck coefficients. In performing their study Barkelid
et al.20,21 addressed a problem in the literature, namely,
seemingly conflicting results with some reports stating
the photocurrent to be photothermoelectric23�26 in ori-
gin while others showed a photovoltaic behavior.16,17,22

Reflecting on thedevice design ofmanygroups reporting
photothermoelectric origins, either unsorted metallic
CNTs24 or a film of CNTs was used.23,27 Hence discrimi-
nation between these two effects was understandably
difficult. However, in the work of Amer et al.,28 who
exclusively worked on split gate devices from metallic
CNTs, it is important to note that the photocurrent
signal was clearly seen to originate from the center of
the nanotube (position of split gates), which would
suggest that the photocurrent originated from the
p�n junction rather than the contacts. Moreover, in
2014, DeBorde et al.29 found evidence of both photo-
voltaic and photothermoelectric mechanisms, where
the type of mechanism responsible was found to
depend on the gate voltage, i.e., if the carbon nanotube
was in the off- or on-state, respectively. Indeed the
discussion of photocurrent generation in CNTs appears
to be far from resolved. More important at this point is
the conclusion that if such fundamental studies are to
be performed, the suspension of CNTs used, or growth
mechanism applied, must be limited to CNTs of well-
defined and controlled electronic and optical property.
Toward this endDeBorde et al.30 have used chemical

vapor deposition to integrate single-chirality carbon
nanotubes into field-effect transistor devices. In their
work, due to each device consisting of only one CNT,
each device was by definition single chirality and
correspondingly had well-defined optical properties.
This allowed DeBorde et al.30 to measure photocon-
ductivity spectra for each device and identify the chiral
indices upon comparison to a catalogue of known CNT
exciton resonances. Consequently the use of photo-
current measurements may prove to be a useful
characterization technique for device-integrated CNTs.
Such a characterization tool would also be advanta-
geous compared to traditional techniques involving
the scattering of polarized light by CNTs,31 where the
point of measurement must be sufficiently far away
from any metal contact to avoid Rayleigh scattering
from the electrodes, therefore limiting the technique
to long channel devices with long CNTs (∼20 μm31).
Although long channel devices are easily achieved
with CVD growth, solution-processed CNTs typically
have lengths on the order of a few micrometers and
make such devices impractical. This is where photo-
current characterization may play an important role.
The use of solution-processed CNTs has the added

advantage of being able to prepare single-chirality
suspensions and thus prepare CNT devices with
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predetermined (n,m) indices. This is different fromCVD
growth, where the type of CNT grown is unknown and
varies between devices. For this reason many groups
focus their efforts on solution processing of (n,m) pure
SWCNTs. This has been achieved via techniques such
as the wrapping of SWCNTs with single-stranded DNA
(ssDNA),32 density gradient ultracentrifugation,33�35

and Sephacryl gel filtration.36�38 In our contribution
to this field we have recently shown that 15 different
(n, m) semiconducting species can be prepared from
the HiPco raw material using the Sephacryl gel filtra-
tion method upon changing the pH of the eluent.2

Most recently we have then applied our technique to
an automated gel permeation chromatography (GPC)
system. This system is capable of applying controlled
pH gradients to a gel column and allowed us to
demonstrate the scalable preparation of semiconduct-
ing (n, m) species with a purity of 61�95%.3 In the
present work we now integrate the prepared (n, m)
SWCNT species into two terminal electronic devices to
allow the measurement of spectrally resolved photo-
current. Furthermore, to our knowledge this is the first
example of photocurrent spectroscopy being used to
characterize solution-processed SWCNTs.

RESULTS AND DISCUSSION

With the use of dielectrophoresis, single-chirality
SWCNTs were deposited into devices for the measure-
ment of photocurrent. Each device consisted of two
palladium contacts with a width of 1 μm and a gap-
size (channel width) of 600 nm on a Si/SiO2 substrate.
To any set of palladium contacts either the (6, 5), (7, 6),

(7, 5), (8, 3), or (9, 4) SWCNT species were deposited to
yield a single-chirality SWCNT device. For each of the
SWCNT species a corresponding solution absorption
measurement is shown in Figure 1. As our measure-
ment setup is currently capable ofmeasurement only in
the visible regime, only the S22 region for each (n, m)
species is shown. Complete spectra from 500�1300 nm
for each (n, m) species, where both S22 and S11 are
visible, along with the normalization factors used are
available in Figure S1 of the Supporting Information.
As expected for pure (n, m) SWCNT suspensions, every
species has only one major S22 resonance with no
or minor additional resonances. We attribute minor
resonances to the impurity of additional (n, m) SWNT
species. This issue of impurities will be revisited later.
Moreover, with the exception of (7, 5) and (7, 6), it can
also be seen that all S22 optical resonances are well
separated. The position of each transition is further
listed in Table 1. Each chirality therefore possesses
a “fingerprint” that should be possible to resolve in a
photocurrent spectroscopy experiment.
A typical device can be seen both schematically (a)

and via SEM (b) in Figure 2, where in this case (6, 5)
SWCNTs have been deposited between the contacts.
It can also be clearly seen that the SWCNTs are pre-
dominantly aligned in the direction of the electric field
during deposition and that they directly bridge the
600 nm gap. Consequently, the SWCNTs used in this
work do not form a percolative current path. Instead
each CNT individually contributes to the overall photo-
current measured. On average approximately 10�20
SWCNTs were deposited after dielectrophoresis.
Single-chirality devices were then placed into our

custom-built setup for the measurement of photoc-
urrent. In this setup the excitation source was a com-
mercial supercontinuum light source with an attached
acousto-optical tunable filter (AOTF) to provide the
required wavelength selectivity. The light output was
then fiber coupled into a microscope and focused
onto the SWCNT device with an objective as seen in
Figure 2a. Additionally the entire setup was placed
onto an x�y piezoelectric table, which allowed for not
only spectrally resolved photocurrent measurements
but also 2D surface mapping.
A 2D photocurrent map is shown in Figure 2c, where

the short-circuit photocurrent has been overlaid onto

Figure 1. Solution absorption spectra of the five different
(n, m) SWNT species used in this work: (6, 5), (7, 5), (7, 6),
(8, 3), and (9, 4).

TABLE 1. Responsivity of Each (n, m) SWCNT Device and a Comparison of the S22 Optical Transition Obtained from

Solution Absorption and Photocurrent Spectroscopy

SWCNT

(n, m)

super continuum light

source power (mW)

peak photocurrent

(pA)

responsivity

(pA/mW)

photocurrent maxima

(nm)

photocurrent fwhm

(nm)

absorption maxima

(nm)

absorption fwhm

(nm)

(6, 5) 0.24 52.00 216.67 557 47.7 569 23.8
(7, 5) 0.66 28.60 43.33 648 48.8 645 21.1
(7, 6) 0.66 31.00 46.97 644 46.1 651 26.8
(8, 3) 0.94 8.53 9.07 666 59.8 667 35.7
(9, 4) 2.38 6.28 2.64 706 52.9 723 27.1
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the corresponding 2Dmap of elastically scattered light.
In this example a device with (6, 5) SWCNT species was
excited at 570 nm, corresponding to the S22 optical
transition for the (6, 5) SWCNT. As a comparisonwe also
measure at off-resonant wavelengths and consistently
observe a drop in the maximum photocurrent ampli-
tude. The two metal contacts can clearly be seen on
either side of the 2D map with two photocurrent lobes
(blueminima and redmaxima) located in themiddle of
the device. Hence we are able to spatially correlate the
photocurrent with respect to the metallic contacts. It is
noted that the photocurrent lobes are located close
to the SWCNT�metal contact. This is to be expected
due to the built-in electric field at the SWCNT�metal
Schottky barrier being responsible for electron�hole
separation. The presence of positive and negative
photocurrent maxima is due to the use of symmetric
palladium contacts. Therefore, the band bending due
to dissimilar work functions of the metal and SWCNT
are symmetric on either end of the SWCNT. Intuitively,
when both SWCNT�metal contacts are equally illumi-
nated by the light source (in the center of the device),
an equal and opposite photocurrent will therefore be
observed on either side of the SWCNT. This would
consequently lead to a vanishing net overall photo-
current, a feature that is seen in the middle of our
device in the 2D photocurrent map. The two photo-
current lobes therefore correspond to off-center ex-
citation of the SWCNTs, where the photocurrent
contribution from one end of the SWCNT outweighs
that of the other end. In this work it is the translation of
the light source across the device that ensures that
such off-center excitation occurs.
For reference, representative transconductance curves

for SWCNT devices can be found in Figure S2 of the
Supporting Information. It can be seen that we observe
p-type transfer characteristics for our devices. Upon
noting which of the two palladium electrodes is placed
on the high or low connection to the source meter, it is
possible to determine the flow direction of carriers
across the nanotube channel. In the setup the source
meter is measuring the flow direction of electrons and

not the technical current. From this standpoint wewere
able to determine that excitation of an SWCNT in our
device through the S22 transition leads to a flow of
holes onto the palladium contact. This observation is
then in agreement with the hole conductance seen in
Figure S2.
With the ability to measure photocurrent from sin-

gle-chirality nanotube devices we are therefore able
to perform the main objective of this work, namely,
the measurement of spectrally resolved photocurrent,
where we would like to show a one-to-one correlation
between optical absorption data and photocurrent.
For these measurements the device was positioned
under the beam via the x�y table so as tomaximize the
photocurrent signal (i.e., off-center photoexcitation of
the device tomaximize one of the photocurrent lobes).
The sample position was then fixed and the wave-
length swept between 500 and 750 nm in 5 nm steps.
The reason for this is the finite spectral resolution of
the AOTF, which outputs a single wavelength with a
full-width at half-maximum (fwhm) of 5 nm. For each
wavelength step we let the beam and photocurrent
settle for three seconds. This proved to be a good
compromise between signal-to-noise ratio and mea-
surement speed with regard to position stability of the
device.
In Figure 3 the photocurrent for the five different

(n,m) SWNT devices can then be seen as a function of
excitation wavelength. For each SWCNT species a clear
peak in the photocurrent can be seen. This is attributed
once again to electron�hole pairs formed through S22
irradiation that get separated and subsequently col-
lected at the contact. With the use of a calibrated
silicon diode we then calculate the responsivity of
each device, as can be found in Table 1. Furthermore,
we make a comparison between the photocurrent
peak position and that of the absorptionmeasurement
in solution. In general, good agreement between the
peak position in the photocurrent and absorption data
is seen. However, we do note that a slight blue-shift
is seen for (7,5), (7,6), and (8,3) of 1�7 nm and a larger
blue-shift for (6, 5) and (9, 4) of 12�17 nm. The exact

Figure 2. (a) 3D schematic of themeasurement setup. A focused light beamof variablewavelength is scanned across a carbon
nanotube film interfaced with metallic contacts. (b) Scanning electron micrograph of a typical carbon nanotube device as
schematically shown in (a), where the nanotube density is approximately 10/μm. (c) Scanning photocurrent microscopymap
(excited at 570 nm) overlaid on top of the simultaneously recorded elastically scattered signal from the sample.
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origin of the observed blue-shift seen in our work
remains speculative. As outlined in the Supporting
Information from Liu et al.31 it is well known that the
optical resonances of carbon nanotubes are highly sensi-
tive to the surrounding dielectric environment.41�43

For example, the optical resonances of SWCNTs in
micelle suspensions (as in our case for the absorption
measurement) are typically red-shifted by 16 meV
(S22) and 28 meV (S11) compared to free-suspended
SWCNTs.42 Likewise, Liu et al.31 showed a 30 meV red-
shift for SWCNTs on a Si/SiO2 surface (the substrate
used in our work) compared to free suspended
SWCNTs. Furthermore, Fantini et al.44 showed that
bundling of carbon nanotubes leads to on average a
70 meV red-shift compared to suspended micelle-
wrapped nanotubes. In our case the final dielectric
environment for the SWCNTs in a device is complicated
by the presence of different regions along the nano-
tube, all of which likely contribute to the final peak
position that we see in the photocurrent. In our device
we have a region of nanotube in contact with metal, a
small region of free suspended nanotube (from the top
of themetal contact to the substrate), and a region that
is in contact with the silicon substrate. Additionally,
there is the possibility for residual surfactants to be
present and the formation of carbon nanotube bundles
on the surface. All of these factors will give rise to a
different dielectric environment for the nanotube, and
how that will impact the peak position in photocurrent
measurements remains unclear. Indeed we expected
a red-shift as in the work of Liu et al.;31 however other
than to speculate that the observed blue-shift may be a
result of the small free suspended region of nanotubes
in close proximity to the metallic contact, this issue
currently remains unclear to us. However, it can be seen

that the population of (n,m) SWNT species in solution is
reflected in a device configuration.
The question now arises of whether photocurrent

measurements can be used as a routine technique for
the determination of (n, m) species in solution or on a
surface. In this case the issue of impurity levels be-
comes important. This is an issue that is best addressed
from a larger ensemble of SWCNTs so as to better
replicate the entire population of SWCNTs. Due to the
obvious presence of additional (n,m) species, the (6, 5)
suspension used in this work was chosen as the ideal
test solution. Once again dielectrophoresis was used
to deposit the suspension; however an increased
alternating voltage was used so as to afford a 10-fold
increase in the number SWCNTs in the device. Figure 4
shows a plot of the measured photocurrent spectrum
of such a device. As expected, instead of a single photo-
current peak at approximately 557 nm as in Figure 3,
multiple photocurrent peaks became visible at 650 and
730 nm. Unexpected is the relative intensity of the
additional photocurrent peaks. For comparison, the
solution absorption spectrum of the (6, 5) SWCNT
suspension is shown. Initially obvious is a red-shift of

Figure 3. Normalized photocurrent as a function ofwavelength for carbonnanotubedevices comprising (a) (6, 5), (b) (7, 5), (c)
(7, 6), (d) (8, 3), and (e) (9, 4) SWNT species.

Figure 4. Normalized photocurrent as a function of wave-
length for a “high-density” carbon nanotube device. The
photocurrent peaks are chirality assigned based on the
absorption spectrum (gray).
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the photocurrent peak, which as previously discussed is
to be expected for a device containing a film of carbon
nanotubes where bundling becomes a likely result.
Additionally, minor peaks at 650 and 730 nm can also
be seen in the absorption spectrum, but their intensity
is significantly lower compared to the S22 transition of
(6, 5) at 557 nm. Here we attribute these peaks to (8, 3),
(7, 5), or (9, 4) impurities. Benedict et al.45 and Kozinsky
et al.46 help to provide an explanation of this result, by
showing that the polarizability of semiconducting car-
bon nanotubes scales inversely proportional to the
band gap. Therefore, nanotubes with a smaller band
gap (larger diameter) are more easily deposited by
dielectrophoresis. Here we argue that under the pre-
sent assembly conditions that the larger diameter
species such as (9, 4) and (7, 5) are deposited in
preference to the smaller diameter (6, 5) SWCNT. This
is despite the total contribution of (9, 4), (7, 5), and (8, 3)
to the overall SWCNT population in solution being
lower. From this point of view, SWCNT photocurrent
measurements appear to be capable of providing
qualitative information about a nanotube suspension,
but their use in a quantitative analysis may be limited.
Additionally, for any routine analysis of SWCNTs, the
ability to probe not only S22 but also S11 optical transi-
tions is necessary. This point is made especially clear

upon examining the absorption data for the (7, 5), (7, 6),
and (8, 3) SWCNTs. All of these species have an S22
transition within the region of 640�660 nm (Figure 1).
Consequently, upon consideration of only S22, it would
be difficult to determine the (n, m) species from truly
unknown SWCNT suspensions. It is only in combination
with the complementary S11 data (Figure S1) that one
obtains a reliable “fingerprint” for each (n, m) species.
For this reason we plan to extend our measurement
system with an additional AOTF capable of infrared
selectivity.

SUMMARY

In this work we have demonstrated photocurrent
spectroscopy of single-chirality carbon nanotube op-
toelectronic devices and found that our results show
good correlation with optical spectroscopy techniques.
This technique may offer an in situ analytic tool for the
characterization of future carbon nanotube devices.
Alternatively, the ability to measure single-chirality
photocurrent spectra paves the way for increased under-
standing of the mechanism of photocurrent generation
in carbon nanotubes and/or energy transfer processes
fromphotoactivemolecules. This understandingwill help
to develop future applications of carbon nanotubes in
solar cells and light-sensitive devices.

METHODS
HiPco SWCNT rawmaterial (NanoIntegris) was used through-

out this work. In order to prepare suspensions for (n, m)
purification, 20 mg of raw SWCNT material was suspended in
80 mL of H2O with 2 wt % sodium dodecyl sulfate (SDS) using a
tip sonicator (Weber Ultrasonics, 35 kHz, 500 W, in continuous
mode) applied for 15 h at ∼20% power. During sonication,
the suspension was placed in a water-circulation bath at 15 �C
to aid cooling. As described in detail previously,3 a SECcurity
gel permeation chromatography 1260 Infinity system (Agilent
Technologies) was then used to separate this raw SWCNT
suspension into (n,m) pure fractions with the use of sequential
0.2 wt % reductions in SDS concentration and a pH gradient of
pH 3�4. Seven milliliters of the Sephacryl S-200 gel medium
(Amersham Biosciences) was placed into a commercially avail-
able water-jacketed liquid chromatography column (XK 16/20,
GE Healthcare) with 16 mm inner diameter and 20 cm length.
After applying slight compression the gel yielded a final height
of 2 cm. An Accel 250 LC water chiller (Thermoscientific) was
used to maintain the column temperature at 23 �C. Absorption
spectra of the sorted fractions were recorded on a Varian Cary
500 spectrophotometer.
Dielectrophoresis was then used to deposit the prepared

(n, m) SWCNT suspensions into devices for photocurrent mea-
surements. An array of metallic contacts (where each contact
constitutes a device) was patterned on a degenerately doped
silicon substrate with an 800 nm layer of silicon dioxide using
standard electron beam lithography and a PMMA resist. Follow-
ing lithography 5 nm of titanium and 50 nm of palladium were
deposited by sputtering before a final lift-off process was
performed in acetone. The resultant metallic contacts had
a width of 1 μm and a gap-size of 600 nm. A 30 μL amount of
diluted SWCNT suspension was then dropped onto the array of
metallic contacts, and an alternating voltage was applied
to the silicon substrate and one common metallic electrode.
In this way, SWCNTs were deposited simultaneously into

multiple devices.13 Typical deposition parameters were fre-
quency f = 1 MHz, peak-to-peak voltage Vpp = 6 V, and time
t = 15min. The nanotube suspension was used without dilution
and resulted in a CNT density of approximately 10/μm except
for the device shown in Figure 4, where we had approximately
10 times the surface density. Scanning electron microscopy of
resultant devices was taken with a Zeiss Ultra Plus.
Photocurrent measurements were taken with a SuperK

Extreme EXW-6 broadband supercontinuum light source (NKT
Photonics), where the excitation wavelength was tuned be-
tween 500 and 825 nm with the use of the SuperK Select
acousto-optic tunable filter (NKT Photonics). The resultant light
was linearly polarized and had a bandwidth of 5 nm. A micro-
scope objective of numerical aperture 0.5 was then used to
focus the quasi-monochromatic light onto an SWCNT device
with an intensity of a few hundredmicrowatts. This corresponds
to a diffraction-limited laser spot of diameter less than 1 μm,
which is comparable to the channel length (metallic contact
gap-size) of the device. With the help of a motorized x�y stage
the fabricated devices were also scanned with a spatial resolu-
tion of 375 nm to produce a “photocurrent map”. Furthermore,
the elastically scattered light was measured with a silicon
photodiode and overlaid on the photocurrent map to allow
for the position of the photocurrent relative to the SWCNT
device to be determined. The resolution is consequently deter-
mined by the laser spot diameter and the step size of the
motorized stage. The generated zero-bias photocurrent signal
was measured with a Keithley 6430 source meter.
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Abstract 
Photocurrent spectroscopy has recently been used by several research groups to study the  
light–matter interaction in carbon nanotubes. To achieve this, long-channel devices with symmetric 
metallic contacts are typically used, where photocurrent of opposite sign is generated at the two 
contacts. However, in short-channel devices (<1 mm) the diffraction limited laser spot results in 
simultaneous excitation of both metal–nanotube contacts and leads to partial cancellation of the 
photocurrent. In this work, we avoid simultaneous excitation of both metal–nanotube contacts by 
fabricating an isolated metallic mirror over one of the contacts. With the use of (6,5) carbon 
nanotubes we demonstrate a unipolar photocurrent signal, that is consistent with the second order 
interband absorption of a (6,5) nanotube. 
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Photocurrent spectroscopy has recently been used by several
research groups to study the light–matter interaction in carbon
nanotubes. To achieve this, long-channel devices with
symmetric metallic contacts are typically used, where
photocurrent of opposite sign is generated at the two contacts.
However, in short-channel devices (<1mm) the diffraction-
limited laser spot results in simultaneous excitation of both

metal–nanotube contacts and leads to partial cancellation of the
photocurrent. In this work, we avoid simultaneous excitation
of both metal–nanotube contacts by fabricating an isolated
metallic mirror over one of the contacts. With the use of (6,5)
carbon nanotubes we demonstrate a unipolar photocurrent
signal, that is consistent with the second order interband
absorption of a (6,5) nanotube.

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Semiconducting single-walled carbon
nanotubes (s-SWCNTs) are considered to have great potential
in optoelectronic applications [1]. Both light emission as well
as absorption has been studied extensively using s-SWCNT
devices [2–6]. Such devices are typically fabricated with a
field-effect transistor geometry consisting of either a single
nanotube or a film of nanotubes as the carrier transport
channel. While, the absorption of light by s-SWCNTs is
attributed to its chirality (n,m) [7, 8], carrier transport across a
nanotube in such an architecture is primarily determined by
the presence of an electric field at the metal–nanotube
contacts [9, 10]. The position and direction of the electric field
is then often elucidated with the use of a photocurrent or
photovoltage map, where a laser is scanned across the device
allowing for the spatially defined current or voltage to
be measured [11–15]. These maps show that in devices
with symmetric work function metal contacts, the strongest
photocurrent signals originate near the metal–nanotube
contacts due to the presence of a high electrostatic potential
gradient. However, recent progress shows that charge-carrier

separation in devices with asymmetric metal contacts can
occur away from the metal contacts with the maximum
photocurrent generated at the center of the channel [11].

Typically, CNT devices for photocurrent measurements
have sufficiently long channels to avoid the diffraction
limitations of the laser spot. As a result, the signal generated
at both ends of the nanotube is independent from each other.
However, this is not the case for short-channel devices
(<1mm). When the diffraction-limited laser spot has a
diameter comparable to the CNT channel length, photo-
excited carriers are generated simultaneously at both ends of
the nanotube. For symmetric work function metal contacts,
this results in a reduction in the measureable photocurrent
signal due to opposing internal electric fields at the metal–
nanotube contact. Several groups have overcome this
problem by reducing the spot size with immersion
objectives [11] or tip-enhanced microscopy, where a
30 nm diameter spot size can be achieved [12].

In this article, we provide an alternative approach to
investigate short channel s-SWCNT devices by using local
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mirrors and a supercontinuum-excited scanning microscope.
The devices under test were fabricated with isolated metallic
pads over one of the metal–nanotube contacts. These pads
(or mirrors) reflect light and are therefore expected to
suppress carrier generation at one end of the nanotube.
Hence, we are able to demonstrate that such devices generate
unipolar photocurrent signals as opposed to the typical
ambipolar behavior in long channel devices [13–15].
This new device concept paves the way for photocurrent
generation from s-SWCNT devices under non-local
illumination.

2 Experiment details The nanotubes chosen for this
study were (6,5) s-SWNTs in a 1wt. % sodium cholate
stabilized aqueous dispersion, sorted by size exclusion
chromatography [16–18] and density gradient ultracentrifu-
gation [19]. A complete absorption spectrum of the material
ranging from 450 to 1100 nm can be found in the Supporting
Information. The (6,5) nanotubes have a diameter (dt) and
bandgap (DE) of approximately 0.8 nm and 1.270 eV,
respectively [7]. For technical reasons, the study was carried
out in the visible part of the spectrum, which includes the
second order interband transition of (6,5) nanotubes at
�570 nm. Hence, devices consisting of a majority of (6,5)
nanotubes are likewise expected to generate a maximum
photoresponse in this region.

Figure 1a shows the device architecture along with the
experimental setup. In order to avoid bending of the
nanotubes, 50 nm palladium electrodes were embedded into
the 800 nm thick SiO2/p-doped Si substrate. This was
achieved by etching away the oxidized silicon with the help
of a chromium mask fabricated lithographically using
negative resist (maN-2403). Once the oxide had been
etched away the mask was then removed by adding
perchloric acid in ceric ammonium nitrate and palladium
was subsequently sputtered on the sample to yield an array of
palladium contacts with a channel length of 600 nm.
Nanotubes were then deposited from suspension via
dielectrophoresis [20, 21] resulting in short channel s-
SWCNT field-effect transistor arrays [22]. Such devices
were observed to be p-type due to the well-known doping
effects induced by oxygen molecules adsorbed on the
nanotube surface [23] (see Fig. 1c).

Before fabricating the chromium mirrors a 30 nm film of
aluminum oxide was grown via atomic layer deposition
(ALD) for isolation purposes. Part of the oxide was also
etched away using potassium hydroxide in order to expose
the Pd electrodes for electrical connections via probe
needles. The electron transport was observed to change after
the growth of the aluminum oxide and exhibited n-type
behavior as shown in Fig. 1c. This change is likely induced
during the ALD process as reported by Grigoras et al. [24].

Finally, 50 nm thick chromium mirrors were fabricated
over one of the contacts with PMMA and e-beam
lithography. These mirrors reflect light away from one of
the contacts and serve to avoid destructive interference of
the otherwise opposite photocurrents. From the scanning

electron micrograph of the device, it is possible to determine
the open channel length of the fabricated device. For
instance, the device shown in Fig. 1b has an open channel
close to 400 nm.

Figure 1 (a) Schematic of the experimental setup and the device
architecture. The s-SWCNTs are represented by thick black lines.
(b) Scanning electron micrograph of a device. The barely visible
(6,5) s-SWNTs connect the Pd electrodes. They are coated by an
AlOx layer and partially covered by a Cr mirror. The outline of the
electrode underneath the mirror is also shown as dashed lines.
(c) Source–drain current versus gate voltage of a device before
(blue) and after (red) growing the aluminum oxide layer for source–
drain voltages of 1, 2, and 3V.

2472 A. Alam et al.: Photocurrent imaging of semiconducting CNT devices with local mirrors

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com

p
h

ys
ic

a ssp st
at

u
s

so
lid

i b



We used a NKT SuperK Extreme EXW-6 broadband
supercontinuum light source to excite the nanotubes. The
wavelength was tuned between 500 and 825 nm with the
use of a NKT SuperK Select acousto-optic tunable filter. The
light was linearly polarized with a bandwidth of 5 nm.
The polarization axis of the light was measured to be 128
with respect to the x-axis shown in the figures. A microscope
objective of numerical aperture 0.5 was used to focus the
quasi-monochromatic light onto the device with intensity of
a few hundred microwatts. This corresponds to a diffraction-
limited laser spot of diameter less than 1mm, which is
comparable to the channel length of the device. With the help
of a motorized x–y stage, the fabricated devices were
scanned with a spatial resolution of 375 nm. For each scan, a
photocurrent map and a Rayleigh-scattering map was
recorded, the resolution being determined by the laser spot
diameter and the step size of the motorized stage.

Light reflected from the sample was focused onto a
Silicon Sensor PC-50-6 silicon PIN photodiode in order to
measure the intensity of light reflected from the sample. The
photodiode produced a short-circuit current, which was
directly related to the photon count and measured by a
Keithley 2400 sourcemeter.

The photocurrent generated by the s-SWNT device
was measured using a Keithley 6430 sourcemeter, which
detects the flow of electrons in zero-voltage source mode. It
reads a positive current when electrons flow into the source
end (high terminal) and vice versa, which is opposite to the
usual reading of the conventional current direction. Using
this configuration, it is possible to determine the direction of
flow of carriers across the nanotube channel.

3 Results Figure 2a shows the spatial distribution of
Rayleigh-scattered or backscattered light of such a device
measured using a photodiode sensor. The incident light was
set to 570 nm, the nominal position of the second order
interband transition wavelength of the (6,5) nanotubes, in
order to maximize the photon absorption by the CNT
channel. In Fig. 2a, the electrodes and mirrors are clearly
distinguishable from the oxidized silicon because they have
a higher reflectance. The gap between the mirror and the
“mirror-free” electrode is shown as dashed lines on both the
Rayleigh-scattering map as well as the photocurrent map.

From the photocurrent map, it can be seen that a signal
is generated at only one contact (see Fig. 2b). Overall, the
photocurrent signal is unipolar with its polarity defined by
the electrical connections. In Fig. 2b, a positive current is
generated at the drain end, indicating the flow of electrons
across the nanotube channel from drain to source.

In Fig. 2c, a cross-section through the maximum
photocurrent along the x-axis is shown together with the
variation of the electrostatic potential across the device
(Fig. 2c). Since the photocurrent Ipc denotes here the flow of
electrons and not holes, the relationship with the electrostatic
potential f is given by Ipc/þ d/dx[f(x)]. The derived
electrostatic potential profile is in agreement with the

Figure 2 (a) Rayleigh-scattering spatial map of a (6,5) s-SWCNT
device irradiated at 570 nm. The open nanotube channel is
illustrated by vertical dash lines. (b) Corresponding photocurrent
map of the device measured simultaneously. The polarization
direction of the incident light is indicated by an inset. (c) Cross-
section through the center of the photocurrent spot along the x-axis.
The full-width at half-maximum is �1mm. Plotted is also the
variation of the electrostatic potential across the device, and as an
inset the corresponding exciton dissociation at the irradiated contact
together with the band profile of the n-type s-SWCNT device.
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expected band bending of an n-type CNT transistor and the
corresponding transport data, respectively. As sketched in
the inset of Fig. 2c, the exciton at the drain contact is
dissociated by the local electric field and causes an electron
to flow to the source.

Finally, a photocurrent spectrum was generated by
recording the maximum photocurrent at different incident
wavelengths. The current was then also normalized to
the intensity of the incident light. Figure 3 shows the
wavelength-dependent photoresponse with a peak near
570 nm. A Lorentzian was fitted to the data. The
photocurrent spectrum shows good correlation with the
absorption spectrum of the (6,5) dispersion that has been
used for the device fabrication and indicates photocurrent
generation via excitonic absorption at the second order
interband transition.

4 Conclusions In summary, short channel s-SWCNT
devices with metallic mirrors were investigated using
supercontinuum-excited scanning microscopy. Such devices
generate interference-free photocurrent signals as only one
of the contacts was illuminated. Photocurrent maps of such
devices showed a unipolar signal and the photocurrent
spectrum, generated from photocurrent maps, showed good
correlation with the absorption spectrum of the nanotube
dispersion. We believe this device schematic could be useful
for photocurrent measurements under non-local illumina-
tion, which remains to be investigated in the future.
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Figure 3 Photocurrent spectrum in comparison to the absorption
spectrum of the (6,5) dispersion. The photocurrent signal PC has
been normalized to the incident light power.
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2.6 Additional Scientific Publications 
 
 
2.6.1 Chemically Immobilised Carbon Nanotubes on Silicon: Stable Surfaces for Aqueous 

Electrochemistry 
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Electrochimica Acta 55 (2010) 3995–4001 
 

DOI: 10.1016/j.electacta.2010.02.046 
 
 

Abstract 
Diazonium ion chemistry has been used to electrochemically graft aminophenyl layers onto p-type  
silicon (100) substrates. A condensation reaction was used to immobilise single-walled carbon nanotubes 
with high carboxylic acid functionality directly to this layer. Electrochemical monitoring of the aminophenyl 
groups confirmed the formation of an amide linkage between the single-walled carbon nanotubes and the 
aminophenyl layer. The carbon nanotube electrode showed high stability and good electrochemical 
performance in aqueous solution. At moderate scan rates the Ru(NH3)6

+3/+2 couple exhibited quasi-reversible 
electron transfer kinetics with a standard heterogenous rate constant of 1.2 × 10−3 cm s−1 at the covalently-
linked carbon nanotube surface. The electrode thus combines the advantages of a silicon substrate for easy 
integration into sophisticated electrical and electronic devices, carbon nanotubes for desirable 
electrochemical properties, and stability in aqueous medium for future applications in environmental sensing. 
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a b s t r a c t

Diazonium ion chemistry has been used to electrochemically graft aminophenyl layers onto p-type silicon
(1 0 0) substrates. A condensation reaction was used to immobilise single-walled carbon nanotubes with
high carboxylic acid functionality directly to this layer. Electrochemical monitoring of the aminophenyl
groups confirmed the formation of an amide linkage between the single-walled carbon nanotubes and
the aminophenyl layer. The carbon nanotube electrode showed high stability and good electrochemical
performance in aqueous solution. At moderate scan rates the Ru(NH3)6

+3/+2 couple exhibited quasi-
reversible electron transfer kinetics with a standard heterogenous rate constant of 1.2 × 10−3 cm s−1

at the covalently-linked carbon nanotube surface. The electrode thus combines the advantages of a
silicon substrate for easy integration into sophisticated electrical and electronic devices, carbon nan-
otubes for desirable electrochemical properties, and stability in aqueous medium for future applications
in environmental sensing.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The construction of sensors using carbon nanotubes is a very
active area of research. There has been a strong emphasis on the
development of gas sensors [1,2], and on biosensors [3,4] aimed at
medical applications. In contrast, the design of carbon-nanotube-
based sensors for use in the aquatic environment is a relatively
recent effort [5–11]. The ability to test water quality is vital to
maintain potable supplies and the need for water monitoring will
only grow as increasing populations require increasing volumes of
drinking water. One of the difficulties in testing water is that pollu-
tants range in size from large particulates to simple ions (heavy
metal ions) [12]. Additionally contaminates can be biological or
chemical in nature. This diversity of pollutants makes the testing
of water a very challenging exercise.

Much of the recent research towards the development of
carbon-nanotube-based sensors for analytes of environmental
importance has involved preparation of complex composite
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materials. Such composites typically incorporate a catalyst
(nanoparticle, molecular or biological species), nanotubes (which
enhance the response of the sensor), and a component to aid immo-
bilisation of the composite on an electrode surface. For example,
carbon nanotube/copper powder/mineral oil composites have been
used to detect dissolved ammonia [10], a carbon nanotube paste
electrode fabricated from fluorine doped carbon nanotubes and
mineral oil allowed analysis of copper ion content in various aque-
ous media [6] and poly(allylamine hydrochloride)-wrapped carbon
nanotubes combined with horseradish peroxidise gave a sensor for
phenolics [5]. In other examples ferrocene-modified chitosan com-
bined with carbon nanotubes could be used to detect sulphites [7]
and porphyrin combined with carbon nanotubes in an ionic liq-
uid paste gave an electrode sensitive to trichloroacetic acid [8], an
organohalide pollutant. In a different approach, gold nanoparticles
electrodeposited on carbon nanotubes drop coated on a glassy car-
bon electrode have been used to detect organophosphate pesticides
[11]. These examples illustrate that while nanotube-based sensors
can detect various analytes of concern in the aquatic environment,
many different sensor architecture have been utilised. A generic
sensor platform that can be adapted to multiple species of interest
would have obvious advantages in terms of fabrication of devices
for monitoring water quality.

Silicon is an attractive substrate for design of a generic sen-
sor platform incorporating carbon nanotubes. Use of silicon allows
highly developed micro- and nanofabrication procedures to be used
in sensor fabrication and facilitates the incorporation of the sens-
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ing surface into devices. Recent work in our group has focussed on
the covalent attachment of single-walled carbon nanotubes to sil-
icon substrates [13–20]. This work has demonstrated the stability
of these constructs in organic solvents under continuous poten-
tial scans [21] as well as during field emission experiments where
the electrodes were stable for days even while producing currents
of 100 �A [20]. The electrodes have a high surface area and the
nanotubes provide a low resistivity pathway to the substrate; both
these properties can be exploited to make highly efficient sensors.
However, these electrodes are not suitable for fabrication of sen-
sors for use in environmental monitoring because the ester bond
linking the carbon nanotubes to the silicon substrate can be easily
hydrolysed in aqueous media.

Very recently we have demonstrated the chemical assembly of
vertically aligned carbon nanotubes on carbon electrodes [22]. The
carbon nanotubes were attached to a tether layer through amide
bonds and the tether layer was covalently attached to the substrate
via C–C bonds. The tether layer was prepared by electrochemi-
cal reduction of 4-aminobenzene diazonium salt solution which
results in grafting of aminophenyl groups to the carbon surface.

Recent work in this group and others has shown the formation
of a C–C bond on carbon substrates gives very stable surface lay-
ers [22,23]. The electrode assembly was shown to be stable in
aqueous solution over a wide potential range and was resistant to
degradation from sonication in acid, base and organic solvent. An
interesting feature of the chemically assembled carbon nanotube
electrodes is that the aminophenyl groups form a passivating layer
on the carbon surface which blocks electron transfer between solu-
tion species and the underlying electrode. However, after assembly
of carbon nanotubes, the rate of electron transfer is accelerated,
to an extent dependent on the coverage of the carbon nanotubes
on the surface. At relatively high surface coverages of carbon nan-
otubes, the rate of electron transfer between solution species and
the electrode is the same as at a bare electrode and the carbon
nanotube assemblies can be used to monitor solution species. A
high rate of electron transfer for redox species immobilised on the
carbon nanotubes is also observed and this behaviour has been
exploited in a recently reported electrochemical biosensor [24].
Although the accelerating effect of chemically assembled carbon
nanotubes on electron transfer rates has also been observed at other

Fig. 1. Schematic of (a) carbon nanotube electrode fabrication in the presence of DCC and (b) multilayer film formation from reduction of a diazonium cation. R = NH2 in this
work.
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electrode materials functionalised with tether layers through dif-
ferent routes [19,22,25–27], the origin of the behaviour is not well
understood.

Covalent grafting of nanoscale organic layers through the reduc-
tion of aryldiazonium salts proceeds at many materials including
hydrogen-terminated silicon surfaces [22,23,28–36]. Attachment
through Si–C bonds is expected to give relatively high mechanical,
thermal and hydrolytic stability to the layers on silicon. These fac-
tors, along with the behaviour observed at the carbon electrodes
described above, has prompted this work in which we immobilise
carbon nanotubes on diazonium-derived tether layers on silicon.
There are previous reports of the use of diazonium cation chem-
istry to link carbon nanotubes to silicon substrates by Joyeux et al.
[37] and Chen et al. [38], but this earlier work does not investi-
gate the use of surfaces as electrodes for measurements in aqueous
media. We demonstrate here that modification of silicon with a pas-
sivating tether layer via reduction of 4-aminobenzene diazonium
salt, followed by assembly of carbon nanotubes which ‘restore’
the good electrochemical properties, and provides a surface
which can be used for electrochemical measurements in aqueous
media.

2. Experimental

2.1. Preparation of chemically immobilised carbon nanotube
electrodes

The preparation of carboxylated single-walled carbon nan-
otubes (SWCNTs) has been described in detail previously [16]. In
brief, single-walled carbon nanotubes from Carbon Solutions Inc.,
USA, P2-SWNT, were refluxed in 3 M nitric acid for 24 h. The dilute
nitric acid solution was then decanted off and the nanotubes were
placed into a more aggressive oxidiser, namely a 3:1 (v/v) solution
of concentrated sulphuric acid (98%) and concentrated nitric acid
(70%) and ultrasonicated for 8 h at 0 ◦C [39,40]. The shortened nan-
otubes were then diluted in 500 mL of MilliQ water and filtered
through a 0.45 �m polytetrafluoroethylene (PTFE) membrane. The

nanotubes were further washed with MilliQ water to bring the pH
to 5–7 and dried under vacuum [39].

The strategy for fabrication of silicon surfaces with covalently
attached carbon nanotubes is shown schematically in Fig. 1(a).
Firstly, highly boron doped p-type silicon (1 0 0) (Virginia Semi-
conductor Inc. USA) was cut into 2 cm × 2 cm sized wafers and
(step 1) placed into 40% hydrofluoric acid (Sigma–Aldrich) for a
period of 3 min to remove the native silicon oxide and hydro-
genate the underlying surface [41,42]. The silicon wafer was
then washed with methanol and dried thoroughly under nitro-
gen. The p-aminobenzenediazonium cation was prepared by the
method of Lyskawa and Belanger [43]. In brief, 3 mL of 20 mM
p-phenylenediamine (Sigma–Aldrich) in 1 M hydrochloric acid
(Sigma–Aldrich) was added to an equal volume of 20 mM 99%
sodium nitrite (Sharlau Chemie, Spain) at room temperature. This
solution was used to graft aminophenyl films to the H-terminated
silicon substrate (step 2) by applying a potential of −0.5 V vs SCE
(saturated calomel electrode) for 10 min. Immediately after graft-
ing the silicon substrate was ultra sonicated in MilliQ water for
5 min then dried with nitrogen. The modified silicon sample was
then immersed for 24 h in a 5 mL 99.9% N,N-dimethyl formamide
(DMF) (Southern Cross Scientific Pty. Ltd.) solution containing
both 2.5 mg of 99.0% N,N′-dicyclohexylcarbodiimide (DCC) (Fluka
Production GmbH) and 1 mg of carboxyl functionalised carbon
nanotubes (step 3). Prior to introducing the substrate, the carbon
nanotube/DCC/DMF solution was ultrasonicated for 5 h to evenly
disperse the carbon nanotubes. Finally the modified silicon wafer
was rinsed in acetone and air dried.

2.2. Electrochemistry

Electrochemical experiments were performed with an Autolab
PGSTAT3C2 Potentiostat/Glavanostat (Eco Chimie B.V., The Nether-
lands). Silicon substrates were mounted in a glass electrochemical
cell that exposed a circular area of surface to the cell solution
as described previously [44]. The underside of the silicon sub-
strate was adhered to copper foil to form the working electrode

Fig. 2. Atomic force microscopy images of (a) an unmodified aminophenyl layer followed by (b) a scratch in an aminophenyl layer and the corresponding line profile and
(c), (d) an aminophenyl layer modified with single-walled carbon nanotubes in the presence of DCC.
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with a platinum wire and saturated calomel electrode (SCE) used
as the counter and reference electrodes, respectively. A Viton o-
ring defined the geometric area of the working electrode. For the
electrochemical grafting of aminophenyl films the working area
was 0.26 cm2; subsequent analysis was based on a smaller area
(0.13 cm2) of the grafted surface. Voltammetry of aminophenyl
films was performed in 0.1 M sulphuric acid (Labscan Asia Co.
Ltd., Thailand) using an initial potential of 0 V, a switching poten-
tial of 1.2 V and a scan rate of 0.1 V s−1. Cyclic voltammograms of
1 mM ruthenium (III) hexaamine chloride (Sigma–Aldrich) in pH
7.5 potassium phosphate buffer solution were obtained by sweep-
ing the potential, initially in the negative direction, between 0.2
and −0.6 V at scan rates of 0.025–0.75 V s−1.

2.3. Atomic force microscopy (AFM)

Atomic force microscope images were taken in air with a
Dimension 3100 and Nanoscope IIIa controller (Digital Instru-
ments, Veeco, USA) operating in tapping mode. Silicon cantilevers
(TAP300Al-G series, Budget Sensors, Innovative Solutions Bulgaria
Ltd.) with a fundamental resonance frequency between 200 and
400 kHz were used. Topographic (height) images were obtained at
a scan rate of 0.5 Hz with the parameters set point, amplitude, scan
size, and feedback control optimised for each sample. All images
show background subtracted data using the flatten feature in the
Digital Instruments software. Depth profiling of aminophenyl films
was performed with a 3 lever cantilever chip configuration (NSC 12,
MikroMash, Estonia). These levers have lengths (D) 300, (E) 350, and
(F) 250 �m with corresponding resonant frequencies of 28, 21 and
41 kHz, respectively. The method of depth profiling by “scratching”
the film has been described in detail previously [44]. In brief the
atomic force microscope, operating in tapping mode, was aligned
using one of the shorter cantilevers (D or F). When this cantilever
engaged the surface and was raster scanned, cantilever E (not in
resonance) imbedded into the aminophenyl layer and effectively
scratched away the film. Four complete scans over a 10 × 1.25 �m
area were used to remove sections of the aminophenyl layer. After
layer removal, the shorter cantilever was withdrawn from the sur-
face and offset to the location of the scratch for imaging. To establish
whether the scratching technique removed underlying substrate in
addition to the surface film, the procedure was also carried out with
bare H-terminated silicon samples. There was no evidence of dam-
age to the silicon surface indicating that substrate is not removed
during these measurements.

3. Results and discussion

Fig. 2(a) shows an atomic force microscope image of an elec-
trografted aminophenyl film on silicon, which can be seen to
be relatively smooth and homogenous with an image root mean
square roughness of 1.05 nm. Film thickness information was
obtained by selectively scratching away the aminophenyl film with
the use of an atomic force microscope cantilever. The results of this
experiment are shown in Fig. 2(b) where a darker bare underlying
silicon ‘trench’ can be seen surrounded by the lighter aminophenyl
layer. Upon taking the average cross section over a 0.58 × 2.58 �m
area as depicted by the shaded rectangle and the corresponding
line profile, the film thickness was found to be 5.5 nm. The value is
in agreement with previous work on carbon substrates with films
electrografted from diazonium salt solutions under similar condi-
tions. In those studies maximum film thicknesses were in the range
of 4–6 nm and it was concluded that the films were multilayered
[44,45].

Fig. 1(b) shows the mechanism proposed by Pinson and co-
workers [46] for the formation of multilayer films from diazonium

Fig. 3. Cyclic voltammograms, recorded at a scan rate of 0.1 V s−1 in 0.1 M H2SO4

of (a) H-terminated silicon, H-terminated silicon after immersion in a HCl solution
containing NaNO2 and H-terminated silicon modified with an aminophenyl layer
(numbers indicate the scan number). (b) Aminophenyl layers after immersion in
the solutions indicated.

salts. The diazonium cation is reduced at the electrode surface and
eliminates N2, forming the aryl radical. It appears that the radical
attacks the substrate forming a covalent bond between the surface
and the aryl group [23]. As further radicals are produced, they either
graft directly to the substrate or attack already-grafted aryl groups,
building up a disordered multilayer film structure [47]. There is
strong spectroscopic evidence for the presence of azo groups in
multilayer films [46,48,49]; these may result from reaction of dia-
zonium cations with radical centres in the growing film and it is
believed the resulting layer is a combination of structure 8a and
7b.

Several studies have demonstrated that at a given grafting
potential, growth of diazonium-derived films are self-limiting, with
respect to surface concentration and thickness [44,45]. This can be
explained by considering that as the film grows, electron transfer to
aryldiazonium cations occurs over an increasing distance and hence
the rate of electron transfer progressively decreases. Eventually the
film becomes so thick that reduction essentially stops and the film
reaches its maximum thickness. Electrografted films typically reach
limiting thickness within a few minutes and hence it is assumed
that the 5.5 nm film formed here after 10 min grafting represents
the maximum thickness achievable under these conditions.

Further insight into the structure of the aminophenyl tether
layer was gained from cyclic voltammetric experiments in 0.1 M
H2SO4. To verify the presence of amine, three scans from 0 to 1.2 V
at 0.1 V s−1 were performed on the modified silicon surface. On the
first scan, Fig. 3(a), there is a single broad irreversible wave centred
at 0.9 V; this can be assigned to the aminophenyl groups. For com-
parison, cyclic voltammetry was repeated on hydrogen-terminated
silicon prior to electrografting and on a surface immersed in a
solution containing only sodium nitrite and hydrochloric acid (no
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p-phenylenediamine was present). In both cases it can be seen that
the oxidation current is significantly smaller than that recorded for
an aminophenyl film. This current is assigned to oxidation of the sil-
icon surface. For all surfaces, the second and subsequent scans gave
very low currents. Complete oxidation of the aminophenyl layer is
assumed to occur in the first scan of the modified surface, while
passivation of the unmodified surfaces during the first scan leads
to the low currents observed in the second and third scans for these
samples. The response obtained at the aminophenyl grafted surface
is in agreement with our previous measurements on carbon [49],
work by Lyskawa and Belanger [43] on gold and values obtained for
the oxidation of aniline to its radical cation during polymerization
of polyaniline in acidic media [50].

Fig. 2(c) and (d) show atomic force microscope images, 3-
dimensionally and in top view, respectively, of an aminophenyl
layer after reaction with single-walled carbon nanotubes under
conditions which promote amide bond formation. Immediately
it can be seen in (c) that the surface has become rougher, and
this is reflected by an increase of image root mean square rough-
ness to 20.2 nm. The ‘saw tooth’ like surface topography observed
is characteristic of vertical alignment [15–17,19,21,51] and car-
bon nanotube bundle heights of between 10 and 150 nm were
found. This is in agreement with previous work [15–17,19,21,51,52]
attaching carbon nanotubes to silicon with the use of conden-
sation reactions. However, unlike previous work a large number
of carbon nanotubes are also observed, as shown in (d), to be
horizontally aligned on the surface to form a dense ‘mat’. Disor-
dered arrangements of carbon nanotubes have previously been
observed by our group in the case of carbon nanotubes immo-
bilised on poorly aligned tether layers [14,19]. Poor alignment of
the tether layer leads to regions of exposed hydrocarbon chains,
which through van der Waal’s interactions with the hydrophobic
sidewalls of the single-walled carbon nanotubes, promotes disor-
dered assembly. The similar result obtained in this work can be
explained by consideration of the multilayer film structure shown
in Fig. 1(b). Hydrophobic interactions between carbon nanotubes
and the exposed aryl rings within the disordered aminophenyl film
may result in a disordered carbon nanotube layer. It is interesting
to note that in our earlier work, single-walled carbon nanotubes
assembled on carbon surfaces by the same route were shown to
be vertically aligned with a very low incidence of horizontally
positioned carbon nanotubes. The different results obtained at the
silicon and carbon substrates [22] could be due to factors such as
the relative smoothness of the substrates, the thickness or density
of the aminophenyl film on each substrate or a different degree
of carboxylation of single-walled carbon nanotubes used for each
electrode preparation.

The role of the tether layer in carbon nanotube immobilisation
was further investigated by comparing the aminophenyl oxida-
tion peak before and after reaction of the tether layer with carbon
nanotubes. Fig. 3(b) shows the first scan of cyclic voltammograms
obtained in 0.1 M H2SO4 (0.1 V s−1) at aminophenyl layers exposed
to different carbon nanotube solutions. For each surface, the charge
associated with the oxidation peak is directly related to the num-
ber of aminophenyl groups undergoing oxidation. However, the
absolute surface concentration cannot be calculated because the
number of electrons involved in the irreversible oxidation of
the aminophenyl groups in the film environment is unknown.
Table 1 lists the calculated charges associated with oxidation of
the various surfaces. The approximate charge for oxidation of an
aminophenyl layer prior to further reaction (2.0 × 10−4 C) was
calculated by subtracting the charge for oxidation of an unmodi-
fied surface (hydrogen-terminated silicon). Upon immersion of an
aminophenyl layer in a DMF/DCC/nanotube solution for 24 h, the
charge decreases to 1.0 × 10−5 C. Hence a significant number of
amine sites have been utilised in binding carbon nanotubes, pre-

Table 1
Charges associated with the irreversible oxidation of modified silicon surfaces.

Substrate Charge (C)

Hydrogen-terminated silicon 1.29 × 10−4

NaNO2/HCl 2.00 × 10−6

Aminophenyl layer 1.98 × 10−4

Aminophenyl layer DMF/DCC 1.34 × 10−4

Aminophenyl layer DMF/nanotubes 9.70 × 10−5

Aminophenyl layer DMF/DCC/nanotubes 1.00 × 10−5

sumably by formation of amide linkages. It is assumed that the
remaining charge is associated with bare regions of film (where
no carbon nanotubes were bound) and aminophenyl functional-
ities buried within the film. For comparison, aminophenyl films
were immersed for 24 h in DMF/DCC (no carbon nanotubes) and
DMF/nanotube (no DCC) solutions. In both cases the charge due to
oxidation of aminophenyl groups was found to be somewhat less
than that of a freshly prepared surface (1.3 × 10−4 and 9.7 × 10−5 C,
respectively) but significantly greater than that of the surface
reacted in DMF/DCC/nanotube solution. This is strong evidence
that no amide bonds are formed in the absence of DCC and nan-
otubes. Interestingly, using atomic force microscopy, an assembly
of carbon nanotubes was also observed on an aminophenyl layer
after immersion in the DMF/nanotube solution. It is clear from the
results described above that in this case, carbon nanotubes are not
covalently bound to the tether layer and hence are most likely
immobilised through electrostatic interactions [22]. The possibil-
ity that electrostatic interactions may play a role in single-walled
carbon nanotube assembly on amine terminated tether layers has
previously been highlighted by Tour and co-workers [53]. The
voltammograms of Fig. 3(b) also show that all layers exposed to
DMF exhibit a distinct change in shape of the oxidation peak wave
and a positive shift in peak potential compared with that obtained
prior to exposure to DMF solution. These effects are attributed to
solvent and ion ingress and egress, along with associated film re-
arrangements as has previously been observed for nitroazobenzene
[45], carboxyphenyl and methylphenyl films alternately immersed
in organic solvents and aqueous media [54]. Further, the similarity
of the responses after immersion in the two different DMF solutions
supports the proposal that the changes are due to the solvent.

The electrochemical performance of silicon surfaces, unmod-
ified and modified with carbon nanotubes, was assessed in an
aqueous medium by cyclic voltammetry of the Ru(NH3)6

+3/+2

redox couple in pH 7.5 potassium phosphate buffer solution.
Fig. 4(a) shows the first scan from 0.2 to −0.6 V at a scan rate
of 0.1 V s−1, obtained at various surfaces. For an unmodified,
hydrogen-terminated silicon substrate the response is quasi-
reversible with �Ep = 80 mV. After an aminophenyl layer was
grafted no peaks appear at the potentials seen on the unmodified
surface or within the scan limits, indicating that �Ep > 800 mV. A
similar response was observed for an aminophenyl layer immersed
for 24 h in a DMF/DCC solution in the absence of carbon nanotubes.
Evidently, the multilayer aminophenyl film blocks electron trans-
fer between the substrate and the redox probe, an effect frequently
observed for multilayer films grafted by aryldiazonium salt solu-
tions [43,55–57]. It should be noted that the blocking behaviour
observed is not a result of electrostatic repulsion of the ruthenium
cation from the aminophenyl film. The pKa of aniline is 4.6 and
although the pKa of the aminophenyl film is not expected to be
precisely this, it should be similar thus resulting in negligible proto-
nation at pH 7.5. When the scans were repeated after incubation for
24 h in a DMF solution containing nanotubes a significant increase
in current and decrease in�Ep can be seen. Electrodes soaked in the
presence and absence of DCC gave similar responses with�Ep = 183
and 170 mV, respectively. Clearly, as observed previously on car-
bon surfaces [22], the addition of carbon nanotubes has decreased
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Fig. 4. Cyclic voltammograms of 1 mM Ru(NH3)6
+3/+2 in pH 7.5 potassium phos-

phate buffer. (a) Scans (0.1 V s−1) obtained at silicon surfaces modified as indicated;
(b) 1st and 500th scans (0.1 V s−1) at an aminophenyl layer reacted with
DMF/DCC/nanotubes and (c) scans obtained at an aminophenyl layer reacted with
DMF/DCC/nanotubes using the scan rates indicated.

the blocking properties of the film, almost restoring the electron
transfer rate to that observed prior to film grafting.

The stability to repeated potential scanning between 0.2 and
−0.6 V in aqueous medium was tested for the covalently assem-
bled carbon nanotube electrode (scan rate of 0.1 V s−1) by repeated
cycling of the electrode. Fig. 4(b) shows the 1st and 500th scan,
where it can be seen that after 500 repeat scans the response to
Ru(NH3)6

+3/+2 showed no change in peak current or�Ep. The stabil-
ity of these aminophenyl-based surfaces is in dramatic contrast to
those in which carbon nanotubes are assembled on silicon surfaces
via an ester linkage [15–17,19,21,51,52]. Those electrodes could
only be used for a single voltammetric measurement in aqueous
conditions because of the hydrolytic instability of the ester bond.

The electron transfer rate of the Ru(NH3)6
+3/+2 couple at the

covalently immobilised carbon nanotube surface was examined
using cyclic voltammetry at scan rates from 0.025 to 0.75 V s−1.

Fig. 5. Dependence of peak current on the square root of scan rate for the
Ru(NH3)6

+3/+2 redox couple pH 7.5 potassium phosphate for of an aminophenyl layer
reacted with DMF/DCC/nanotubes.

Fig. 4(c) shows scan rates of 0.1, 0.3, 0.5 and 0.7 V s−1. There is a
non-linear relationship between peak current and the square root
of the scan rate, Fig. 5, consistent with a quasi-reversible redox sys-
tem. The standard heterogenous rate constant for a quasi-reversible
system can then be calculated from �Ep values using the method
of Nicholson [58,59] which introduces the dimensionless kinetic
parameter, � . By interpolating/extrapolating the values of � from
the data provided by Nicholson [58], the corresponding rate con-
stant can be determined from the following equation:

 = �˛k
◦

√
�aDO

where � =
(
DO
DR

)1/2
and a = nF�

RT

where k◦ is the standard heterogenous rate constant (cm s−1), DO
and DR are the diffusion coefficients of the oxidised and reduced
states (cm2 s−1), ˛ is the transfer coefficient and the remaining
terms have their usual significance. To determine the rate con-
stant, it is assumed that the diffusion coefficient of both redox states
of ruthenium hexaamine are equivalent to D = 3.89 × 10−6 cm2 s−1

and that˛= 0.5 [60]. The standard heterogenous rate constants val-
ues shown in Table 2 were calculated from the voltammograms
at each scan rate, giving an average value of 1.2 × 10−3 cm s−1.
From the voltammograms shown in Fig. 4(a), this value is clearly
lower than that at H-terminated silicon, where a rate constant
of 3.86 × 10−3 cm s−1 was obtained. The slower electron trans-
fer rate observed at the aminophenyl-carbon nanotube assembly
is most likely due to charge transfer resistance arising from the
aminophenyl layer. Nevertheless, the electron transfer rate is
unlikely to limit the use of the electrodes for electroanalysis and in
any case, the rate may be increased by use of a thinner tether layer.
In this work the aminophenyl layer was relatively thick and pre-
vious work [44] has shown that in general, thinner layers, grafted
with the use of a shorter grafting time or a more positive potential,
decrease the charge transfer resistance.

Table 2
Standard heterogenous rate constants for the Ru(NH3)6

+3/+2 redox couple, pH 7.5
potassium phosphate buffer, at a silicon surface modified with an aminophenyl
tether layer and reacted with DMF/DCC/nanotubes.

Scan rate, v (mV s−1) �Ep (mV) K◦ (cm s−1)

25 120 1.23 × 10−3

50 146 1.16 × 10−3

100 171 1.29 × 10−3

150 191 1.22 × 10−3

200 205 1.12 × 10−3

Average 1.2 × 10−3
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4. Conclusions

This work has provided a new method for fabricating single-
walled carbon nanotube electrodes on silicon through the use of an
electrografted aminophenyl layer. Unlike previous silicon carbon
nanotube assemblies, these electrodes showed excellent stability
to repeated electrochemical cycling in an aqueous environment.
The immobilisation method is compatible with incorporation of
other sensing components and hence can form the basis of a range
of sensors. Work is now underway to tether the free end of the
carbon nanotubes to a selective biomolecule, allowing for the elec-
trochemical detection of water born species of importance to water
quality monitoring.
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Analysis of membrane domain segregation and phase separation is important for the 
understanding of cell membrane structure and function. In this paper, we report an atomic force 
microscopy approach using both derivatised tip functionalities and force–volume imaging for the 
analysis of membrane phase separation. Simultaneous topology and mapping of interaction forces 
of binary component phospholipid bilayer membranes were performed. Measurements enabled the 
lateral mapping of bilayer lipid composition at a resolution of 10–20 nm, providing insights into 
dynamic membrane structure and behaviour. Very sharp boundaries between the two domains are 
observed in addition to domain boundaries that are quite diffuse with both lipids intermixing. 
Additionally, some nanoscale domains of one lipid within the domain of the second lipid are 
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The photovoltaic properties of a new working electrode for dye sensitised solar cells, consisting of 
networks of covalently bound single walled carbon nanotubes on indium tin oxide, have been 
investigated. Following covalent sensitisation of the carbon nanotube networks with a ruthenium 
dye an appreciable cathodic photocurrent is measured upon illumination with simulated sunlight.  
Significant increases in photocurrent density are observed by building up sequential layers of 
carbon nanotube cross-linked with ethylenediamine to form a three-dimensional dye sensitised 
single walled carbon nanotube network. Such electrodes are promising for the future fabrication of 
low cost, minimal material use solar cells. 
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a b s t r a c t

The photovoltaic properties of a new working electrode for dye sensitised solar cells, consisting of

networks of covalently bound single walled carbon nanotubes on indium tin oxide, have been

investigated. Following covalent sensitisation of the carbon nanotube networks with a ruthenium dye

an appreciable cathodic photocurrent is measured upon illumination with simulated sunlight.

Significant increases in photocurrent density are observed by building up sequential layers of carbon

nanotube cross-linked with ethylenediamine to form a three-dimensional dye sensitised single walled

carbon nanotube network. Such electrodes are promising for the future fabrication of low cost, minimal

material use solar cells.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since they were first reported by Iijima in 1991 [1] single
walled carbon nanotubes (SWCNTs) have attracted great interest
across a diverse range of fields including microelectronics [2–4],
medicine [5–8], energetic materials [9,10], polymers [11–13],
energy storage [14,15] and more recently, light harvesting
[16–23]. The use of SWCNTs in light harvesting devices has
evolved primarily due to their unique electrical and optical
properties arising as a result of one-dimensional (1D) confine-
ment of electron and phonon states in the highly ordered SWCNT
structure. Depending on the orientation of the sidewall lattice
some SWCNTs may be considered metallic or semiconducting
with bandgaps up to 1.1 eV depending on their diameter, level of
defects or functionalisation, and degree of aggregation
or bundling. Furthermore, SWCNTs have been shown to
have excellent electrical conductivity in the longitudinal
direction but to conduct poorly through their sidewalls unless
functionalised [24].

The electrical conductivity of SWCNTs, combined with their
very large surface area to volume ratio, makes them an ideal
alternative scaffold material for the photoactive sensitiser in
photoelectrochemical dye sensitised solar cells (DSCs) based on
the O’Regan/Grätzel architecture [25]. Replacement of the titania
in these cells with SWCNTs is expected to increase the surface
area per volume for dye attachment and provide an improved

electrical pathway. The potential benefits of SWCNT-based
architectures for this application have been previously reported.
For example, it has recently been shown that photoactive
porphyrins coordinated to SWCNT arrays increase absorption of
visible light and provide excellent electron transport [17].
Lee et al. [21,22] have used multi-walled carbon nanotubes
(MWCNTs) similarly as scaffold for covalently bound Ru(II) dye
molecules and have additionally shown significant increases in
the conversion efficiencies of TiO2 solar cells by incorporating
MWCNTs. Lee et al. [18,20,26] have repeatedly shown increases
in charge collection efficiencies of photoelectrochemical cells
following incorporation of SWCNTs. The increase was shown to
occur via suppression of electron–hole recombination and is
largely independent of both the sensitiser used and the structure
of the electrode surface. In other work, the semiconducting nature
of SWCNTs has been used by Li et al. [16] on n-doped silicon
surfaces to produce a simple p-n heterojunction solar cell with
remarkable efficiency.

In previous work, we have demonstrated that covalent
attachment of SWCNTs to fluorine tin oxide (FTO) coated glass
yields electrodes, which produce photocurrent when incorporated
into a photoelectrochemical cell [27]. However, the energy output
of such a device is quite low due to the small amount of active
material on the substrate. In this work we have increased the
amount of active material on the surface via sequential addition of
SWCNTs to form a randomly dispersed network. SWCNTs
previously functionalised with carboxyl groups using a well
established technique [28] were covalently bound to hydroxy-
lated indium tin oxide (ITO) by a condensation reaction.
Subsequent treatments with SWCNT were facilitated via an
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ethylenediamine linker, forming a three-dimensional randomly
dispersed network. We have also fabricated hybrid solar cell
electrodes utilising dye sensitised SWCNTs. Networks of SWCNTs
were used as a scaffold for ruthenium dye molecules, which were
covalently bound to the free end and sidewalls of the SWCNTs via
the ethylenediamine linker. Both the unsensitised and dye
sensitised architectures were then used as the working electrode
in a solar cell.

2. Experimental details

2.1. Preparation of functionalised SWCNT solution

SWCNTs (Carbon Solutions Inc., CA, USA, P2-SWNT) were
refluxed for 24 h in 3 M HNO3 at 1 mg mL�1 to remove remaining
catalyst and carbonaceous impurities and to increase the number
of defect sites on the SWCNT sidewalls. The acid was then
decanted and the SWCNTs were functionalised with carboxyl
groups by ultrasonication at 50 WRMS for 8 h in a 3:1 v/v solution
of 98% H2SO4 and 70% HNO3 at a concentration of 1 mg mL�1—a
process also known as ‘cutting’. The temperature was maintained
at �5 1C throughout the reaction. The acid/SWCNT mixture was
poured into 1 L of deionised (DI) water (pH 5.5, �5 1C), filtered
through 0.45 mm polycarbonate membrane filters (MilliPore) and
washed with DI water until the pH of the filtrate stabilised at 5.5.
The filtered SWCNTs were dried in air at 80 1C for 24 h then added
at a concentration of 0.2 mg mL�1 to a solution of dimethylsulph-
oxide (DMSO) (99.9%, Sigma-Aldrich) containing N,N0-dicyclohex-
ylcarbodiimide (DCC) (0.2 mg mL�1, 99% Fluka Production GmbH)
and 4-dimethylaminopyridine (DMAP) (0.05 mg mL�1, Sigma-
Aldrich). A suspension of SWCNTs was affected by ultrasonication
of this solution at 50 WRMS for 1 h under nitrogen and this
resulting suspension was then used immediately.

2.2. SWCNT attachment to ITO

The preparation of SWCNT on ITO is shown schematically in
Fig. 1(a–c). ITO coated glass slides (Sigma-Aldrich) with a sheet
resistance of 8–12 O&�1 and film thickness of 120–160 nm were
cut into 2�1.5 cm samples. All samples were ultrasonically
cleaned for a period of 10 min each in DI water, ethanol and
acetone. The ITO surfaces were then hydroxylated by
ultrasonication for 10 min in a solution of 1:1 v/v ethanol and
DI water saturated with sodium hydroxide [29]. The hydroxylated
ITO surfaces were rinsed with a copious amount of DI water and
dried under a stream of nitrogen. The samples were then
immersed in the freshly prepared functionalised SWCNT
suspension and maintained at 80 1C under nitrogen for 1 h to
produce ITO-SWCNT. Upon removal the samples were rinsed with
DMSO followed by acetone and dried under a stream of nitrogen.

The ITO-SWCNT samples were immersed in ethylenediamine
(EDA) (Sigma-Aldrich) containing DCC (0.2 mg mL�1) and DMAP
(0.05 mg mL�1) at 50 1C for 30 min to produce ITO-SWCNT-EDA
(Fig. 1(d)). After rinsing with DI water and drying under a stream
of nitrogen the samples were returned to the SWCNT solution and
maintained at 80 1C under nitrogen for 1 h to produce
ITO-SWCNT-EDA-SWCNT (i.e. 2 treatments of SWCNT hereafter
referred to as ITO-2-SWCNT). Rinsing followed by re-immersion
in the above EDA solution at 50 1C for 30 min produced ITO-
SWCNT-EDA-SWCNT-EDA (i.e. 2 treatments of SWCNT terminat-
ing in EDA, hereafter referred to as ITO-2-EDA) and the process
was repeated for subsequent treatments.

EDA terminated samples were immersed for 24 h at 50 1C in a
DMSO solution containing DCC (0.2 mg mL�1), DMAP (0.05 mg

mL�1) and a ruthenium dye (0.2 mg mL�1) to produce ITO-x-
SWCNT-N3 (Fig. 1(e) and (f)). The ruthenium dye used was
(cis-bis(4,4-dicarboxy-2,2-bipyridine) dithiocyanato rutheniu-
m(II)) (Solaronix SA, Ru535) first reported by Nazeeruddin et al.
[30] and otherwise known as ‘N3’. Upon removal the samples
were rinsed with DMSO and acetone then dried with a stream of
nitrogen.

2.3. Raman spectroscopy

Raman spectra were collected with a WiTEC alpha300R

Microscope in Raman mode using a 100� objective (Numerical
Aperture 0.9) and 532 nm laser (Elaser¼2.33 eV) operating at
constant power for each experiment up to a possible maximum of
�60 mW. Raman data was collected by the WiTEC Control
software and analysed in the WiTEC Project software with the
surface perpendicular to the excitation source. Spectra were
collected over an integration time of 1 s.

2.4. Atomic force microscopy

Atomic force microscope (AFM) images were taken in air with
a multimode head and Nanoscope IV controller (Digital Instru-
ments, Veeco, CA, USA) operating in tapping mode using
commercially available silicon cantilevers (FESP-ESP series, Veeco,
CA, USA) with nominal fundamental resonance frequencies
between 70 and 85 kHz. Topographic (height) images were
obtained at a scan rate of 0.5 mm s�1 with the parameters set
point, amplitude and feedback control optimised for each sample.
All images were background subtracted to a 3rd order polynomial
using the flatten feature of the Digital Instruments’ Nanoscope
software version 6.14. Analysis of surface properties such as
roughness was conducted using the same software.

2.5. Scanning electron microscopy

Scanning electron microscope (SEM) images of the SWCNT
electrodes were obtained on a CamScan MX2500 scanning
electron microscope (CamScan Electron Optics Limited, Cambrid-
geshire, UK) with a tungsten hairpin filament within an hour of
preparation. Prior to imaging all samples were sputter coated
with a 5 nm platinum coating (determined by an in situ quartz
crystal microbalance (QCM)) using an Emitech K575X sputter
coater (Quorum Technologies, UK) with 75 mA deposition current.
During imaging the sample was held at an angle of 201 with
respect to the electron beam.

2.6. UV–visible spectroscopy

Spectra were obtained on a Varian Cary 50 with a resolution of
2 nm. In all experiments the spectrum of the quartz cuvette was
used as the baseline although additional subtraction of solvent
spectra was performed where indicated.

2.7. Fabrication of DSC

The counter electrode used was fluorine tin oxide (FTO) coated
glass. Platinum (5 nm) was deposited on the counter electrode
surface using the method described in Section 2.5. A thermoset
plastic gasket (SurlynTM–Solaronix SA) was placed between each
ITO sample (24�18 mm2) and a similarly sized FTO counter
electrode (Fig. 2). The resulting device was maintained at 100 1C
for 10 min to set the gasket. The active area was 150710 mm2

with a rectangular geometry (15 mm�10 mm). The electrolyte
used was a solution of 1-propyl 3-methylimidazolium iodide
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(0.8 M), iodine (0.1 M) and benzimidazole (0.3 M) in 3-methoxy-
propionitrile (MPN), otherwise known as ‘Robust’ electrolyte, and
the cell was hermetically sealed. Note that no reflective material
was used to seal the fill hole in the counter electrode as this yields
erroneous results due to double passing of incident light through
the active layer of the cell.

2.8. Photovoltaic performance measurements

All cells tested were illuminated with a quartz arc lamp
producing 25 mW cm�2 at the sample surface and all tests were
conducted at 25 1C. Light was channelled to the cell through an
optical fibre with 2 cm between fibre output and the cell which
was aligned perpendicularly to the source. Light entered the cell
through the ITO working electrode. Current–voltage data was
collected on a Keithley 236 Source Measure Unit with firmware
revision A10. Data was recorded using a custom Digital Instru-
ments’ LabViewTM Virtual Instrument. The irradiance of the light
source was measured using a NIST-calibrated photodiode (818-SL,

Newport Corporation) with OD3 filter (883-SL, Newport Corpora-
tion) both with serial number 11177. Irradiance measurements
were conducted at 25 1C with a distance of 2 cm between fibre
output and the OD filter.

3. Results and discussion

The morphology of the electrode surfaces was investigated
with AFM and SEM. Images showing electrodes with one to five
treatments of SWCNTs are presented in Fig. 3. There was no
discernable difference between surfaces before or after treatment
with EDA or dye. SWCNT bundle widths, obtained by measuring
25 bundles from each of four separate AFM images (100 bundles
in total), were found to be 2477 nm. The AFM images and their
3D representations show a mixture of horizontally and vertically
oriented SWCNT bundles. In Fig. 3 the ITO substrate is visible in
both AFM and SEM images of surfaces after one or two SWCNT
treatments due to incomplete coverage but cannot be seen after
the third treatment as the cross-linked SWCNT network becomes
denser. Correspondingly, the surface area as calculated by the
AFM software increases for the first three SWCNT treatments but
then plateaus (Fig. 4). We interpret this to mean that full coverage
of the surface is achieved with three treatments, after which the
network increases in thickness. Of course, the total surface area of
the SWCNT network is increasing but the AFM tip can only
penetrate so far into it, hence the plateau. Amorphous
carbonaceous impurities remaining from the cutting process,
observed as bright globules, are also present in the images.
Centrifugation of SWCNT suspensions is a commonly employed
method of purification [31]. The removal of amorphous
carbonaceous impurities prior to surface deposition of the
SWCNTs and the effect on DSC performance of such treatment
will be a focus of future investigation.

Fig. 1. Reaction pathway beginning with ITO coated glass (a) which is hydroxylated (b) and SWCNTs are added (c). To these are attached diamine linker molecules (d),

which facilitate addition of either the dye sensitiser (e) or further layers and then dye (f). Not shown to scale.

Fig. 2. Schematic of a complete cell incorporating ITO-SWCNT-EDA-N3

(ITO-1-SWCNT-N3) as the working electrode.
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Raman spectra of both sensitised and unsensitised SWCNT
electrode surfaces were recorded; however, there was no
discernible difference before or after EDA functionalisation or
subsequent dye sensitisation. Analysis of the peak position of the

SWCNT-specific radial breathing mode (RBM) gives a diameter of
the individual SWCNT between 1.3 and 1.7 nm, calculated by the
method of Alvarez et al. [32], which is in good agreement with
supplier specifications of approximately 1.4 nm.

Fig. 3. The SWCNT electrodes from 1 treatment (top) to 5 treatments (bottom). SEM images are shown in the left column; tapping mode AFM images are shown in the

centre column and 3D representations of the AFM images are shown in the right column. The SEM and AFM images are not of the same location on the surface.
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The sheet resistance of the ITO glass used in this work was
measured with a two point probe to be 11 O&�1, which is in
accordance with the manufacturer specifications of 8–12 O&�1.
The same measurement protocol was used to measure the sheet
resistance of each unsensitised SWCNT electrode giving values of
21, 23, 24, 26 and 28 O&�1 for electrodes with 1–5 treatments of
SWCNTs, respectively. This increase is consistent with a model in
which sheet resistance is controlled by the number and type of
junctions between SWCNTs and agrees well with the findings of
Nirmalraj et al. [33] for acid treated SWCNT films. The sheet
resistances of the dye sensitised SWCNT electrodes were 28, 29,
31, 33 and 35 O&�1 for 1–5 treatments, respectively.

The marginally higher values for the dye sensitised electrodes
are anticipated due to the slightly insulating effect of the EDA
functionalisation.

UV–visible spectra were recorded for the SWCNT electrodes
prior to dye sensitisation, as shown in Fig. 5(A–E). A broad
increase in absorbance with additional treatments of SWCNTs can
be clearly seen. A plot of absorbance vs. the number of treatments
yields a linear relationship at all wavelengths. However, the slope
of this relationship is greater at the positions of the absorbance
maxima. The height of these maxima, taken as a percentage of the
background, decreases with each successive treatment of
SWCNTs. This indicates that with each additional treatment the
scattering process (the background) becomes increasingly
dominant with respect to the electronic excitation processes
(the maxima).

The unsensitised SWCNT electrodes show a broad absorbance
centred at �460 nm, a much smaller one at �750 nm and
another broad absorbance centred at �1050 nm. The positions of
these absorption maxima agree very well with the work of
Fluerier et al. [34] using the same arc-discharge P2-SWCNT from
Carbon Solutions, Inc. The absorbance at 1050 nm is attributed to
v2–c2 interband transitions in the electronic density of states
(DOS) of semiconducting SWCNT and is denoted S22 (Fig. 6). The
low energy v1–c1 (S11) transitions near 1800 nm were not probed
in this work. The presence of the absorbance at �750 nm is
characteristic of the primary electronic transition within metallic
SWCNTs (denoted M11) and was unexpected in this work since
the oxidative treatment of SWCNTs in concentrated mixed acid
under ultrasonication is generally thought to remove metallic
characteristics from mixtures of metallic and semiconducting
SWCNTs [35,36]. Evidently, the cutting process employed in this
work did not completely remove all metallic SWCNTs.

The absorbance maximum �460 nm is not present in UV–vis
spectra of the functionalised SWCNTs in DMSO (Fig. 5(F)), the ITO

Fig. 4. Surface analysis of the layered SWCNT electrodes taken from AFM images

shown in Fig. 3. Plots show the variation in z-range, RMS roughness (Rq) and mean

roughness (Ra) with increasing treatments of SWCNTs (inset: variation in surface

area with subsequent SWCNT treatments).

Fig. 5. UV–vis spectra of the layered SWCNT electrodes and control experiments: (A) ITO-1-SWCNT, (B) ITO-2-SWCNT, (C) ITO-3-SWCNT, (D) ITO-4-SWCNT,

(E) ITO-5-SWCNT, (F) SWCNT in DMSO, (G) clean ITO internal, (H) clean ITO external. For (A-E) the beam passed through the quartz cuvette and the functionalised ITO

sample; the quartz spectrum was removed as background. For (F) the beam passed through a quartz cuvette containing SWCNT in DMSO; the quartz+DMSO spectrum was

removed as background. For (G) and (H) the beam passed through a quartz cuvette containing SWCNT in DMSO with a clean ITO sample either in contact with the solution

(G) or external to the cuvette (H) and the quartz+DMSO spectrum was removed as background. Of note is the broad absorbance from �350 to �600 nm present only in

(A–E). The greater absorbance displayed in (F), (G) and (H) is attributed to the larger number of SWCNTs sampled in solution than on the ITO surfaces in (A–E). The even

higher absorbance displayed in (H) is due to additional scattering at the air-filled ITO/quartz interface.
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glass (Fig. 5(H)) or when the hydroxylated ITO is immersed in
SWCNT solution without coupling agent (Fig. 5(G)) and is
therefore a property of the interface between the SWCNTs and
ITO. Evidently the covalent bonding between these two different
semiconducting materials leads to the formation of a newly
accessible electronic transition in the region where the DOS of the
two materials combine. The presence of this absorption peak
extending broadly through the visible region of �350–600 nm
helps to explain why the SWCNT-only cells are photoactive
without any dye sensitisation and is a promising result for an
unoptimised device. It is anticipated that future optimisation of
the architecture to exploit this property may lead to significant
performance gains.

UV–visible spectra were also recorded for the SWCNT electro-
des after dye sensitisation. Compared to the spectra of the
unsensitised SWCNT electrodes, they show a broad increase of
�3–5% absorbance across all wavelengths with full retention of
all the features. Difference spectra produced by subtracting ITO-x-
SWCNT from ITO-x-SWCNT-N3 (where x is the number of SWCNT
treatments) display two distinct peaks at �525 and �380 nm as
shown in Fig. 7(a). This correlates very well with the UV–vis
spectrum of the N3 ruthenium dye shown in Fig. 7(b), which
displays two characteristic absorbance maxima at �540 and
�405 nm corresponding to the two separate metal-to-ligand
charge transfer (MLCT) pathways between the ruthenium centre
and its dual bipyridine and thiocyanate ligands [30,37]. There is a
shift of the MLCT bands, which can be attributed to the effect of
the DMSO solvent used to obtain the absorption spectrum of the
dye compared to that of the SWCNT electrode which was obtained
in air. SWCNTs display a strong absorbance near 260 nm due to
p–pn transitions characteristic of extended aromatic systems [38]
hence the high energy intraligand (p–pn) charge-transfer
transitions of the dye near 300 nm were not measurable.

The photovoltaic performance of solar cells fabricated using
both sensitised and unsensitised SWCNT electrodes is presented
in Fig. 8(a and b) and Table 1. Importantly, in contrast to DCSs

using a titania scaffold for dye adsorption, the observed
photocurrent of the SWCNT-based DSC flows in the reverse
direction, i.e. they display a cathodic photocurrent. In titania-
based cells the excited dye injects photo-generated electrons into
the conduction band of the titania with the resultant holes in the
dye being filled by oxidation of triiodide to iodide. In these
SWCNT-based cells, photo-generated electrons must reduce the
iodide to triiodide with resultant holes being refilled by electrons
returning from the external circuit via the ITO and SWCNTs. This
reversal of the direction of photocurrent is certainly a result of a
substantial difference in the potential of SWCNTs conduction
band(s) compared to that of titania and suggests a markedly
different mechanism of electron transfer within and between the
components of the DSC. This effect and the electronic basis for it
are currently being investigated.

The dye sensitised electrodes (ITO-x-SWCNT-N3) also display a
cathodic photocurrent indicating that electrons flow both directly
from SWCNT to electrolyte (as before) and additionally now via
the dye. However, dye sensitisation of the SWCNT electrodes after
any number of treatments examined in this work does increase
the magnitude of the observed photocurrent density (Fig. 8(b)).
For a single treatment of SWCNTs the observed photocurrent
density is 2.0 mA cm�2 which is increased to 2.8 mA cm�2 by dye
sensitisation—a gain of 40% (Table 1). Upon further treatment
with SWCNTs and EDA without dye sensitisation, additional
increases in photocurrent density are observed up to a maximum
of 4.9 mA cm�2 for five treatments. For the dye sensitised
electrodes the increase is approximately linear with additional
SWCNT treatments up to a maximum of 6.2 mA cm�2 for five
treatments. For the SWCNT-only electrodes the increase is linear
up to three treatments but then appears to approach a saturation
level. This is likely due to an increased occurrence of electron–
hole recombination in the denser networks due to (a) the
increased distance between the point of photo-generation of
charge carriers and the ITO electrode and/or (b) the greater
number of (insulating) EDA links that must be traversed by the
carriers or (c) scattering from the SWCNTs near the surface means
excitation of the SWCNTs further from the surfaces is limited.

Addition of the dye opens up a second mechanism for the
generation of charge carriers, namely excitation of the dye. After
dye excitation the two possible routes for the charge carriers are
through the SWCNTs or direct transfer to the electrolyte. In all
cases introduction of the dye increase the photocurrent observed.
However, the magnitude of the increase in photocurrent density

Fig. 6. The electronic density of states (DOS) of semiconducting SWCNTs showing

transitions between the 1st, 2nd and 3rd valence and conduction bands.

Fig. 7. (a) The difference spectrum produced by subtracting ITO-3-SWCNT from

ITO-3-SWCNT-N3 and (b) UV–vis spectrum of the N3 ruthenium dye in DMSO

(inset: N3 molecular structure).

D.D. Tune et al. / Solar Energy Materials & Solar Cells 94 (2010) 1665–16721670



upon dye sensitisation is a constant for the first three treatments
of SWCNTs but begins to increase for the fourth and fifth. This
would seem to suggest that for the first three treatments the total
number of dye molecules attached does not increase. However
the difference in UV–vis absorbance between the dye sensitised
and SWCNT-only electrodes (Fig. 8(c)), taken as a direct measure
of the amount of dye on the surface, increased approximately
linearly from �0.2 absorbance units for one treatment up to �4.5
absorbance units for four treatments (at 450 nm). Therefore,
subsequent treatments to the first increases the number of
available sites for dye attachment and hence the amount of dye
on the surface.

This increasing amount of dye is not reflected in the observed
photocurrent for the first three treatments. This may be due to the
position of the dye in the networks. The ends of SWCNT are more
reactive and hence the location where one would expect the dye
to attach first. When there are few SWCNTs present as is the case
for few treatments, one would expect a large fraction of the dye to
be on the ends of SWCNTs. Charge carriers are transported down
the length of SWCNT much more efficiently than through the
sidewalls [39]. Thus, for a few treatments, charge carriers
generated by excitation of the dye will be very likely to transfer

to the SWCNT where the electron–hole recombination within the
cross-linked networks discussed earlier will play an important
role and limit the photocurrent produced. With four and five
treatments it is likely that some of the ends of the SWCNTs will be
unavailable for reaction and the increased surface area will mean
more side wall defect sites will be available as points of
attachment for dye molecules. Thus, now a large fraction of the
dye molecules will be on the sidewalls of SWCNTs where transfer
of the charge carriers to SWCNTs will be much harder. This will
mean an increased rate of carriers transferred directly to the
electrolyte increasing the photocurrent observed. This indicates
that charge separation due to the dye is beginning to dominate
that occurring within the SWCNTs.

The voltages produced by the cells are of the order of mV. This
small value is likely due to a combination of factors: incomplete
coverage of the electrode surface, a significant back reaction
caused by low shunt resistance at the ITO and/or SWCNT surfaces,
electron–hole recombination within the network, poor matching
of SWCNT and dye—effectively a high series resistance, and poor
matching of SWCNT and electrolyte potentials limiting the
maximum obtainable voltage. The nanotubes used are a combina-
tion of metallic and semiconducting tubes and the metallic tubes
would be expected to lower the potential of system by providing
sites for exciton recombination. All these factors also contribute to
the modest fill factors of �0.3 for all the electrodes produced in
this work. Investigation into the relative contributions of these
various factors and strategies for mitigation will be the subject of
future work. Of course, the quantity of photoactive material on
the surface is miniscule compared to that in conventional DSCs so
it was not expected that the power generated would be
comparable.

The low photocurrent densities in the mA range can be
explained in part by the small quantities of material on the
surface (the networks are only a few microns thick) and also by
charge recombination occurring either within the network or
within the SWCNTs themselves. On comparison of JSC and UV–vis
absorption variations between cells with a single treatment of
unsensitised SWCNTs and two treatments, it is seen that while JSC

increased from 2.0 to 3.3 mA cm�2, a gain of 65%, UV–vis
absorption (at 500 nm) increased from 0.021–0.069, a gain of
228 %. In a simple model UV–vis absorption is taken as a measure
of the amount of SWCNT on the surface, including both absorption
and scattering. The disparity between the increases in JSC and
UV–vis absorption with additional SWCNT treatments indicates a
substantial drop in conversion efficiency going from one treat-
ment of SWCNTs to two, and the trend is continued with
subsequent treatments. Furthermore, it also suggests that charge
recombination is more prevalent in the networks than in the
individual SWCNTs.

4. Conclusion

Photoelectrochemical cells fabricated from SWCNTs covalently
bound to ITO and sensitised with a Ru(II) dye have been produced
and characterised. Randomly dispersed networks created by
sequential treatments with SWCNTs and ethylenediamine were
shown to increase the quantity of dye attached thus improving
photocurrent density. Results for the unsensitised SWCNT
electrodes confirm that SWCNT networks on ITO are themselves
photoactive with spectral evidence showing a broad absorbance
spanning the visible region. The photovoltaic performance of cells
containing both dye sensitised SWCNT and SWCNT-only electro-
des was measured showing an appreciable, though modest,
photoresponse. The source of the low power generated compared
to conventional titania-based DSCs is largely due to far less

Fig. 8. (a) Increase in JSC with increase in number of SWCNT treatments without

dye sensitisation. (b) Increase in JSC with increase in number of SWCNT treatments

with dye sensitisation. (c) Increase in the UV–visible absorbance (at 450 nm) of

difference spectra produced by subtracting the spectrum of ITO-x-SWCNT from the

spectrum of ITO-x-SWCNT-N3. The standard deviation in each measurement is

contained within the data points.

Table 1
Photovoltaic properties of the SWCNT network electrodes showing the open

circuit voltage (VOC), the short circuit current density (JSC) and the cell fill factor

(FF).

Cell VOC (mV) JSC (mA/cm2) FF

ITO-1-SWCNT 47 2.0 0.28

ITO-2-SWCNT 46 3.3 0.30

ITO-3-SWCNT 44 4.2 0.32

ITO-4-SWCNT 43 4.5 0.31

ITO-5-SWCNT 43 4.9 0.31

ITO-1-SWCNT-N3 43 2.8 0.28

ITO-2-SWCNT-N3 41 3.9 0.27

ITO-3-SWCNT-N3 41 4.8 0.29

ITO-4-SWCNT-N3 39 5.3 0.32

ITO-5-SWCNT-N3 36 6.2 0.29
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photoactive material being present on the electrode surface,
although a significant mismatch of potential energy levels
between the different components of the cells is also implicated.
Additionally, a markedly reduced fill factor indicates substantial
electron–hole recombination within the cells. The performance of
both the dye sensitised and SWCNT-only network based cells
reported in this work is promising for future low cost, minimal
material use solar cell applications if the underlying mechanism
of action is further understood.
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Surface modification through reduction of aryldiazonium
salts to give covalently attached layers is a widely inves-
tigated procedure. However, realization of potential ap-
plications of the layers requires development of patterning
methods. Here, we demonstrate that microcontact print-
ing with poly(dimethylsiloxane) stamps inked with aque-
ous acid solutions of aryldiazonium salts gives stable
organic layers on gold, copper, silicon, and graphitic
carbon surfaces. Depending on the substrate-diazonium
salt combination, the layers range from relatively irregular
multilayers to smooth films with close to monolayer
thickness. After printing, surface attached aminophenyl
and carboxyphenyl groups retain their usual reactivity
toward amide bond formation with solution species, and
hence, the method is a simple route to patterned, co-
valently attached, reactive tether layers. Multicomponent
patterned films can be prepared by printing a second
modifier onto a film-coated surface. Microcontact printing
using aryldiazonium salt inks is experimentally very
simple and is applicable to the broad range of substrates
capable of spontaneously reducing aryldiazonium salts.

Localized immobilization of molecular species is an important
step in the fabrication of surfaces for applications that include
chemical and biological sensors, biochips, molecular electronics,
and tissue engineering. A large research effort over many years
has established a suite of patterning methods, compatible with
the best-known surface modification strategies, particularly those
based on assembly of alkanethiols at noble metal surfaces, and
reactions of silanes at oxide surfaces and alkenes at silicon. A
relatively recently developed surface modification method is
grafting from aryldiazonium salts solutions.1,2 The mechanism,
scope, and applications of this method have been widely

investigated;3-9 however, patterning techniques appropriate for
use with this approach have received little attention.

Surface grafting from aryldiazonium salt solutions proceeds
via reduction of the aryldiazonium cation and elimination of
dinitrogen to yield an aryl radical capable of reaction with the
surface.2 For some substrates, a covalent linkage between the
modifier and the surface has been directly demonstrated;10-12 for
others, covalent attachment has been inferred on the basis of the
orientation of surface groups13,14 or the stability of the layer.2,15,16

Under commonly used grafting conditions, attack by aryl radicals
on pregrafted groups gives a multilayered, covalently coupled film
structure.17,18 The stability of the grafted layers is a key advantage
of this modification method; other attractive features are its wide
substrate compatibility (from noble and industrial metals to
semiconductors9-11,19-22) and the opportunity for further chem-
istry involving the grafted groups. Electrografting at an externally
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applied potential is the most widely used strategy for the reduction
step, but simple immersion of the substrate in a solution of an
aryldiazonium salt can also lead to formation of surface layers.
This spontaneous, or open-circuit potential (OCP), reaction has
been reported for a range of metals, semiconductors, and carbon
materials4 and appears to involve electron transfer from the
substrate to the aryldiazonium cation in solution.

Currently, there are few examples of patterned organic layers
prepared by reduction of aryldiazonium salts. In the earliest report,
we used mechanical scribing with an atomic force microscope
(AFM) tip to remove regions of electrografted film from a carbon
substrate.23 A second aryldiazonium salt was then electrografted
to the bare regions, creating a surface with dual chemical
functionality. In a soft lithographic approach, we patterned a
carbon substrate by adhering a poly(dimethylsiloxane) (PDMS)
mold to the surface (either bare or film-coated) to form micro-
channels.24 The channels were subsequently filled, either with
aryldiazonium salt solution for site-specific electrografting or with
reagents used for electrochemical or chemical conversion of the
pre-existing surface film. Most recently, we demonstrated that
conventional photolithography can be coupled with electrografting
to give large areas of micrometer-sized patterns of modifiers on
highly doped silicon.22 Charlier, Palacin, and co-workers,25 and
Cougnon, Bélanger, and co-workers26 have established that the
scanning electrochemical microscope is a useful tool for localized
surface grafting from aryldiazonium salts, while the former
research group has also reported elegant patterning methods
specific to silicon substrates. In one example, they used ionic
implantation to create locally doped areas of silicon and, thus,
achieved site-specific electrografting of an aryldiazonium salt.27

In another example, they illuminated p-type silicon through a mask
to locally increase the substrate conductivity and allow electro-
grafting to proceed.28 Palacin and co-workers have also explored
the use of a patterned agarose hydrogel containing an aryldiazo-
nium salt solution sandwiched between two electrodes as an
electrochemical “printing” method.29 Finally, Corgier and Bélanger
have adapted the methods of colloidal nanolithography to elec-
trograft organic groups to the nanoscale spaces between polysty-
rene beads assembled on carbon and gold surfaces.30

All of the patterning methods described above involve elec-
trochemical generation of aryl radicals at an externally applied
potential. In an earlier communication, we established that
spontaneous, OCP reduction of aryldiazonium salts by carbon
substrates can also be used.31 We showed that microcontact

printing (MCP) using PDMS stamps and aryldiazonium salt inks
gave micrometer-scale patterns of modifiers on glassy-carbon-like
thin films (pyrolyzed photoresist film; PPF). MCP is a very simple
and relatively fast patterning method and, in these respects, has
obvious advantages over the electrochemical methods outlined
above.32

In this paper, we investigate the characteristics (surface
concentration, thickness, homogeneity, and chemical reactivity)
of layers prepared using MCP and OCP reduction of aryldiazonium
salts on PPF. We demonstrate that the method can be extended
to metal (Au and Cu) and semiconductor (Si) substrates and
provide guidelines concerning its general applicability in terms
of substrate/diazonium cation combinations and the characteris-
tics of the resultant films. We also demonstrate a unique feature
of MCP of aryldiazonium salts: covalently coupled two-component
surfaces can be prepared simply by printing a second layer onto
a previously modified surface.

EXPERIMENTAL SECTION
Materials. Aqueous solutions were prepared using Millipore

Milli-Q water (>18 MΩ cm). Tetrafluoroborate salts of 4-nitroben-
zenediazonium (NBD) and 4-carboxybenzenediazonium (CBD)
were synthesized using standard procedures.33 4-Aminobenzene-
diazonium salt (ABD) was synthesized as a 20 mM solution in
0.5 M HCl.34 Procedures for preparing citrate-capped Au nano-
particles (∼13 nm diameter),35 PPF,36 and planar Au films (Au/
NiCr/Si),37 and drying acetonitrile (ACN) have been described
previously.

Uncut single walled carbon nanotubes (SWCNTs) (Carbon
Nanotechnologies Incorporated) were acid-treated by adding 25
mg to 27 mL of 3:1 concentrated H2SO4 and HNO3 and sonicating
for 10 h while adding ice to the ultrasonicator bath to maintain
a temperature close to 20 °C. Following sonication, the solution
was poured into 500 mL of distilled water. After standing
overnight, the solution was filtered under suction through
Millipore 0.22 µm hydrophilic polyvinylidene fluoride filter
membranes and then washed with copious amounts of water.
The dried SWCNT cakes were peeled from the filters and
resuspended in DMSO to give a 1 mg mL-1 stock solution.

Si(100) wafers (1-20 Ω cm, Silicon Quest and Micro Materials)
were cut into ∼15 × 15 mm2 tiles, immersed in 40% HF (Sigma-
Aldrich) for 3 min (Caution: HF is hazardous; handle with care
and appropriate personal protective clothing), washed with
methanol, dried in a stream of N2 gas, and used within 10 min
of HF treatment. Small pieces of Cu plate were immersed in
16 M HNO3 for 10 s, washed with water, immersed in 17 M
acetic acid for 30 s, and dried in a stream of N2 gas.38

Fabrication and solvent extraction of PDMS stamps followed
previously described procedures.24 The stamps were either
nonpatterned or had a test pattern with micrometer-sized
features.
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(24) Downard, A. J.; Garrett, D. J.; Tan, E. S. Q. Langmuir 2006, 22, 10739–

10746.
(25) Ghorbal, A.; Grisotto, F.; Charlier, J.; Palacin, S.; Goyer, C.; Demaille, C.
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Electrochemistry. Electrochemical measurements were made
at room temperature in an N2 atmosphere. The electrochemical
cell exposed a circular area (0.18 cm2 for PPF or 0.79 cm2 for
Au) of substrate to the cell solution, as described previously.36

The auxiliary and reference electrodes were Pt and SCE,
respectively. Cyclic voltammograms were recorded with a scan
rate of 100 mV s-1.

Surface concentrations of grafted nitrophenyl (NP) groups
were estimated from cyclic voltammograms of modified surfaces
in 0.10 M H2SO4. The area under the irreversible reduction peak
at Ep,c ≈ -0.6 V and the area under the oxidation peak at Ep,a

≈ 0.3 V was determined by fitting the data with polynomial
baselines and mixed Lorentzian-Gaussian curves, using the
Levenberg-Marquardt algorithm implemented via Linkfit soft-
ware.36 The surface concentration was then calculated using
Faraday’s law, as previously described,36 with an estimated
±20% uncertainty in the absolute surface concentration.

Microcontact Printing. Within 2 h of use, PDMS stamps were
treated with O2 plasma (100 W at 0.1 Torr for 5 min). Stamps
were immersed in 20 mM aryldiazonium cation ink for 2 min,
dried to tackiness in a stream of N2 gas, and placed on the
substrate for 30 min. Unless stated otherwise, all printed
samples were ultrasonicated for 5 min in Milli-Q water and
dried in a stream of N2 prior to analysis or further treatment.
Each stamp was used with only one type of ink. The composi-
tions of printing inks are denoted “diazonium cation/solvent”.
Control samples were prepared in the same way but using a
solution from which the aryldiazonium salt had been omitted
(“blank” ink).

Characterization of Films and Patterns. AFM (Digital
Instruments Dimension 3100) depth-profiling measurements were
performed on modified PPF samples by scratching with the AFM
tip to remove a section of film, as described previously.36 Three
average line profiles were obtained from each of two 10 × 1.25
µm2 scratches per sample. Each line profile gave two thickness
values: one from the step down into the scratch and the other
from the step out of the scratch. Thus, the reported thickness
for each sample is a mean of 12 values, and the uncertainties
are two standard deviations of the mean. Condensation figures
were obtained by allowing water vapor to condense on surfaces
and imaging using an Olympus BX60 inverted light microscope
equipped with a polarizer and an Olympus DP10 camera.
Scanning electron microscopy (SEM) images were obtained
using a JEOL 7000 high-resolution instrument with an ac-
celerating voltage of 15 kV.

The procedure for measuring water contact angles has been
described previously.31 Measurements were made using two 1
µL drops of Milli Q water placed on each duplicate sample or
control. The stated values are the means of the four measure-
ments, and the uncertainties are two standard deviations of the
mean.

RESULTS AND DISCUSSION
This section is divided into four parts. The first describes

printing with aryldiazonium salt inks on PPF, Au, and Si substrates
using nonpatterned PDMS stamps. The second part demonstrates
that printing with patterned PDMS stamps gives micrometer-scale
patterned layers on Au, PPF, Si, and Cu. The reactivity of the
printed layers is described in the third part, and finally, we show

that a second modifier can be printed onto an already modified
surface to create patterned, covalently coupled, two-component
surfaces.

Nonpatterned Printing on PPF, Gold, and Silicon. Pre-
liminary results establishing successful MCP of PPF using DMF-
and 1 M H2SO4-based aryldiazonium salt inks have been
reported earlier.31 In both that work and the present study,
PPF was used as the carbon substrate because aryldiazonium
salts spontaneously graft to its surface at OCP from acidic
aqueous solution31 and its low surface roughness facilitates
measurement of film thickness.39 Here, two aryldiazonium
cations were chosen for detailed examination of the printing
process. The NBD derivative was selected as a relatively easily
reduced species (in cyclic voltammograms, Ep,c ≈ 0 V vs SCE
in 0.1 M H2SO4 at a scan rate of 100 mV s-1) that is additionally
convenient because the resultant grafted NP moieties can be
readily detected and quantified by electroreduction. The CBD
cation was selected as a more difficult to reduce species (Ep,c

≈ -0.3 V vs SCE in 0.1 M H2SO4 at a scan rate of 100 mV s-1),
but which gives grafted carboxyphenyl (CP) films whose
chemical reactivity makes them useful as tether layers for
subsequent coupling reagents. CP groups are not electroactive
in the potential range accessible in 0.1 M H2SO4, but their
presence can be detected by water contact angle measurements.

Figure 1 shows consecutive cyclic voltammograms of a PPF
surface printed with NBD/1 M H2SO4 ink using a nonpatterned
stamp. The first scan, from 0.8 to -0.9 V, shows the charac-
teristic, irreversible reduction (Ep,c ≈ -0.60 V) of surface-
attached NP groups to aminophenyl (eq 1) and hydroxyami-
nophenyl groups (eq 2) but no evidence for physisorbed
aryldiazonium cations, which, if present, would be reduced at Ep,c

≈ 0 V. The return scan shows the reversible oxidation (Ep,a )
0.35 V) of hydroxyaminophenyl to nitrosophenyl groups (eq
3),40 with the nitrosophenyl/hydroxyaminophenyl redox couple
appearing as the only significant feature in subsequent cycles.
These results are consistent with immobilized NP groups,
spontaneously grafted to the surface during printing. Table 1 lists
electroactive-NP surface concentrations, ΓNP, determined for
three nonpatterned NBD/1 M H2SO4 samples from the

(39) Ranganathan, S.; McCreery, R. L. Anal. Chem. 2001, 73, 893–900.
(40) Ortiz, B.; Saby, C.; Champagne, G. Y.; Belanger, D. J. Electroanal. Chem.

1998, 455, 75–81.

Figure 1. First (s) and second scan (---) cyclic voltammograms in
0.1 M H2SO4 of a PPF surface printed with NBD/1 M H2SO4 ink for
30 min.
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first-scan, along with the corresponding film thicknesses
obtained by AFM depth profiling.

Surface---C6H4-NO2 + 6H+ + 6e- f

Surface---C6H4-NH2 + 2H2O (1)

Surface---C6H4-NO2 + 4H+ + 4e- f

Surface---C6H4-NHOH + H2O (2)

Surface---C6H4-NHOH h Surface---C6H4-NO + 2H+ + 2e-

(3)

Previously, we have found that single layers of NP groups
electrografted to PPF have ΓNP ) (2.5 ± 0.5) × 10-10 mol cm-2,36

and similar values were obtained for methylphenyl and CP
groups electrografted to flat Au substrates.41 A monolayer of
vertically oriented NP groups has a calculated thickness of 0.8
nm;36 hence, both the concentration and thickness data in Table
1 indicate the formation of multilayer domains with an average
thickness of 2 to 3 layers.18 Table 1 also shows significant
variations between films prepared under the same conditions and
no systematic relationship between ΓNP and average AFM-
determined film thickness. The initial OCPs differ significantly
between PPF samples, particularly from different preparation
batches, and we attribute the sample-to-sample variations in
Table 1 to this variability of “activity”. We,37 and others,37,42,43

have observed that the substrate potential increases as the
spontaneous reduction of aryldiazonium cations proceeds and that
film growth stops when the potential becomes too positive to
sustain reduction. The initial OCP, therefore, influences the
amount of charge that can be transferred before the “cutoff”
potential is reached, and consequently, it helps to determine the
amount of material that can be attached to the surface in the
absence of an externally applied potential.

The lack of a clear relationship between ΓNP and the “average”
film thickness is attributed to differences in the measurement
scales of the associated methods. The surface concentration
data are averages over a large area (0.18 cm2), whereas the
AFM film thicknesses are derived from three depth profiles
across two 10 × 1.25 µm2 scratches per sample. For films of
highly variable thickness, the average results of a few measure-
ments performed over a small area may not yield results that
are representative of the whole-sample average. The possibility
of multilayer grafting, coupled with an inhomogeneous distri-

bution of aryldiazonium cations on the inked stamp, is likely
to lead to films of variable thickness, and the large uncertainties
for the AFM thickness values are consistent with this. Clearly,
such variability will be a limitation when highly reproducible
and homogeneous films are required.

Successful modification of PPF after printing with CBD/1 M
H2SO4 ink was confirmed by a decrease of the water contact
angles from 68 ± 2° to 31 ± 2°, consistent with the attachment
of hydrophilic CP groups. In contrast, control surfaces gave
an unchanged postprinting contact angle of 68 ± 11°. Cyclic
voltammograms (not shown) revealed no signals between 0.8
and -0.5 V, confirming the absence of physisorbed CBD
(expected reduction peak at -0.3 V). AFM depth-profiling
measurements on two films gave an average film thickness of
1.0 ± 0.2 nm, close to that expected for a monolayer. Printed
CP films are, thus, on average, thinner and significantly more
uniform than printed NP films. The different morphology can
be attributed to the lower reduction potential for CBD. Because
CBD is more difficult to reduce than NBD, its reduction ceases
at a lower substrate OCP and a correspondingly smaller amount
of CP is grafted to the surface. The more limited degree of
spontaneous reduction diminishes the prevalence of significant
multilayer “outgrowths”, and a more uniform film thickness
results. Vautrin-Ul and co-workers have reported results
consistent with this interpretation,44 finding that spontaneous
reduction of NBD rapidly gave thick, nonuniform films on zinc
but formed thin homogeneous layers more slowly on a less-
reducing nickel surface. Hence, for substrates that act as the
reducing agent for aryldiazonium cation-based grafting, when
the potential driving force for reduction is large (the aryldia-
zonium derivatives are easily reduced in comparison with the
reducing power of the substrate), thicker and more irregular
films will be formed than when the driving force is lower.

The feasibility of printing using other aryldiazonium salt/
substrate combinations was also examined in experiments de-
scribed in the Supporting Information. Electrochemical (Figures
S-1, S-2) or AFM depth-profiling measurements confirmed that
printing of ABD on PPF, NBD on Au, and NBD on Si gave the
expected modified surfaces. For Si samples, the oxide layer was
removed or significantly thinned by HF treatment prior to printing.
Samples with an intact native oxide layer could not be modified.

To summarize, we expect printing to be successful for all
aryldiazonium salt-substrate combinations for which the grafting
reaction proceeds spontaneously at OCP in solution. As is found
for layers grafted from solution, the stability of attachment will
depend mainly on the substrate; for example, very stable layers
are formed by grafting onto graphitic carbon,2,15 but the stability
of the layers on Au is significantly less.16

Patterned Microcontact Printing of Gold, PPF, Silicon,
and Cu. Having successfully demonstrated that printing with
aqueous aryldiazonium salt inks leads to surface modification, we
next investigated patterning of surfaces. Figures 2-4 show images
of Au, PPF, Si, and Cu substrates printed with aryldiazonium salt
inks and with blank inks.

In Figure 2, SEM images of Au substrates patterned with NP,
aminophenyl (AP), and CP groups are compared with images from(41) Paulik, M. G.; Brooksby, P. A.; Abell, A. D.; Downard, A. J. J. Phys. Chem.

C 2007, 111, 7808–7815.
(42) Le Floch, F.; Simonato, J.-P.; Bidan, G. Electrochim. Acta 2009, 54, 3078–

3085.
(43) Smith, R. D. L.; Pickup, P. G. Electrochim. Acta 2009, 54, 2305–2311.

(44) Adenier, A.; Cabet-Deliry, E.; Chausse, A.; Griveau, S.; Mercier, F.; Pinson,
J.; Vautrin-Ul, C. Chem. Mater. 2005, 17, 491–501.

Table 1. Surface Concentration and Film Thickness
Data for NP Films Printed on PPF

sample ΓNP /mol cm-2
film

thickness/nm

1 (5 ± 1) × 10-10 1.5 ± 0.4
2 (6 ± 1) × 10-10 2.4 ± 0.6
3 (16 ± 3) × 10-10 1.7 ± 0.4
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the corresponding controls. The aryldiazonium salt inks give
clearly defined patterns with feature sizes down to 20 µm, whereas
the blank inks give faint patterns, which are attributed to PDMS
residues.

SEM is not a good technique for imaging organic films on
carbon substrates. Consequently, the image contrast for PPF
patterned with NP (Figure 3a) is just marginally better than that
for the control sample (Figure 3b). To overcome this inherent
limitation, alternative methods were used to image surfaces
patterned with AP and CP groups. For the former, after printing
with ABD/0.5 M HCl (or blank 0.5 M HCl), the surfaces were
immersed for 40 min, at pH ∼ 5, in a solution of citrate-capped
Au nanoparticles. Preferential assembly of nanoparticles (via
electrostatic interactions) on the AP-modified areas clearly re-
vealed the patterns (compare Figure 3c,d). For surfaces patterned
with CP groups (by printing with CBD/1 M H2SO4 ink) and the
corresponding blanks, condensation figures were imaged by
optical microscopy (Figures 3e,f). Although the pattern is well-
defined in both the CP-printed sample and the blank, the relative
sizes of water droplets in the stamped and “bare” areas are the
opposite in the sample and blank. Water droplets are larger in
the CP areas than on bare PPF, consistent with addition of
hydrophilic CP groups to the surface; in contrast, areas contacted
by the stamp inked with 1 M H2SO4 only are smaller than on
bare PPF, suggesting hydrophobic contaminants have been
transferred to the surface by the stamp. (Note that the sizes
of water droplets on bare PPF in Figures 3e,f are not the same
because the size depends on the extent of evaporation prior to
image capture.)

Patterning of NP and AP groups on Si was also successful
as revealed by the SEM images of Figure 4a-d. There is strong
contrast between the grafted and bare areas in Figure 4a,c, in
comparison with the faint patterns of the controls (Figure
4b,d).

As a final example to demonstrate the wider applicability of
MCP with aqueous aryldiazonium salt inks, a Cu surface was
patterned with NP groups. Copper is known to react spontaneously
with NBD at OCP in both aqueous and nonaqueous conditions.38,45

The SEM image in Figure 4e shows strong contrast between NP-
printed areas and bare Cu, whereas only a very faint pattern is
seen on the control (Figure 4f). The roughness of the Cu surface,
evident in both images, leads to incomplete contact with the stamp
and accounts for the “patchy” appearance of the pattern in Figure
4e.

These examples confirm that MCP is a very simple route to
patterning conducting surfaces. The scope of the method and the
characteristics of the patterned layers will be determined by the
substrate-diazonium salt combination as described in the previ-
ous section.

Printed Tether Layers for Further Immobilization Chem-
istry. The utility of MCP can be enhanced by printing layers that
act as tethers for further immobilization reactions. Two examples
are demonstrated here, on the basis of coupling of secondary
reagents (4-nitroaniline (NA) and SWCNTs) to primary layers of
CP or AP printed on PPF. The selection of these reagents was
based on their ease of detection: NA by its redox chemistry and
SWCNTs by AFM imaging.

(45) Hurley, B. L.; McCreery, R. L. J. Electrochem. Soc. 2004, 151, B252–B259.

Figure 2. SEM images of Au substrates patterned by printing with
(a) NBD/1 M H2SO4, (b)1 M H2SO4, (c) ABD/0.5 M HCl, (d) 0.5 M
HCl, and (e) CBD/1 M H2SO4 inks.

Figure 3. SEM images (a-d) and optical micrographs (e, f) of PPF
surfaces printed with (a) NBD/1 M H2SO4, (b, f) 1 M H2SO4, (c) 20
mM ABD/0.5 M HCl, (d) 0.5 M HCl, and (e) CBD/1 M H2SO4 inks.
The surfaces shown in (c) and (d) were immersed in Au nanoparticle
solution for 40 min before imaging; surfaces shown in (e) and (f) were
treated with water vapor before imaging.
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NA + CP on PPF. CP groups were printed on PPF using
nonpatterned stamps and CBD/1 M H2SO4 ink. The films were
activated by immersion in SOCl2 for 30 min and then trans-
ferred to a 20 mM NA/ACN solution at room temperature for
24 h to promote coupling of NA groups to the CP layer via the
formation of amide bonds. These samples are denoted PPF-CP/
SOCl2/NA. Controls were also prepared: PPF-CP blanks were
obtained by printing CP films onto PPF without subsequent
activation or immersion in NA/ACN; for PPF-CP/NA blanks,
only the activation step was omitted; and for PPF-H2SO4/
SOCl2/NA, blanks were prepared by printing PPF with blank
1 M H2SO4, followed by “activation” and immersion in NA/
ACN. Prior to their analysis, all samples and controls were
sonicated for 5 min in ACN.

AFM depth profiling results are shown in Table 2, and cyclic
voltammograms of the modified surfaces and typical AFM line
profiles are shown in Figures S-3 and S-4 (Supporting Information).
Activation of the CP film and reaction with NA increased the film
thickness from 1.0 ± 0.3 to 2.0 ± 0.5 nm, consistent with the
coupling of NA groups to the CP layer. When the activation step

was omitted, there was no change in film thickness, confirming
that NA does not physisorb to the CP film. Interestingly, a thin
surface layer of NA was detected electrochemically (Figure S-3,
Supporting Information) and by AFM measurements on the
PPF-H2SO4/SOCl2/NA controls. The measured thickness (0.4
± 0.2 nm) of this film is less than expected for a monolayer of
NA groups (0.8 nm), indicating a submonolayer coverage. We
assume that NA couples directly to a low concentration of
carboxylate functionalities on the (otherwise) bare PPF surface.

SWCNT + AP on PPF. This second example of the utility of
printed films as tethers is based on recent work in which we
assembled and characterized vertically aligned carbon nanotube
(VACNT) forests on AP films electrografted to PPF.46 To test
whether printed AP films could be used similarly, PPF surfaces
were patterned using ABD/0.5 M HCl ink and then immersed in
a DMSO solution (2 mL) of cut SWCNTs (0.2 mg mL-1) and N,N′-
dicyclohexylcarbodiimide (1 mg mL-1) for 24 h at 65 °C. These
conditions promote formation of amide bonds between surface-
immobilized AP groups and carboxylate groups at the cut ends
of the SWCNTs. The resultant surfaces were sonicated in
acetone for 10 s and then in isopropyl alcohol for 10 s prior to
imaging by AFM. The image shown in Figure 5 (and the SEM
image in Figure S-5, Supporting Information) is similar to those
previously obtained for VACNTs on electrografted AP tether
layers.46

These examples demonstrate that MCP yields tether layers
with their usual reactivity, and hence, the method can be used to
prepare patterned substrates which form the basis of more
complex structures.

Buildup MCP Patterning of Two-Component Surfaces.
Two- or multicomponent films in which secondary modifiers are
patterned on top of a continuous base film have potential
applications in sensing, where (for example) the base film is
tailored to reduce nonspecific interactions with the analyte while
the patterned secondary modifiers act either as tethers for
attachment of recognition species or as the recognition elements
themselves. This “buildup” method relies on the ability of the
substrate to reduce the secondary modifiers by electron transfer
across the base film. Reduction of the printed secondary modifier
generates radicals which couple to the base film. Hence, a
covalently coupled structure spontaneously forms in a single,
simple step requiring no additional reagents. The buildup method

(46) Garrett, D. J.; Flavel, B. S.; Shapter, J. G.; Baronian, K. H. R.; Downard,
A. J. Langmuir 2010, 26, 1848–1854.

Figure 4. SEM images of (a-d) Si samples patterned by printing
with (a) NBD/1 M H2SO4, (b) 1 M H2SO4, (c) ABD/0.5 M HCl, and (d)
0.5 M HCl inks; (e, f) Cu samples patterned by printing with (e) NBD/1
M H2SO4 and (f) 1 M H2SO4 inks.

Table 2. Film Thicknesses for NA Layer Coupled to CP
Film and Associated Controls

surface film thickness/nma

PPF-CP 1.0 ± 0.3
PPF-CP/SOCl2/NA 2.0 ± 0.5
PPF-CP/NA 1.0 ± 0.4
PPF-H2SO4/SOCl2/NA 0.4 ± 0.2

a AFM line profiles are shown in Figure S-4 (Supporting Informa-
tion).

Figure 5. AFM image of VACNTs tethered to a patterned AP layer
on PPF.
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was demonstrated by printing the secondary modifiers NP and
AP.

CP + NP on PPF. NP groups were printed onto a base CP
film grafted spontaneously to PPF at OCP. Two ∼3.0 × 1.5 mm2

PPF samples were immersed in 10 mM CBD/0.1 M H2SO4

solution for 30 min to form the base films. One half of each
sample was then printed with a nonpatterned stamp using
NBD/1 M H2SO4 ink. Cyclic voltammetry (Figure S-6, Sup-
porting Information) confirmed that NBD had reacted in the
expected manner giving an NP layer.

AFM depth profiling measurements of printed and unprinted
sections (Table 3) show that printing increases the film thickness,
consistent with attachment of NP to the CP layer. The magnitude
of the increase (∼0.4-0.7 nm) corresponds to the addition of a
submonolayer of NP groups on top of the CP film. However, NP
is also expected to couple within the CP film, and hence, the
concentration of printed NP groups may be higher than indicated
by film thickness data.

To test the stability of the printed layers, the samples were
sonicated in ACN for 30 min and the AFM measurements were
repeated. The data in the lower part of Table 3 indicate that the
film thicknesses did not change significantly, consistent with
covalent attachment both to the substrate surface and between
the base and printed layers.

CP + AP on PPF. In the second example of the buildup
printing approach, AP groups were patterned onto a spontaneously
grafted layer of CP groups using a patterned stamp with ABD/
0.5 M HCl ink. A blank was also prepared on a CP layer by printing
with blank 0.5 M HCl ink. The printed surfaces were immersed
for 40 min in a solution of Au nanoparticles and then sonicated in
H2O for 30 s prior to analysis by SEM. Figure 6 shows the SEM
images where the assembled Au nanoparticles clearly reveal the

patterned immobilization of AP (Figure 6a) in comparison with
the control (Figure 6b).

The buildup approach for preparing patterned two- or multi-
component surfaces should be applicable to all substrates at which
grafting from aryldiazonium salt solutions proceeds spontaneously
at OCP. However, the requirement that the second aryldiazonium
cation be reduced by the substrate places some limitations on
the nature and thickness of the base film and also on the
aryldiazonium cation derivative. For strongly reducing substrates
(such as zinc), it should be possible to print even relatively difficult-
to-reduce aryldiazonium cations onto thick base films. On the
other hand, printing on less-reducing substrates (such as Au) is
likely to be successful only with easily reduced aryldiazonium salt
derivatives on thin base films. In the examples above, the base
films were formed by spontaneous grafting from a aryldiazonium
salt solution. There is no reason why MCP, electrografting, and/
or other classes of modifiers cannot be used. Methods such as
electro-oxidation of primary amines47 or arylhydrazines;48 elec-
troreduction of iodonium,49,50 sulfonium51 salts, or vinylic com-
pounds;52 photolytic or thermal grafting of alkenes and alkynes;53-56

or photografting of arylazides57 would greatly widen the range of
functionalities that could be added to the surface.

CONCLUSION
Microcontact printing using aryldiazonium salt inks has been

applied to carbon, metal, and semiconductor substrates to give
stable, covalently attached, thin films. The thickness and the
morphology of the printed film appear to depend on the potential
driving force for reduction of the aryldiazonium cation by the
substrate. Aminophenyl and carboxyphenyl groups in printed
layers retain the ability to form amide bonds with solution species
and, consequently, provide useful tethers for more complex
surface structures.

Microcontact printing using aryldiazonium salts is applicable
to all substrate-diazonium salt combinations for which surface
modification proceeds spontaneously at open circuit potential in
solution. The variable film thickness and roughness, which is
substrate- and film-dependent, may be a limitation for some
potential applications; however, compared with other methods for
patterning layers using aryldiazonium salts, microcontact is low
cost and simple to implement with no requirement for electro-
chemical capability. Tightly defined patterns with feature sizes
tens of micrometers upward can be routinely prepared, and

(47) Barbier, B.; Pinson, J.; Desarmot, G.; Sanchez, M. J. Electrochem. Soc. 1990,
137, 1757–1764.

(48) Malmos, K.; Iruthayaraj, J.; Pedersen, S. U.; Daasbjerg, K. J. Am. Chem.
Soc. 2009, 131, 13926–13927.

(49) Vase, K. H.; Holm, A. H.; Norrman, K.; Pedersen, S. U.; Daasbjerg, K.
Langmuir 2007, 23, 3786–3793.

(50) Vase, K. H. j.; Holm, A. H. k.; Pedersen, S. U.; Daasbjerg, K. Langmuir
2005, 21, 8085–8089.

(51) Vase, K. H.; Holm, A. H.; Norrman, K.; Pedersen, S. U.; Daasbjerg, K.
Langmuir 2008, 24, 182–188.

(52) Palacin, S.; Bureau, C.; Charlier, J.; Deniau, G.; Mouanda, B.; Viel, P.
ChemPhysChem 2004, 5, 1469–1481.

(53) Lasseter, T. L.; Cai, W.; Hamers, R. J. Analyst 2004, 129, 3–8.
(54) Ssenyange, S.; Anariba, F.; Bocian, D. F.; McCreery, R. L. Langmuir 2005,

21, 11105–11112.
(55) Sun, B.; Colavita, P. E.; Kim, H.; Lockett, M.; Marcus, M. S.; Smith, L. M.;

Hamers, R. J. Langmuir 2006, 22, 9598–9605.
(56) Yu, S. S. C.; Downard, A. J. Langmuir 2007, 23, 4662–4668.
(57) Gross, A. J.; Yu, S. S. C.; Downard, A. J. Langmuir 2010, 26, 7285–7292.

Table 3. Film Thickness Measurements on PPF
Substrates Modified with CP Films with and without
Overprinting of a NP Layera

film thickness/nmb

sonication solvent and time CP region CP/NP region

H2O (5 min) 1.6 ± 0.3 2.2 ± 0.3
H2O (5 min) 1.4 ± 0.3 2.1 ± 0.2
H2O (5 min) + ACN (30 min) 1.7 ± 0.6 2.1 ± 0.3
H2O (5 min) + ACN (30 min) 1.5 ± 0.4 2.0 ± 0.2

a Samples were prepared in duplicate. b AFM line profiles are shown
in Figure S-7 (Supporting Information).

Figure 6. SEM images of surfaces that were immersed in 10 mM
CBD/0.1 H2SO4 for 30 min and subsequently printed with (a) ABD/
0.5 M HCl and (b) 0.5 M HCl inks. After printing, the surfaces were
immersed in Au nanoparticle solution for 40 min.
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multicomponent patterned surfaces can be fabricated simply by
printing on top of a base film. The two-component structures were
shown to be stable to prolonged sonication, indicating covalent
coupling of the second modifier to the base layer. The availability
of such a method will facilitate application of the aryldiazonium
salt surface modification approach in areas such as the fabrication
of bio- and chemical sensors.
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A Simple Approach to Patterned Protein
Immobilization on Silicon via Electrografting
from Diazonium Salt Solutions
Benjamin S. Flavel,*,†,‡ Andrew J. Gross,†,§ David J. Garrett,†,§ Volker Nock,§,| and
Alison J. Downard*,†,§

Department of Chemistry and Department of Electrical & Computer Engineering, University of Canterbury, Private
Bag 4800, Christchurch 8140, New Zealand, and MacDiarmid Institute for Advanced Materials and Nanotechnology,
Private Bag 4800, Christchurch 8140, New Zealand

ABSTRACT A highly versatile method utilizing diazonium salt chemistry has been developed for the fabrication of protein arrays.
Conventional ultraviolet mask lithography was used to pattern micrometer sized regions into a commercial photoresist on a highly
doped p-type silicon (100) substrate. These patterned regions were used as a template for the electrochemical grafting of the in situ
generated p-aminobenzenediazonium cation to form patterns of aminophenyl film on silicon. Immobilization of biomolecules was
demonstrated by coupling biotin to the aminophenyl regions followed by reaction with fluorescently labeled avidin and visualization
with fluorescence microscopy. This simple patterning strategy is promising for future application in biosensor devices.

KEYWORDS: p-phenylenediamine • electrochemical • biotin • avidin • pattern

INTRODUCTION

In recent years, there has been considerable interest in
the fabrication of patterned arrays of biological species
such as cells (1, 2), proteins (3, 4), and DNA (5, 6) on

solid surfaces (4, 7). These arrays have potential applications
in molecular electronics (7, 8), biofuel cells (1), tissue
engineering (9), and biosensors and biochips (10). Such
future devices will exploit the ability of surface bound
receptors to selectively bind target analytes from a complex
mixture of other species (4, 9). Preparation of patterned
surfaces for these purposes typically involves the use of a
self-assembled monolayer and conventional lithographic
techniques such as microcontact printing (2, 11), selective
photochemical activation (7, 8, 12), and photo and electron
beam lithography with resists (10, 13-16). The goal is
usually to fabricate areas of defined shape and size that
support or resist immobilization of biological species (17).

A variety of different substrates including silicon
(1, 4, 8, 12, 15, 17), carbon (18, 19), glass (7), quartz (20),
gallium nitride (21), gold (2, 6, 17, 22, 23), and polymers
such as poly(dimethylsiloxane) (24-26), polyimide (14),
poly(methyl methacrylate) (11, 27, 28), and polycarbonate
(20, 29) have been functionalized for biomolecule and cell
immobilization. However, for device fabrication, silicon is

most attractive because an active surface constructed on
silicon has the potential to be combined with integrated
circuit technology.

The most straightforward approaches to modification of
silicon surfaces are those that do not require the removal of
the native surface oxide and do not require use of rigorously
dry and air-free conditions. Silane chemistry is most com-
monly used to modify silicon bearing its native oxide layer
(8, 9, 12, 13, 15, 28, 30) because of the simplicity of
homogeneous layer formation and well-established pattern-
ing protocols (31-34). Recently, diazonium cation chemistry
has also been shown to offer a route to modification of
silicon surfaces, without the need to first remove the native
oxide layer (35). Electroreduction of aryldiazonium cations
generates, after elimination of dinitrogen, aryl radicals
capable of covalent grafting at the electrode surface. Charlier
et al. (35) demonstrated that at n-type silicon (100), elec-
troreduction of 4-nitrobenzene-diazonium cation gave
strongly adherent films. Under the conditions used in their
study, the films were more than 15 nm thick, consistent with
a multilayer structure. The utility of these surfaces for applica-
tions in biological media have not yet been investigated.

Currently, there are a limited number of examples of
patterned organic layers prepared by the electrochemical
reduction of diazonium salts and to our knowledge only two
examples on a silicon substrate. In one example, Charlier
et al. (35) used ionic implantation to create locally doped
silicon surfaces to selectively control the electrografting of
4-nitrobenzenediazonium tetrafluoroborate. In the second
example, the same researchers (36) illuminated p-type
silicon through a mask, to locally increase the substrate
conductivity and allow electrografting of 4-nitrophenyl films.
On other surfaces, Ghorbal et al. (37) have used scanning
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electrochemical microscopy to electrograft nanometre wide
lines of vinylic monomers onto a gold substrate. In earlier
work, we used mechanical scribing with an atomic force
microscope probe to remove regions of electrografted film
on a carbon substrate. A second aryldiazonium salt was then
electrochemically grafted to the bare regions creating a
surface with dual chemical functionality (38). In a different,
soft lithographic approach, we patterned a carbon substrate
by adhering a poly(dimethylsiloxane) mold to the surface to
form micro fluidic channels. The channels were subse-
quently filled with diazonium salt solution for site specific
electrochemical grafting (39). Finally, despite not being an
electrochemical method, it is worth mentioning that we have
also utilized the spontaneous reduction of aryldiazonium
salts on carbon to pattern via microcontact printing with
poly(dimethylsiloxane) stamps (40).

The patterning techniques described above all have
specific advantages and limitations and there remains a
need for additional methods that can quickly and reproduc-
ibly fabricate large areas of micrometer-sized patterns of
covalently attached films, without restriction on the pattern
design. Here we describe the use of conventional photoli-
thography to pattern commercial photoresist onto a silicon
surface followed by electrochemical grafting of p-aminoben-
zenediazonium cations to the exposed silicon affording, after
removal of the photoresist, a patterned aminophenyl film.
To demonstrate the potential application of these patterned
surfaces for biomolecule immobilization, we used a conden-
sation reaction to immobilize biotin. This allowed for the
subsequent biomolecular recognition reaction with the fluo-
rescently labeled protein avidin, which was imaged with
fluorescence microscopy.

EXPERIMENTAL SECTION
Milli-Q water (MillQ Plus, Millipore, USA) with resistivityg18

MΩ cm, was used for aqueous solutions and cleaning. Citrate
capped colloidal gold nanoparticles were prepared using the
method outlined by Chen et al. (41) and Dong et al. (42).

The procedure for fabrication of patterned aminophenyl
layers on silicon and subsequent attachment of biotin and avidin

is shown schematically in figure 1. First, highly boron doped
p-type silicon (100) with resistivity <0.001 Ω cm (Virginia
Semiconductor, Inc.) was cut into 2 cm × 2 cm sized wafers
and cleaned by ultrasonication (Elmasonic S 30H, Elma Hans
Schmidbauer GmbH & Co KG, Germany) in 99.5% acetone
(Mallinckrodt Chemicals) for 5 min followed by 5 min in 99.5%
isopropyl alcohol (Sigma-Aldrich) with thorough drying with
nitrogen between each solvent. Any remaining surface con-
tamination was removed using an Emitech K1050X plasma
asher (Emitech, UK) operating at 100 W RF power in high purity
oxygen (BOC Limited, Australia) for a period of 10 min. Im-
mediately after cleaning, positive tone photoresist AZ1518
(Microchemicals, Germany) was spin-coated to a thickness of
∼2 µm at 3000 rpm for 30 s on a PWM32-PS-R790 spinner
system (Headway Research Inc., USA) and soft baked for 60 s
at 100 °C on a standard hot plate. A MA6 mask aligner (Suess
Microtec, Germany) operating in vacuum-mode was used to
pattern the photoresist by a 24 s exposure to a 350 W ultraviolet
lamp through chrome on glass masks. After exposure, the
photoresist was developed by immersion in AZ MIF326 devel-
oper (Microchemicals, Germany) for 25 s, rinsed with water, and
dried with nitrogen.

Patterned silicon substrates were used for the electrochemical
grafting of aminophenyl films from the corresponding diazo-
nium salt, prepared in situ as described by Lyskawa et al. (43)
In brief, 3 mL of 20 mM p-phenylenediamine (Sigma-Aldrich)
in 1 M hydrochloric acid (Sigma-Aldrich) was added to an equal
volume of 20 mM 99% sodium nitrite (Sharlau Chemie, Spain)
at room temperature to yield the p-aminobenzenediazonium
cation. Aminophenyl films were grafted to the silicon substrate
by applying a potential of -0.5 V vs SCE for 10 min. Im-
mediately after grafting, the silicon substrate was ultrasonicated
in Milli-Q water, acetone and isopropyl alcohol for 5, 15, and 5
min respectively. This treatment removed any loosely bound
film material and also the surrounding photoresist layer leaving
the silicon substrate patterned with aminophenyl groups.

To couple biotin to the patterned aminophenyl film, the
substrate was immersed in 10 mL of degassed 99.9% N,N-
dimethylformamide (DMF) (Southern Cross Scientific Pty. Ltd.)
containing 0.01 M D-biotin and 5 mg of 99.0% N,N′-dicyclo-
hexylcarbodiimide (DCC) (Merck, Germany). After incubation
for 24 h under nitrogen, the substrate was rinsed with copious
amounts of N,N-dimethylformamide and water before being
ultrasonicated for 5 min in 0.5% Tween-20 (Sigma-Aldrich),
rinsed with water and dried with nitrogen. This procedure was
repeated twice, giving a total incubation time of 48 h. Following
immobilization of biotin, the samples were incubated in 0.25

FIGURE 1. Schematic for fabrication of patterned aminophenyl layers on silicon and attachment of biotin and avidin.
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mg mL-1 of 80% lyophilized avidin fluorescein isothiocyanate
(Sigma-Aldrich) in 0.5% Tween-20 for 1 h, at room temperature
in the dark. Samples were rinsed with 0.5% Tween-20, dried
with nitrogen, and stored in the dark for no longer than 1 h prior
to microscopic analysis.

Electrochemistry. Electrochemical grafting and analyses
were performed with an Autolab PGSTAT3C2 Potentiostat/
Galvanostat (Eco Chemie B.V., The Netherlands). Silicon sub-
strates were mounted in a glass electrochemical cell that
exposed a circular area of surface to the cell solution as
described previously (44). A Viton O-ring defined the geometric
area of the working electrode (0.94 cm2). A copper foil on the
underside of the silicon substrate provided electrical connection
to the working electrode; a platinum wire and saturated calomel
electrode (SCE) were used as counter and reference electrodes,
respectively.

Microscopy. Atomic force microscope (AFM) images were
taken in air with a Dimension 3100 and Nanoscope IIIa control-
ler(DigitalInstruments,Veeco,USA).Siliconcantilevers(TAP300Al-G
series, Budget Sensors, Innovative Solutions Bulgaria Ltd.) with
a fundamental resonance frequency of 200-400 kHz were used
in tapping mode. Topographic (height) images were obtained
at a scan rate of 0.5 Hz with the parameters set point, ampli-
tude, scan size, and feedback control optimized for each
sample. All images presented are background subtracted data
using the flatten feature in the Digital Instruments software.

Fluorescence microscopy was undertaken using an Eclipse
80i microscope equipped with a D-FL universal epi-fluorescence
attachment and a 100 W mercury lamp (Nikon Instruments,
Japan). Samples were focused using LU Plan Fluor BD objectives
(50x, 20x and 10x) (Nikon Instruments, Japan) and passed

through an FITC filter block (465- 495 nm excitation filter, 505
nm dichroic, 515-555 BA emission filter). Fluorescence images
were captured under darkened conditions by a DS-5Mc-U1
cooled CCD camera and recorded with the NIS-elements v3.07
(Nikon Instruments, Japan) software.

Scanning electron microscope (SEM) images were obtained
using a 7000 HRSEM (JEOL, Japan) with an accelerating voltage
of 15 kV. For the patterned photoresist films on silicon a thin
layer of gold and palladium was sputter deposited onto the
substrate with an E5000 SEM coating unit (Quorum Technolo-
gies, Ringmer, UK).

RESULTS & DISCUSSION
Figure 2a, I shows SEM images of the AZ1518 photoresist

on silicon after patterning by ultraviolet light exposure for
24 s through fabricated chrome on glass masks. A series of
simple geometric shapes with dimensions as low as 15 µm
were patterned into the photoresist. Each shape was pat-
terned multiple times with increasing dimensions up to a
maximum of 120 µm. For each pattern the corresponding
image after electrografting of an aminophenyl film and
removal of photoresist is shown in Figure 2a, II. In these SEM
images, regions patterned by aminophenyl film appear dark
compared to the surrounding silicon. This is most likely due
to the long electrografting time producing a relatively insu-
lating film (43, 45-48). To determine the maximum attain-
able resolution with this technique, we patterned a resolution
test into the photoresist as shown in Figure 2b, I. A series of

FIGURE 2. SEM images of (I) patterned photoresist and (II) aminophenyl films after electrografting and removal of photoresist for (a) various
geometric shapes and (b) a resolution test pattern.
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lines, squares, and circles from 10 to 1 µm were patterned.
Increments of 1 µm in width were used for the lines and
squares, and circle diameters of 1, 2, 4, 8, and 10 µm were
used. For each shape, a 500 nm feature was also fabricated;
however, photoresist exposure and development issues led
to poorly defined features, which is particularly evident in
the case of the 500 nm line in Figure 2b, I.

Upon aminophenyl film deposition and photoresist re-
moval, Figure 2 b, II, it can be seen that all structures from
10 to 1 µm can be resolved; however, none of the 500 nm
structures are evident. This is assumed to be due to incom-
plete removal of the photoresist during patterning, which
would prevent contact between the solution and the under-
lying silicon substrate during electrografting. It can also be
seen in Figure 2b, II that in the case of sub-4 µm squares
and circles, the dimensions of the aminophenyl features
appear smaller than the corresponding photoresist feature.
Tapering of the edges of the photoresist that define the
feature during photoresist development is the likely origin
of this effect.

The maximum lateral resolution, which is easily repro-
ducible with this technique using the equipment in our
laboratory is between 1 and 4 µm. This is comparable to
the 1 µm line widths achieved by Charlier et al. (35)
utilizing local silicon doping as a promoter of patterned

electrografting of diazonium salts. However, unlike that
work, the technique presented here is applicable to a wide
range of surfaces, not solely materials suitable for patterned
doping. It is anticipated that this approach can be applied
to graphitic carbons, metals, semiconductors, and even
insulating materials (such as Teflon and glass) (49, 50).
Although aryldiazonium salt-derived films have been pat-
terned to significantly higher lateral resolutions, utilizing an
atomic force microscope cantilever tip (37, 38) that approach
is limited by the slow serial nature of atomic force micro-
scope lithography (15, 33).

To verify the presence of amine functionality on the
modified surface, the patterned electrografted films were
immersed in gold nanoparticle solution (pH ∼5) for 40 min.
The SEM image in Figure 3a shows gold nanoparticles
(lighter regions) self-assembled onto the aminophenyl film
modified areas. The self-assembly of gold nanoparticles onto
amine terminated layers has been observed many times in
the past and is driven by the electrostatic attraction between
the negatively charged, citrate-capped, gold nanoparticles
and the partially protonated amine layer (pKa ∼7.5) (51-54).
These results thus confirm the presence of the amine
functionality. It can also be seen in the enlarged images b
and c that the edges of the aminophenyl pattern are well-
defined.

FIGURE 3. SEM images of citrate-capped gold nanoparticles immobilized on (a) a patterned aminophenyl film with (b, c) magnified regions to
highlight the highly defined nature of the pattern.
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Further investigation of the patterned surface by atomic
force microscopy, as shown in figure 4 (a), reveals the
unmodified silicon surface is clean, indicating complete
removal of the photoresist material. The electrografted film
is “grainy” in appearance, consistent with the branching
growth (55) of multilayer films that results in a loosely
packed structure (44, 56, 57). Upon taking the average cross
section over a 7.5 × 23 µm, area as defined by the dashed
lines in Figure 4a, the corresponding line profile gives a film
thickness of 5.7 ( 0.2 nm. This is in strong agreement with
previous film thickness measurements made using an atomic
force microscope tip to remove a section of the film followed
by scanning across the film and the scratch to obtain the film
thickness. By this method an aminophenyl film, electro-
grafted to silicon under identical conditions to those used
here (-0.5 V vs SCE for 10 min) was shown to have a
thickness of ∼5.5 nm (48). (We note that the result obtained
here also provides further validitation to the atomic force
microscope scratching method as used in many previous
experiments for the determination of film thickness (44).)

The same surface shown in Figure 4a was also imaged
with atomic force microscopy after coupling the aminophe-
nyl film with biotin followed by incubation with avidin
fluorescein isothiocyanate (Figure 4b). As can be seen by
comparison of the line profile graphs, the height of the
modified area has now increased by 2.3 nm. This increase
confirms the immobilization of biotin and avidin on the
aminophenyl film. The egg white avidin molecule has a size
of 5 nm as determined by X-ray diffraction (58-60); how-
ever, in air, the size of the molecule is typically smaller than
in an aqueous environment due to denaturation (58). Fur-
thermore, in addition to denaturation, it is well-known that
because of their softness, most biological samples can easily

be deformed or damaged by an atomic force microscope
cantilever (61) and this effect may contribute to the mea-
sured height of the biotin-avidin layer. Values of between
1.7 and 3 nm have previously been determined by atomic
force microscopy (58, 60) and are in agreement with our
work.

Fluorescence microscopy was also used to visualize avi-
din fluorescein isothiocyanate immobilized on the patterned
aminophenyl layers. Figure 5 shows the characteristic green
fluorescence on a (a) 15 µm “checkerboard” pattern (b) 100
µm wide cross, and (c) 60 µm diameter circle. Traces of
nonspecific binding of avidin were observed on the unmodi-
fied silicon areas; however, increased protection against
nonspecific adsorption can be afforded by passivating the
background silicon with a protein resistant poly(ethylene
glycol) silane (27, 62), or using a blocking agent such as
bovine serum album (BSA). Control samples patterned with
aminophenyl film were incubated in avidin fluorescein
isothiocyanate without first immobilizing biotin, and as
expected, only trace levels of fluorescence was observed
within the patterns or the background. Furthermore, an
aminophenyl film placed in a biotin/DMF solution in the
absence of DCC prior to incubation in avidin fluorescein
isothiocyanate showed little fluorescence, demonstrating
that covalent attachment is a prerequisite for biotin im-
mobilization. These observations, consistent with selective
interaction of avidin and, by inference, biotin, at the modi-
fied silicon surface confirm that biotin can be covalently
coupled to the aminophenyl film and subsequently form a
complex with avidin. This provides a simple and straight-
forward method for patterned immobilization of proteins via
complexation of biotin-labeled proteins with immobilized
avidin.

FIGURE 4. AFM image of a 15 µm “checkerboard” pattern (a) before and (b) after coupling with biotin and avidin fluorescein isothiocyanate
and corresponding average line profiles.
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CONCLUSION
This work has demonstrated a simple, convenient pho-

tolithographic method for patterning silicon with electro-
grafted aminophenyl films. Attractive features of the method
are that removal of the native oxide layer is not necessary
prior to grafting and the method is suitable for rapid pat-
terning of large surface areas. Use of diazonium salts for
grafting gives films that are sufficiently stable to withstand
the cleaning steps necessary for removal of photoresist. It
is anticipated that this method can be extended to many
different substrates and a variety of aryldiazonium salts.
Patterns with lateral features down to 1 µm were achieved,
however, with the use of electron beam lithographic tech-
niques, lower dimensions should be possible. To demon-
strate the potential application of patterned substrates in
biosensing devices, biotin was covalently coupled to the
patterned aminophenyl film to facilitate the immobilization
of the protein avidin. Atomic force and fluorescence micros-
copy confirmed the selective immobilization of avidin on the
aminophenyl film. In work currently under way, we are

investigating preparation of patterned aminophenyl films
that are amenable to electrochemical as well as fluorescence
detection methods.
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Abstract Diazonium ion chemistry has been used to
electrochemically graft aminophenyl layers onto p-type
silicon (100) substrates. A condensation reaction was used
to immobilise single-walled carbon nanotubes with high
carboxylic acid functionality directly to this layer. The
surface immobilised carbon nanotubes were then modified
with the tripeptide Gly-Gly-His for the selective detection
of copper ions in aqueous environments. The stepwise
assembly and sensitivity of this biosensor to copper was
characterised by X-ray photoelectron spectroscopy and
differential pulse voltammetry, respectively. The ability to
detect copper ion concentrations down to 1 μM was
demonstrated. As this biosensor combines the advantages
of a silicon substrate for easy integration into sophisticated
electrical and electronic devices, diazonium salt derived
films for stability in aqueous environments and carbon
nanotubes for desirable electrochemical properties, it is
expected to have important future applications in environ-
mental sensing.

Keywords Silicon . p-phenylenediamine . Peptide .

Electrochemical grafting . Heavy metal sensing

1 Introduction

The ability to maintain quality potable water supplies and
the need for water monitoring continues to grow as larger
populations require increasing volumes of water [1]. One
aspect of water quality with particular importance is the
determination of heavy metal ion concentrations. In high
doses, heavy metals are toxic and can cause damage to the
central nervous system resulting in various neuropsychiatric
disorders [2, 3]. For this reason government organisations
typically enforce strict regulations over the allowed
concentration of heavy metal ions in potable water supplies.
For example, Australian and World Health Organisation
guidelines currently stipulate a maximum copper (Cu2+)
and cadmium (Cd2+) concentration of 30 μM and 27 nM,
respectively [4–6]. A variety of techniques such as atomic
absorption spectroscopy [7], inductively coupled plasma
mass spectroscopy [8], X-ray fluorescence spectroscopy [9]
and surface plasmon resonance [10] already exist for heavy
metal ion detection. Whilst these techniques are highly
accurate, they typically require expensive instrumentation,
pre-concentration steps, trained personnel and are not
compatible with in field sampling and analysis [11, 12].
However, electrochemical based sensors utilising voltamet-
ric methods fulfil the criteria for an inexpensive, easy and
rapid detection system. Furthermore, electrochemical sen-
sors are compatible with flow through analysis and are
capable of miniaturization to allow for multi-analyte
detection [12].

In order to develop a voltametric metal ion sensor a
highly specific recognition element must be immobilised to
an electrode which is capable of converting the specific
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metal ion recognition event into an electrical signal [10,
12]. For metal ion detection, peptides and oligopeptides are
the ideal candidates with many examples of highly selective
metal binding in the protein literature [13, 14]. Peptides
represent the simplest biological recognition elements for
binding metals [14] and ability to alter the amino acid
sequence within an oligopeptide provides control over
tuning the affinities of the ligands to different metal ions
[12]. Furthermore, peptides maintain their metal selectivity
in aqueous environments [15] and it is envisaged that upon
designing an appropriate generic electrode platform any
metal ion could be detected in water [13]. Several examples
of peptide based electrochemical metal ion sensors currently
exist in the literature and it is work by Gooding and co-
workers that constitutes a significant amount of this research
[11]. In these examples a monolayer of 3-mercaptopropionic
acid was self-assembled on a gold electrode followed by the
covalent tethering of either the copper selective tripeptide
Gly-Gly-His [3, 12, 13] or the cadmium selective peptides
γ-Glu-Cys-Gly [16] or His-Ser-Gln-Lys-Val-Phe [6]. With
the use of Osteryoung square wave voltammetry concen-
trations as low as 3 and 0.9 nM were detected for copper and
cadmium, respectively. More recently, Lin et al. [14] have
developed a different sensor architecture utilising the
conducting polymer poly(3-thiopheneacetic acid) functional-
ised with Gly-Gly-His on a gold electrode capable of copper
ion detection in the range 0.02–20 μM.

Whilst detection limits in the nM regime compare
favourably with atomic spectroscopy techniques, [12]
electrode systems utilising an alkanethiol tether layer are
well known to be limited by thermal instability [17, 18],
UV photoxidation [19] and adsorbate solution interchange
leading to poor long term stability [20]. For this reason Liu
et al. [11] investigated the use of aryldiazonium chemistry
to electrochemically graft carboxyphenyl moieties onto a
glassy carbon electrode followed by further modification
with Gly-Gly-His. Surface layers generated from aryldia-
zonium salts are known to be highly stable, forming a
covalent bond with the electrode substrate and have been
shown to be resistant to degradation from acid, base and
organic solvent [1, 21, 22]. However, clearly the use of
glassy carbon as a substrate is not ideal for integration into
current electronic devices and there exists a need for new
forms of electrode architectures.

One form of electrode interface gaining considerable
interest in the field of electro-analysis is that with carbon
nanotubes [1, 22–24]. Carbon nanotubes have been shown
to exhibit very stable electrochemical behaviour with a
wide potential window and high chemical inertness at low
cost [25], hence making them the ideal electrode platform.
Within this field there has been significant emphasis on the
development of gas sensors [26, 27] or biosensors [28, 29]
aimed at medical applications. However, the design of

carbon nanotube based sensors for aqueous detection is a
relatively recent effort [30–36]. Much of this recent
research has involved the preparation of complex composite
materials. Such composites typically incorporate a catalyst
(nanoparticle, molecular or biological species), nanotubes
(which enhance the response of the sensor), and a
component to aid immobilisation of the composite on an
electrode surface. For example Ly et al. [31] developed a
carbon nanotube paste electrode fabricated from fluorine
doped carbon nanotubes and mineral oil for the detection
copper ion content in various aqueous media. However,
such complicated architectures are far from a generic
platform suitable for the attachment of a variety of metal
ion sensitive peptides.

Very recently we have demonstrated a simple approach to
chemically assemble vertically aligned carbon nanotubes on
silicon electrodes [1]. Silicon is an attractive substrate for the
design of a generic sensor platform as it allows highly
developed microfabrication and nanofabrication procedures
to be used in sensor fabrication and facilitates the incorpo-
ration into future devices. Carboxyl functionalised single-
walled carbon nanotubes were attached through an amide
bond to a tether layer formed from the electrochemical
reduction of a 4-aminobenzene diazonium salt solution. This
carbon nanotube electrode showed high stability and good
electrochemical performance in aqueous solution [1]. Further-
more, due to the high surface area and abundance of carboxyl
functionalities on a vertically aligned carbon nanotube
electrode [1, 22] this system offers the ideal scaffold for
further modification with peptides for metal ion sensing. In
this work we demonstrate a new form of electrode utilising
vertically aligned carbon nanotubes and the tripeptide Gly-
Gly-His to develop a copper ion sensor on silicon.

2 Experimental

The preparation of carboxylated single-walled carbon
nanotubes (SWCNTs) has been described in detail
previously [37]. In brief, single-walled carbon nanotubes
(SWCNTs) from Carbon Solutions Inc, USA, P2-SWNT,
were refluxed in 3 M nitric acid for 24 h. The dilute nitric
acid solution was then decanted off and the nanotubes
were placed into a more aggressive oxidiser, namely a
3:1 v/v solution of concentrated sulphuric acid (98%) and
concentrated nitric acid (70%) and ultrasonicated for 8 h
at 0 °C [38, 39]. The shortened nanotubes were then
diluted in 500 mL of MilliQ water and filtered through a
0.45 μm polytetrafluoroethylene (PTFE) membrane. The
nanotubes were further washed with MilliQ water to bring
the pH to 5–7 and then dried under vacuum [38].

The strategy for fabrication of Gly-Gly-His modified
carbon nanotubes electrodes on silicon is shown schematically
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in Fig. 1. Highly boron doped p-type silicon (100) (Virginia
Semiconductor, Inc., USA) was cut into 2 cm×2 cm sized
wafers and (step 1) placed into 40% hydrofluoric acid
(Sigma-Aldrich) for a period of 3 min to remove the native
silicon oxide and hydrogenate the underlying surface [40, 41].
The silicon wafer was then washed with methanol and dried
thoroughly under nitrogen. The p-aminobenzenediazonium
cation was prepared by the method of Lyskawa et al. [42]. In
brief, 3 mL of 20 mM p-phenylenediamine (Sigma-Aldrich)
in 1 M hydrochloric acid (Sigma-Aldrich) was added to an
equal volume of 20 mM 99% sodium nitrite (Sharlau
Chemie, Spain) at room temperature. This solution was used
to graft aminophenyl films to the H-terminated silicon
substrate (step 2) by applying a potential of −0.5 V vs Ag/
AgCl for 10 min. Immediately after grafting the silicon
substrate was ultrasonicated in MilliQ water for 5 min then
dried with nitrogen. The modified silicon sample was then
immersed for 24 h in a 5 mL 99.9% N,N-dimethyl formamide
(DMF) (Southern Cross Scientific Pty. Ltd.) solution containing
both 2.5 mg of 99.0% N,N’-diyclohexylcarbodiimide (DCC)
(Fluka Production GmbH) and 1 mg of carboxyl functionalised
carbon nanotubes (step 3). Prior to introducing the substrate, the
carbon nanotube/DCC/DMF solution was ultrasonicated for

5 h to evenly disperse the carbon nanotubes. After attachment
the electrode was rinsed with acetone and dried with nitrogen.
The tripeptide Gly-Gly-His was then covalently attached
through reaction of the amino group of the first glycine with
the carboxylic acid group of the immobilised carbon nanotubes.
The carbon nanotube immobilised substrate was immersed for
24 h in a 30 mg mL−1 Gly-Gly-His (Sigma-Aldrich) pH 7.0
solution consisting of 50 mM ammonium acetate (Koch-Light
Laboratories) in 0.1 M potassium chloride (Chem-Supply) to
afford the final Gly-Gly-His modified carbon nanotube
biosensor (step 4). Cu2+ ions were then accumulated at the
electrode surface in a stirred solution of copper acetate at open
circuit potential for 10 min (step 5). A stock solution of 1 mM
copper acetate (Ajax Finechem) was prepared in 0.1 M
potassium chloride and 50 mM ammonium acetate solution,
which was then further diluted to obtain desired concen-
trations. Following copper ion incubation the substrate was
rinsed with copper free ammonium acetate/potassium chloride
solution, dried with nitrogen and used immediately for
electrochemical measurement. After measurement copper
could be removed from the Gly-Gly-His to regenerate the
electrode by immersion in 0.1 M HClO4 (Sigma-Aldrich) at
open circuit potential for 30 s.

Fig. 1 Fabrication a Gly-Gly-His modified carbon nanotube electrode for detection of Cu2+
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Electrochemical experiments were performed with a
BAS100B Electrochemical Analyser (Bioanalytical
Systems Inc., USA), operating in differential pulse voltam-
metry (DPV) mode. Silicon substrates were mounted in a
glass electrochemical cell that exposed a circular area of
surface to the cell solution as described previously [43].
The underside of the silicon substrate was adhered to
copper foil to form the working electrode with a platinum
wire and Ag/AgCl used as the counter and reference
electrodes, respectively. AViton o-ring defined the geometric
area of the working electrode. For the electrochemical grafting
of aminophenyl films the working area was 0.26 cm2;
subsequent analysis was based on a smaller area (0.13 cm2)
of the grafted surface. Voltammetry was performed in a
solution of 50 mM ammonium acetate in 0.1 M potassium
chloride by sweeping the potential in the negative direction
between 0.1 and −0.6 V. Analysis of voltammograms to
determine peak current and area were performed with the
Peakfit software (SigmaPlot, Cranes Software International
Pty., Ltd.).

X-ray photoelectron spectroscopy was performed with a
Kratos Axis Ultra X-ray photoelectron spectrometer (Kratos
Analytical, Shimadzu). Survey spectra (0–1,100 eV) were
obtained followed by high resolution spectra of the C 1s, N
1s and Cu 2p regions. Spectra were referenced to the Au
4f7/2 peak and analysed using the CasaXPS (Casa Software
Ltd.) software.

3 Results & Discussion

In a previous publication the development of single walled
carbon nanotube electrodes with high aqueous stability,
based on electrochemically grafted aminophenyl tether
layers on silicon was described [1]. Atomic force micros-
copy and electrochemical analysis techniques were used to
provide characterisation of the electrode system to step 3 of
Fig. 1. In this publication additional characterisation of
electrode fabrication is provided by X-ray photoelectron
spectroscopy along with stepwise analysis of covalent
attachment of the peptide Gly-Gly-His for copper detection.
Further electrochemical analysis was then performed to
determine electrode sensitivity and lifetime.

Figure 2 shows stepwise X-ray photoelectron survey
spectra from the electrochemical grafting of an amino-
phenyl tether layer (step 2, Fig. 1) to the final complexation
of copper ions (Cu2+) with Gly-Gly-His (step 5, Fig. 1).
Different electrode substrates representing each step
towards final electrode fabrication were used for analysis.
Spectrum (a) shows an electrochemically grafted amino-
phenyl layer where peaks associated with 2s and 2p
transitions from the underlying silicon substrate can be
seen centred at 99 and 151 eV respectively, a 1s peak from

nitrogen associated with aminophenyl groups at 400 eV and
intense 1s peaks associated with oxygen and carbon at 531
and 285 eV, respectively [44]. The peak at 200 eV is
associated with chlorine which is a result of the grafting
solution used for the aminophenyl film. Following the
covalent attachment of single walled carbon nanotubes (b)
an increase in oxygen intensity can be seen and is attributed
to the presence of a variety of oxygen containing functional
groups, in particular carboxylic acids from acid treatment
[20]. Interestingly, an increase in the intensity of silicon
peaks at 99 and 151 eV is also observed. Presently the
origin of this increase is unclear, however an increase in
electron transport through surface layers following attach-
ment of carbon nanotubes has previously been observed [1,
45] and would explain the increased intensity of the
substrate peaks. The emergent peak at 685 eV is associated
with a 1s transition of fluorine [44] and is a result of
substrate treatment with hydrofluoric acid during electrode
fabrication. The inherently random and highly disordered
structure of aryldiazonium derived films [1, 46] coupled
with the fact that each sample for X-ray photoelectron
spectroscopy was created separately may lead to the
observation of this peak. Between samples there are
differences in the structure or porosity of an aminophenyl
layer possibly allowing greater access to the underlying
surface. Similarly, this effect may also be the cause of the
increased silicon peak intensity. Coupling of the Gly-Gly-
His peptide to the immobilised carbon nanotubes via an
amide bond (c), as expected [3, 11, 14], resulted in an
increase in the nitrogen content at 400 eV. Following
10 min incubation of a Gly-Gly-His modified carbon
nanotube electrode in 1 mM copper acetate in 0.1 M
potassium chloride and 50 mM ammonium acetate solution
(d), a new peak centred at 933 eV associated with a 2p3/2
transition from co-ordinated copper ions can be seen. In
both spectra (c) and (d) a peak centred at 378 eV can also
be seen and is associated with potassium [44] from the
0.1 M potassium chloride used.

To provide a more detailed analysis of the attachment of
Gly-Gly-His to immobilised carbon nanotubes on an
aminophenyl layer high resolution scans of the C 1s, N 1s
and Cu 2p regions are shown in Fig. 3. In the case of a
single walled carbon nanotube electrode (step 3, Fig. 1) or a
Gly-Gly-His modified electrode (step 4, Fig. 1) no copper
was observed in the high resolution scans and hence are not
included. Figure 3 (a) shows the deconvoluted C 1s and N
1s spectra for single walled carbon nanotube immobilised
on an aminophenyl tether layer. The C 1s spectrum was
deconvoluted into five components with the main peak at
284.87 eV associated with alkyl carbons. Components at
285.77 and 285.67 eV are associated with the aminophenyl
tether layer and are assigned to C=C and C-N, respectively.
The amide bond (N-C=O) formed between the amino-
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phenyl tether layer and single walled carbon nanotubes
was then seen at 287.17 eV along with remaining
carboxylic acid groups (HO-C=O) at 287.47 eV [20, 44].
The N 1s spectrum was deconvoluted into 2 components. A
component at 399.82 eV was consistent with the presence
of amino groups (N-H2) at the electrode surface. The
second smaller component at 400.72 eV is in agreement
with work by Lyskawa et al. [42] and was assigned to azo
bridges (N=N-C) within the aminophenyl film. It is well
known that diazonium is prone to coupling resulting in the
formation of an azobenzene derivative that may be involved
in film growth [1, 42].

After covalent attachment of Gly-Gly-His to the immo-
bilised carbon nanotube surface, Fig. 3 (b), the C 1s
spectrum was deconvoluted into 6 components with the
main component centred at 284.87 eV. The component at
283.08 eV is attributed to the formation of a carbide bond
(C-Si) between the aminophenyl tether layer and the
underlying silicon surface [44, 47]. The formation of a
covalent bond between carbon substrates and aryldiazonium
is well established and is expected to proceed at other
substrates such as silicon [1, 21, 22]. However, the intensity
of this peak is low and is not observed for every sample
analysed which may again be a result of the random and
highly disordered structure of aryldiazonium derived films

[1, 46]. In comparison to the C 1s spectra shown in Fig. 3 (a)
an increase in the peaks centred at 286.58 and 287.38 eV can
be seen which was attributed to the C=N and C-N of the
imidazolyl group of the histidine and amide bond (N-C=O)
between glycines and histidine, respectively. The presence of
a peak at 288.58 eV associated with carboxylic acids is
believed to be a combination of both the un-reacted groups
on the carbon nanotube and the addition of Gly-Gly-His.
Upon examination of the N 1s spectrum for Gly-Gly-His
modified carbon nanotubes the presence of C=N and C-N
from the imidazolyl group is also reflected by the emergence
of a third peak centred at 398.68 eV [3, 11, 14].

As seen in Fig. 2 (c) and (d) the C 1s and N 1s regions
remained the same following incubation of a Gly-Gly-His
modified carbon nanotube electrode in 1 mM copper
acetate, however peaks associated with copper appeared
and are shown in high resolution in Fig. 3 (c). The
complexation of copper ions (Cu2+) by Gly-Gly-His are
confirmed by the two peaks at 931.60 and 951.95 eV,
associated with Cu2p3/2 and Cu2p1/2, respectively [14, 48].

To demonstrate the potential of Gly-Gly-His modified
carbon nanotubes to measure the concentration of copper
ions in solution differential pulse voltammetry was per-
formed. After incubation in 1 mM copper acetate solution
for 10 min and rinsing with copper free 0.1 M potassium
chloride and 50 mM ammonium acetate solution a modified
electrode was placed into pH 7.0 ammonium acetate buffer
and scanned between 100 and −600 mV. A redox peak
centred at −176 mV can clearly be seen in Fig. 4 (a). This
redox process is attributed to the Cu2+/Cu0 process and was
found to be 20 mV more negative than 1 mM copper
acetate in pH 7.0 ammonium acetate buffer at hydrogen
terminated silicon as seen in Fig. 4 (b). This negative shift
has been observed previously by Liu et al. [11] who
immobilised Gly-Gly-His to a glassy carbon electrode with
the use of a 4-carboxyphenyl diazonium salt derived tether
layer and is attributed to the stepwise coating of an
electrode with layers [49]. A variety of control experiments
were also performed in pH 7.0 ammonium acetate buffer in
order to ensure that the measured redox peak was indeed
associated with copper ions complexed by Gly-Gly-His and
can be found in Fig. 4 (a). An aminophenyl layer (Fig. 1,
step 2), an aminophenyl layer modified with carbon
nanotubes (Fig. 1, step 3) and Gly-Gly-His modified carbon
nanotubes (Fig. 1, step 4) all displayed no electrochemistry
between 100 and −600 mV. Furthermore, carbon nanotubes
immobilised on an aminophenyl layer without Gly-Gly-His
modification were placed into 1 mM copper acetate for
10 min also exhibited no electrochemical behaviour. This is
an interesting result because upon X-ray photoelectron
spectroscopy analysis of this control sample it only exhibited
37% less copper on the surface compared to a substrate
modified with Gly-Gly-His. This result suggests that

Fig. 2 X-ray photoelectron spectra of the sequential steps in electrode
fabrication. a An aminophenyl film, b modified with carbon nano-
tubes, c modified with Gly-Gly-His and d after incubation in Cu2+

solution
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complexation with Gly-Gly-His and hence a chemical
connection to the carbon nanotube electrode as opposed to
a physisorbed species is a requirement for the observation of
electrochemical behaviour in this system.

For quantification purposes a series of different copper
acetate concentrations from 1 to 50 μM were prepared by
dilution from a 1 mM stock solution and the peak current
measured by differential pulse voltammetry as shown in

Fig. 5. A second order polynomial was fitted to the data
with the error bars representing standard error of multiple
measurements. For each concentration the data point shown
is taken from the peak current of the first sweep. Due to
electrochemical peak currents below the sensitivity of the
potentiostat, copper concentrations below 1 μM could not
be measured. A minimum concentration detection of 1±
6 μM does not compare favourably with previous reports

Fig. 3 High resolution X-ray photoelectron spectra and peak fit of the
C 1s and N 1s region for a carbon nanotubes immobilised on an
aminophenyl layer and b after modification with Gly-Gly-His. c X-ray

photoelectron spectrum of the Cu 2p region for an electrode incubated
in Cu2+ solution
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Fig. 4 Differential pulse
voltammograms in pH 7.0
ammonium acetate buffer of a
various control experiments in
the fabrication of a Gly-Gly-His
modified carbon nanotube
electrode and b 1 mM Cu2+ at
hydrogen terminated silicon

Fig. 5 Calibration curve of the
differential pulse voltammetry
peak current density of Cu2+ at
a Gly-Gly-His modified carbon
nanotube electrode
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[3, 11–14, 50] where copper detection down to 3 nM was
achieved. However, it should be noted that in each of those
examples a gold base electrode, capable of delivering
significantly greater currents compared to semiconducting
silicon were used. Furthermore, the detection limit in this
work is sensitive in the range outlined by Australian health
guidelines [4–6] and is hence still of relevance for analysis
of potable supplies and further opens avenues for simple
sampling techniques.

Ideally for field analysis the sensor system could be used
for repeated measurements of the copper ion concentration
in a series of water samples. Due to the sensor’s
requirement for copper complexation, the electrode must
be regenerated and captured copper ions released from the
Gly-Gly-His. This is typically achieved by treatment with
0.1 M HClO4 [3, 12, 13]. To determine the potential for
regeneration of the electrode copper ions were accumulated
in a 1 mM solution for a period of 10 min and a differential
pulse measurement taken. The electrode was then placed in
0.1 M HClO4 for 30 s at open circuit potential. After
exposure to the 0.1 M HClO4 no electrochemical behaviour
was observed between 100 and −600 mV indicating
removal of the accumulated copper ions. This process was
repeated and the peak current for successive regenerations

measured and plotted in Fig. 6. It can be seen that the peak
current significantly decreased for successive regeneration
and that after 4 regenerations no redox behaviour was
observed. The reduction in current is believed to be due to
the harsh acid cleaving the bond between Gly-Gly-His and
the carbon nanotube. This is in stark contrast to previous
results by Yang et al. [13] who reported regeneration up to
20 times before current degradation. Perchloric acid is an
oxidising agent and has been shown to be capable of
oxidising nanotubes at room temperature [51]. The
oxidation due to perchlorate ions is generally thought to
be slow but we speculate that the application of a potential
to the substrate may increase the rate of oxidation. This
oxidation will occur at the reactive sites in the nanotubes.
These sites are at the end of the nanotube where the
peptides are also attached. The further oxidisation of the
nanotube with the introduction of the perchloric acid will
likely see the disruption of the bonding between the
nanotube and peptide hence reducing the sensor’s capa-
bility to detect copper.

This approach to the detection of heavy metal ions is
completely generic requiring only a species capable of
capturing a metal ion and the attachment of that species to
the nanotube. There are many chemistries available to

Fig. 6 Plot of the differential
pulse voltammatry peak current
versus the number of times that
an electrode was regenerated in
0.1 M HClO4 after exposure to
1 mM Cu2+
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attach moieties to functionalised nanotubes [24, 52, 53].
Once attached, if the species can selectively extract the
metal of interest from the matrix being analysed then
assuming the metal has multiple oxidation states, the
proximity of the electrode facilitates oxidation and/or
reduction providing quantitative detection of metal.

4 Conclusion

This work has provided a newmethod for fabricating a copper
ion sensor consisting of a Gly-Gly-His modified single walled
carbon nanotube electrode on silicon through the use of an
electrografted aminophenyl layer. This new sensor system
demonstrated copper ion sensitivity down to 1±6 μM, which
is of relevance under current water regulations within
Australia. This sensor system is compatible with incorporation
of other metal sensitive peptides and work is now underway to
detect further metal species in water.
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A B S T R A C T

Double-walled carbon nanotubes (DWCNTs) were selectively functionalised by treatment

with concentrated nitric and sulphuric acid, resulting in carboxylated outer and pristine

inner tube constituents. The functionalised DWCNTs were then incorporated into two

types of pre-existing carbon nanotube (CNT) electrode platforms, and the performance of

each was compared to single-walled carbon nanotubes (SWCNTs). To make the CNT elec-

trode platforms DWCNTs were covalently bound to fluorinated tin oxide glass (FTO) or elec-

trografted aminophenyl tether layers on silicon. The performance of single- compared to

double-walled CNTs on FTO or silicon supported electrodes was then determined through

electrochemical methods, using the redox probes, ferrocene and ruthenium hexaamine,

respectively. The DWCNTs showed an improved heterogeneous rate constant. This

improvement was attributed to the protection of the electronic properties of the inner wall

of the DWCNT during the chemical modification and suggests that DWCNTs may offer a

useful alternative to SWCNTs in future electronic devices.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have emerged as a promising new

class of electronic materials due to their nanoscale dimen-

sions and outstanding properties, which include the ability

to conduct a current density three orders of magnitude high-

er than typical conductors, such as copper and aluminium

[1], and the ability to conduct electrons ballistically [2–4].

Such unique properties are already seeing CNTs incorporated

into many nanoscale electronic devices such as transistors

[5,6], logic gates [7,8] and electrodes [9–11]. Their incorpora-

tion into these devices relies upon a high degree of control

and manipulation, a process which is currently achieved

through methods such as functionalisation [12,13], polymer

wrapping [14,15] or the use of surfactants [16,17]. Whilst

these methods are effective at attaining control over the

nanotubes, modification of the unique physical properties

occurs in each case, leading to an undesirable loss of con-

ductivity [18].

Traditionally, single-walled carbon nanotubes (SWCNTs)

have been used for device fabrication. However it has recently

been suggested that double-walled carbon nanotubes

(DWCNTs) may offer a superior alternative [19,20]. It has been

proposed that upon chemical modification, the outer tube will

act as a protective sheath, hence preserving the electronic

properties of the inner tube. Selective functionalisation has

been observed experimentally by Ellis and Bubendorfer [21]

and also by Brozena et al. [22] who confirmed selective out-

er-wall functionalisation of DWCNTs with Raman spectros-

copy. Several groups are now taking advantage of this

approach. For example, Hayashi and co-workers [19,23] have

utilised selectively functionalised DWCNTs for the purpose

of self-assembling CdSe quantum dots onto the nanotubes

for use in electronic and biomedical applications.

0008-6223/$ - see front matter � 2011 Elsevier Ltd. All rights reserved.
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The two concentric graphene-like tubes making up the

coaxial arrangement of DWCNTs are each capable of exhibit-

ing metallic or semi-conducting character and have been

found to possess a range of interesting electrical [24], thermal

[25] and mechanical [26] properties. For example, Saito et al.

[27] have suggested that upon arrangement of a semi-con-

ducting and metallic nanotube, it would be possible to create

molecular wires covered by an insulator or molecular capaci-

tors for use in memory devices.

Furthermore, the high electrochemically accessible sur-

face area of CNT arrays, combined with their high electronic

conductivity and useful mechanical properties, make CNTs

an attractive material for use in electrochemical sensors

[28]. Recently, there have been many examples of new elec-

trode platforms, which take advantage of the superior electri-

cal properties of CNTs compared to typical macroscale

materials. For example, Gooding et al. [29] have developed a

CNT-based enzymatic electrochemical biosensor by cova-

lently attaching protein decorated SWCNTs to a cysteamine

modified gold electrode. Bissett and Shapter [10] have re-

ported the production of vertically aligned SWCNT arrays

covalently bonded to FTO glass for use in solar cells.

While CNTs can be attached to many surfaces [29–31],

attachment to silicon based electrode devices has attracted

much attention as it facilitates incorporation into current sil-

icon-based technology. Pioneering this field was Yu et al. [9]

who developed a silicon based electrode surface consisting

of SWCNTs covalently bonded to silicon via an ester linkage.

The electron transfer rate for a ferrocene redox solution was

determined to be 4.54 · 10�3 cm s�1 [32], which is comparable

to platinum, glassy carbon and polypropylene composite

graphite (CPP) [9], indicating that such a surface would further

applications in nano-electronic, opto-electronic and biosen-

sor devices. Yu et al. [33] then went onto develop light har-

vesting antenna and multi-bit information storage by

chemically modifying the immobilised CNTs with ruthenium

porphyrin and ferrocene methanol.

While the electrodes of Yu et al. [9,33] show great potential

in the field of nanoscale electronic devices, their long term

stability and application to ‘real world’ conditions is limited

by the attachment chemistry. Ester linkages are easily made

and reasonably stable for a short period of time, however

the bond can easily be cleaved in water. Therefore, only elec-

trode platforms with applications in organic solvents are pos-

sible. Clearly this means that many desirable applications

such as biosensor systems and water quality sensing are

not feasible. To solve this problem Flavel et al. [11] have uti-

lised aryl-diazonium chemistry to fabricate an aminophenyl

tether layer on a silicon substrate which is capable of forming

a stable bond with CNTs and allows for use in aqueous

environments.

In this work we demonstrate that DWCNTs are a superior

choice of material for incorporation into electronic devices,

compared to their single-walled counterparts. Using the pre-

viously reported oxidative acid method for functionalising

SWCNTs [12], DWCNTs were functionalised and incorporated

into two types of CNT-based electrochemical electrodes; a

fluorinated tin oxide glass (FTO)- and a silicon–aminophe-

nyl-CNT electrode previously reported for SWCNTs by Bis-

sett and Shapter [10] and Flavel et al. [11], respectively.

Electrochemical kinetic measurements were performed to ob-

tain the electron transfer rate, which allowed a comparison

with electrodes fabricated with SWCNTs.

2. Experimental

2.1. CNT functionalisation

Y–Ni catalyst assisted DC arc discharge synthesised SWCNTs

(Carbon Solutions Inc., CA, USA, P2-SWCNT) and CVD pro-

duced DWCNTs (ShenZhen Nanotech Port Co., Shenzhen,

China) were purchased. The CNTs were then functionalised

with carboxylic acid groups by ultrasonication (Elma S30 H

Ultrasonic) in a 3:1 v/v solution of 98% H2SO4 and 70% HNO3

(Sigma–Aldrich) at a nanotube concentration of 1 mg mL�1

for 8 h and 2.5 h at 0 �C for SWCNTs and DWCNTs, respec-

tively. Acid oxidation was then quenched by addition of 1 L

of MilliQ water, filtration through a 0.4 lm HTTP polycarbon-

ate filter (Adelab Scientific, Thebaton, SA) and further wash-

ing with MilliQ water until a filtrate of pH 5 was achieved.

The filtered nanotubes were then dried in air for 24 h in an

80 �C oven. Once dry, the nanotubes were suspended in a

solution of dimethylsulphoxide (DMSO) (99.9%, ACS Spectro-

scopic Grade, Sigma–Aldrich) containing 0.2 mg mL�1 CNTs,

0.25 mg mL�1 N,N 0-dicyclohexylcarbodiimide (DCC) (99% Flu-

ka Production GmbH) and 0.14 mg mL�1 dimethylaminopyri-

dine (DMAP) (99% Sigma–Aldrich). The nanotubes were

dispersed by sonication for 1 h and then stored under

nitrogen.

2.2. Preparation of FTO–CNT electrodes

Prior to use, fluorinated tin oxide glass (TCO22-15, Solaronix

SA, 15 X/square) was ultrasonically cleaned in acetone

(99.5%, Merck) for 30 s, thoroughly rinsed with MilliQ water

and dried under nitrogen gas. The surfaces were then hydrox-

ylated by treatment with 5:1:1 v/v NH4OH:H2O2:MilliQ water

(AR Grade, Sigma–Aldrich) followed by 5:1:1 v/v HCl:H2O2:Mil-

liQ water (AR Grade, Sigma–Aldrich), with each step per-

formed for 20 min at 80 �C, as shown in Fig. 1(a) – step 1.

The hydroxylated FTO glass substrates were then incubated

in the prepared CNT solution for 24 h at 80 �C to afford a ver-

tically aligned CNT-FTO surface (step 2). Following attach-

ment, the FTO-CNT surface was thoroughly rinsed with

propan-2-ol and dried under nitrogen gas.

2.3. Preparation of silicon-aminophenyl-CNT electrodes

Prior to use, highly boron doped, p-type silicon (1 0 0) (Siltron-

ix France, X = 0.001–0.003 X) was ultrasonically cleaned in

acetone, thoroughly rinsed with MilliQ water and dried under

nitrogen gas. The silicon was then treated with hydrofluoric

acid (40%, Sigma–Aldrich) to remove the native oxide layer

and hydrogenate the underlying surface, as shown in Fig. 1(b)

– step 1. The silicon wafer was then washed with MilliQ water

and dried under nitrogen gas. The p-aminobenzene diazo-

nium cation was prepared by adding 5 mL of 20 mmol L�1

p-phenylenediamine (Sigma–Aldrich) in 1 mol L�1 hydrochloric

acid to an equal volume of 20 mmol L�1 sodium nitrite (99%,
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Sharlau Chemie) at room temperature. This solution was then

used to graft aminophenyl films to the H-terminated silicon

substrate by applying a potential of �0.5 V vs. Ag/AgCl for

10 min (step 2). The substrate was then thoroughly washed with

MilliQ water and dried under nitrogen gas. The modified silicon

surface was then immersed in CNT solution for 24 h, after

which, it was rinsed with propan-2-ol (95%, AR Grade, Merck)

and dried under nitrogen (step 3).

2.4. Atomic force microscopy

AFM tapping mode images were taken in ambient conditions

with a multimode head and a NanoScope V controller (Digital

Instruments, Veeco, Santa Barbara, USA) using silicon cantile-

vers (Mikromasch, USA) with a fundamental resonance fre-

quency between 250 and 400 kHz. Topographic height and

phase images were obtained simultaneously with feedback

controls optimised for each sample. All images represent flat-

tened data using the NanoScope version 8.0 (Digital Instru-

ments, USA) software package. Samples for length

determination were prepared by spin coating acetone dis-

persed DWCNTs at a concentration of 0.05 mg mL�1 onto

freshly cleaved mica surfaces at 2000 rpm. Length determina-

tion of the DWCNTs was carried out using the NanoScope

software.

2.5. Confocal Raman spectroscopy

Raman spectra and spectral images were taken using an al-

pha300R (WiTEC, Germany) microscope operating in Raman

mode, equipped with a 532 nm laser (Elaser = 2.33 eV) and a

40· objective (Numerical Aperture 0.6). Broad spectra (0–

3200 cm�1) and high resolution (0–500 cm�1) spectra were ob-

tained with an integration time of 5 and 15 s, respectively. In

both cases, the reported measurement represents the average

of 10 different locations.

Three 10 · 10 lm confocal images were obtained from each

surface at an integration time of 0.2 s and the reported data is

indicative over the whole surface. The spectral images were

analysed using the WiTEC Project software version 2.04.

2.6. Electrochemistry

All electrochemistry measurements were taken using a

BAS100B Electrochemical Analyser (Bioanalytical Systems

Inc., USA), operating in cyclic voltammetry mode. The

SWCNT- and DWCNT-based electrodes were mounted in the

electrochemical cell exposing a 0.26 cm2 circular area of sur-

face to the cell solution. The CNT modified surface formed

the working electrode, with platinum mesh and silver/silver

chloride used as the counter and reference electrodes,

respectively.

Two electrolyte solutions were used throughout the exper-

iments, a ferrocene solution containing 0.1 mol L�1 tetrabu-

tylammonium perchlorate (TBAP) (Fluka, electrochemical

grade) and 1 mmol L�1 ferrocene (98%, Sigma–Aldrich) in ace-

tonitrile, and a ruthenium hexaamine solution containing

1 mmol L�1 ruthenium (III) hexaamine chloride (Sigma–Al-

drich) in pH 7.5 potassium phosphate buffer. All data was col-

lected using BAS100W software version 2.3 (Bioanalytical

Fig. 1 – Schematic of (a) FTO-CNT and (b) Si-aminophenyl-CNT electrode fabrication.
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Systems Inc., USA) with data presented representing a Fourier

transform of the raw signal. Two electrochemical experi-

ments were carried out, one with the Si-aminophenyl-CNT

electrodes using ruthenium hexaamine solution and one

using the FTO-CNT electrodes using ferrocene solution. For

the ruthenium hexaamine redox probe, the potential was

swept from 200 to �600 mV vs. Ag/AgCl at scan rates of 20–

1000 mV s�1. For the ferrocene redox probe, the potential

was swept from 0 to 1000 mV vs. Ag/AgCl at scan rates of

20–1000 mV s�1.

3. Results and discussion

Valuable insights into the physical and electronic properties

of SWCNTs and DWCNTs can be obtained by measurement

of their radial breathing modes (RBMs) with Raman spectros-

copy. In the case of multi-walled or large diameter CNTs, the

Raman cross section is small and the detection of RBMs is

quite difficult [34]. However due to the relatively small diam-

eter (<2 nm) of the DWCNTs used here, resonance RBM vibra-

tions can be observed. Fig. 2(a) shows the Raman spectrum

between 100 and 500 cm�1 of DWCNTs functionalised in con-

centrated acid for varying amounts of time where the RBM

vibrations can clearly be seen. For comparison, the inset of

Fig. 2(b) shows the RBM spectrum of SWCNTs functionalised

for 8 h in concentrated acid. While the spectra look similar,

there are clear differences between the spectrum of single-

and double-walled CNTs. It can be seen that the RBM frequen-

cies of DWCNTs occur over a much wider Raman frequency

range (120–400 cm�1) and display many more peaks than that

of SWCNTs. This can be explained by considering that each

RBM peak corresponds to a tube of different diameter and

as such, DWCNTs, which have a larger diameter distribution,

will have more RBM constituent peaks. It can also be observed

that the DWCNT RBM spectrum consists of two main compo-

nents corresponding to the outer (120–220 cm�1) and inner

(230–400 cm�1) tube pairs, respectively. After acid oxidation,

the intensity of the peaks centred around 150 cm�1, which

correspond to the outer walls of the DWCNT, were observed

to decrease. However, the peaks corresponding to inner wall

nanotubes around 260 cm�1 were found to persist after 1.5

and 2.5 h of acid treatment. It should be noted that the peak

at 300 cm�1 in the pristine sample disappears after 1.5 h of

acid treatment. This peak is believed to correspond to impu-

rity small diameter, highly reactive SWCNTs present in the

CVD produced sample. The retention of the inner tubes’ RBMs

and the simultaneous disappearance of those corresponding

to the outer walls, strongly suggests that outer wall selectivity

of functionalisation has occurred. This has been observed

previously [21,22,35] and is attributed to the acid being unable

to attack the intensely hydrophobic interior of the tubes.

It has previously been observed that CNT functionalisation

by concentrated acid treatment results in a reduction of aver-

age tube length [12]. This is due to the combination of concen-

trated acid and localised surface sonication at defects sites

along the CNTs’ side walls, which are opened up and cleaved

over treatment time. Marshall et al. [12] have previously used

atomic force microscopy (AFM) to investigate the relationship

between functionalisation time and SWCNT length, where a

linear relationship was found. However, to our knowledge

the average length of DWCNTs with varying functionalisation

has not previously been reported, and so was investigated in

this work.

The average length of pristine and functionalised DWCNTs

was determined using atomic force microscopy. Several

images were obtained for each sample, some of which are

shown in Fig. 3. Immediately it can be seen that the sample

functionalised for 1.5 h (a) shows less dispersed, longer tubes

Fig. 2 – Raman spectra showing the low frequency RBM vibrations of (a) pristine DWCNTs and DWCNTs after 1.5 and 2.5 h of

functionalisation time and (b) SWCNTs functionalised for 8 h. The DWCNT spectrum has been normalised to the peak at

260 cm�1.
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than the sample exposed for 2.5 h (b). Fig. 3(c) shows the mea-

sured length of DWCNTs with functionalisation time com-

pared to that of SWCNTs determined by Marshall et al. [12].

The average length of the DWCNTs before treatment was

determined to be 1.53 lm, which after acid treatment for

2.5 h reduced to 480 nm. A clear linear trend between the

length of the CNTs and functionalisation time can also be

seen, a trend which has also been observed for SWCNTs.

However, the linear trend observed by Marshall et al. [12]

had a considerably different slope to that observed in this

study. From the data it can be concluded that DWCNTs are

much more reactive than their single-walled counterparts.

This may be due to the large number of defects within the

DWCNT lattice, which occur commonly for chemical vapour

deposition (CVD) grown MWCNTs [36,37]. The SWCNTs mea-

sured by Marshall et al. [12] were produced using the arc dis-

charge method, which is known to produce high quality

SWCNTs with few defects [38].

It can be observed in Fig. 3(d) that a distribution of nano-

tube lengths exists for 2.5 h functionalised DWCNTs, with

Fig. 3 – AFM images of DWCNTs functionalised for (a) 1.5 h and (b) 2.5 h. (c) Mean CNT length as a function of acid treatment

time for DWCNTs, as determined in this work, and for SWCNTs, as determined in [12] and (d) length distribution of DWCNTs

after 2.5 h of functionalisation time.
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an average length of 480 nm and a maximum length of

1.15 lm. The distribution of lengths has a log–normal rela-

tionship, which is in agreement with previous work introduc-

ing carboxyl functionality into SWCNTs [29,39].

Two different types of samples were prepared to assess the

electrochemical performance of SWCNT compared to

DWCNT. One sample (on FTO) was prepared to confirm that

both types of the nanotubes can act as electrochemical elec-

trodes, while the second sample (on Si) was used to isolate

the observed electron transport in the nanotubes only. Both

samples were characterised using AFM and Raman spectros-

copy to demonstrate that nanotubes were present on the sub-

strates. Fig. 4 shows a summary of the sample

characterisations with the full set of data for both substrates

and both types of nanotubes provided in Supplementary

material. Fig. 4(a) shows an atomic force microscopy image

of an electrodeposited aminophenyl layer film on silicon.

The layer is relatively smooth and homogenous, and should

have a thickness of 4–6 nm, as determined previously by Fla-

vel et al. [11]. Fig. 4(b) shows a 3D AFM image of an aminophe-

nyl layer after reaction with SWCNTs. It can be seen in that

the surface has become considerably rougher, due to the pres-

ence of CNTs. The ‘saw tooth’ like topography is characteris-

tic of vertical alignment of CNTs and has been observed

previously for a range of different surfaces [11,31,33,40,41].

Fig. 4(c) shows the hydroxylated FTO surface after incuba-

tion in solution containing DWCNTs and coupling promoters

(DCC and DMAP). From the spectra, it is clear that the nano-

tubes have been successfully attached to the surface, as sig-

nature nanotube peaks are present, such as the radial

breathing modes (RBMs) (centred around 200 cm�1) and G

(Graphitic) (1600 cm�1) vibrational modes. The confocal

images (inset of Fig. 4(c)) correspond to the RBM and G-band

intensity maps, where bright and dark regions correspond

to high and low Raman intensity, respectively. From these

images it is therefore possible to determine where CNTs re-

side on the surface [10,42–44] and it is clear that a high cover-

age has been obtained.

The electrochemical performance of the FTO and silicon

electrodes with and without the addition of CNTs was tested

using cyclic voltammetry. For the hydroxylated FTO surfaces,

ferrocene solution containing 0.1 mol L�1 tetrabutylammo-

nium perchlorate (TBAP) and 1 mmol L�1 ferrocene in aceto-

nitrile was used for all measurements. Fig. 5(a) shows cyclic

voltammograms at 0.1 V s�1 for hydroxylated FTO glass be-

fore and after incubation in CNT solutions. For the unmodi-

fied hydroxylated FTO surface, oxidation and reduction

peaks can be observed, with a peak-to-peak separation (DEp)

of 517 mV indicating that electron transfer is occurring be-

tween the redox probe and electrode surface. Upon covalent

attachment of both SWCNTs and DWCNTs, DEp decreased to

391 and 366 mV, respectively. As the peak-to-peak separation

is a sign of how quickly the redox probe is exchanging elec-

trons with the working electrode surface, with a smaller DEp

indicating faster redox, it can be seen that the addition of

both single- and double-walled CNTs has improved the elec-

trode. Furthermore, this improvement is slightly greater in

the case of DWCNTs.

In Fig. 5(b) the electrochemical performance of the silicon

surfaces, unmodified and modified with aminophenyl and

CNTs, was assessed in an aqueous medium with the

RuðNH3Þþ3=þ2
6 redox couple in pH 7.5 potassium phosphate

Fig. 4 – Summary of CNT substrate characterisation (a) 3D AFM image of an unmodified aminophenyl substrate, (b) 3D AFM

image after modification with SWCNT and (c) Raman spectrum of FTO surfaces reacted with DWCNTs. The inset shows the

RBM and G-band intensity maps of each respective surface.
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buffer solution. For the unmodified hydrogen terminated sili-

con surface the response is quasi-reversible with

DEp = 290 mV. The aminophenyl layer was then electrografted

and the surface was passivated with no observable oxidation

or reduction peaks, indicating that DEp > 800 mV. This was ex-

pected as it has been previously shown that the multilayer

aminophenyl film blocks electron transport between the sur-

face and the redox probe [11,45,46].

Upon incubation of the surfaces with single- and double-

walled CNT solutions the electron transfer capabilities of

the substrates were restored and redox current was again ob-

served. The Si-aminophenyl-CNT surfaces gave DEp values of

448 and 306 mV for single- and double-walled tubes, respec-

tively. From the peak-to-peak separations, the addition of

DWCNTs fully restored the electron transport capabilities of

the surface. However in the case of the SWCNT electrode,

DEp is larger than that of the hydroxylated silicon, indicating

that while the electron transfer capabilities are restored, they

are not restored to the original value of the silicon surface.

The standard heterogeneous rate constant for a quasi-

reversible system can be calculated for each scan rate using

the measured DEp values and the method developed by Nich-

olson [47,48]. This method involves determining the dimen-

sionless kinetic parameter, w, which can be determined by

interpolating/extrapolating the values of DEp from the data

provided by Nicholson [47]. The corresponding rate constant

can be calculated from the following equation:

w ¼ cako

ffiffiffiffiffiffiffiffiffiffiffi
paDo

p where c ¼ Do

DR

� �1=2

and a ¼ nFv
RT

where ko is the standard heterogeneous rate constant

(cm s�1), Do and DR are the diffusion coefficients of the

Fig. 5 – Cyclic voltammograms of (a) FTO surfaces modified as indicated in a solution of 1 mmol L�1 Fe(C5H5)2 in 0.1 mol L�1

TBAP–CH3CN and (b) silicon surfaces modified as indicated in a solution of 1 mmol L�1 RuðNH3Þþ3=þ2
6 in pH 7.5 potassium

phosphate buffer at a scan rate of 100 mV s�1.
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oxidised and reduced states (cm2 s�1), a is the transfer coeffi-

cient and the remaining terms have their usual significance.

In order to determine the standard heterogeneous rate con-

stants for the FTO-based electrodes, the diffusion coefficient

for both redox states of ferrocene are assumed to be equiva-

lent at D = 2.5 · 10�5 cm2 s�1 [39] and the electron transfer

coefficient a = 0.5 [47]. Similarly, the diffusion coefficient for

both redox states of RuðNH3Þþ3=þ2
6 are assumed to be equiva-

lent at D = 3.89 · 10�6 cm2 s�1 [11].

Table 1 shows the calculated standard heterogeneous rate

constants for hydroxylated FTO and hydrogenated silicon sur-

faces before and after modification. The rate constants were

averaged over the 20, 50 and 100 mV s�1 voltammograms in

each case. The rate constant of hydroxylated FTO glass was

determined to be 4.64 · 10�4 cm s�1. After the surface was

incubated in CNT solutions, the rate constants were

5.76 · 10�4 and 6.03 · 10�4 cm s�1 for single- and double-

walled CNTs, respectively. While the rate for the covalently

bound DWCNTs is slightly faster than that of the SWCNTs,

the difference between the two values is negligible.

The rate constant of hydrogenated silicon was determined

to be 3.48 · 10�4 cm s�1. After electrografting of the surface

with aminophenyl and incubation in CNT solution, the rate

constants were 1.99 · 10�4 and 3.76 · 10�4 cm s�1 for single-

and double-walled CNTs, respectively. This result is evidence

that the DWCNT electrode is superior with a rate constant al-

most twice that of the SWCNT electrode. The slower electron

transfer rate of the SWCNT electrode with respect to the

hydrogen terminated silicon, has previously been attributed

to charge transfer resistance arising from the aminophenyl

layer [11]. However in the case of the DWCNT electrode, no

resistance was observed.

While the FTO electrodes showed no difference in the per-

formance of the single- and double-walled CNTs as seen in

Table 1, a significant difference was observed for the electro-

deposited aminophenyl silicon electrodes. In the case of the

FTO-CNT electrodes, redox reactions can still occur at areas

of exposed SnO and so the observed current is not limited

to electron transfer with just the CNTs. The silicon-amino-

phenyl electrodes however, have electron blocking properties

at the surface and so redox only occurs at areas where there

are CNTs, which restore the electron transfer properties. This

means that the observed current must be transported

through the attached CNTs and so provides a direct compar-

ison of the performance of single- and double-walled CNTs

without other competing transport processes. Clearly, as seen

in Table 1, the electron transport rates for the DWCNTs are

close to double those of SWCNT demonstrating that double

wall tubes do provide a more effective electron transport

medium compared to single-walled tubes. This result shows

the incorporation of DWCNTs into existing CNT technologies

can improve performance, due to superior electron transport

through the inner tube constituent.

4. Conclusion

This work has demonstrated that DWCNTs are a superior

conducting material for use in electrochemical electrodes.

DWCNTs were selectively functionalised and incorporated

into two types of pre-existing CNT electrodes. Using electro-

chemical methods the DWCNT electrodes were found to exhi-

bit superior electron transfer kinetics compared to that of

SWCNTs. Due to their more complex structure, they provide

an improved electron pathway after chemical modification,

enabling faster electron kinetics with a solution redox probe.
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ABSTRACT:

We describe the fabrication of arrays of porous silicon spots by means of photolithography where a positive photoresist serves as a
mask during the anodization process. In particular, photoluminescent arrays and porous silicon spots suitable for further chemical
modification and the attachment of human cells were created. The produced arrays of porous silicon were chemically modified by
means of a thermal hydrosilylation reaction that facilitated immobilization of the fluorescent dye lissamine, and alternatively, the cell
adhesion peptide arginine-glycine-aspartic acid-serine. The latter modification enabled the selective attachment of human lens
epithelial cells on the peptide functionalized regions of the patterns. This type of surface patterning, using etched porous silicon
arrays functionalized with biological recognition elements, presents a new format of interfacing porous silicon withmammalian cells.
Porous silicon arrays with photoluminescent properties produced by this patterning strategy also have potential applications as
platforms for in situ monitoring of cell behavior.

KEYWORDS: porous silicon, photoluminescence, biointerface, cell adhesion, photolithography

’ INTRODUCTION

Porous silicon, a material initially reported by Uhlir et al. in
19561 as a product of an accidental discovery during silicon wafer
machining, and then mostly ignored until a revival of the material
by Canham et al. in 19902 has since been the subject of a flurry of
intense research activity. This is due to potential applications in
optoelectronics,3,4 chemical and biochemical sensing,5�9 new
material supports,10,11 drug delivery,12,13 in vivo electronics,14,15

molecular separation,16 and surface-enhanced mass spectros-
copy.17�19 Porous silicon is an inorganic material typically pro-
duced from crystalline silicon wafers by electrochemical anodiza-
tion in an electrolyte mixture of hydrofluoric acid (HF), water and
ethanol, with (n-type) or without (p-type) above band gap
illumination.9,20,21 The resulting nanostucture consists of unidirec-
tional aligned pores running perpendicular to the surface.9 By
controlling the current density, crystalline orientation of the wafer,
type and concentration of dopant, and electrolyte composition,
we can fabricate a variety of different pore morphologies,
porosities, and pore sizes.12,22 The process of pore formation is
reproducible, fast, inexpensive, and compatible with standard
integrated circuit processes, and leads to a surface with many
interesting properties.22,23 For example, porous silicon exhibits
strong Fabry-P�erot fringes24,25 and has a surface area in the order of

200�500m2 cm�3.23,26However, two of themost exciting features
are its high biocompatibility9,11�13,25,27�29 and intrinsic photo-
luminescence.22,30�33

A visible red photoluminescence is observed from porous
silicon consisting of an ensemble of interconnected nanometre
sized silicon crystallites, which have diameters small enough to
exhibit quantum confinement.22 Numerous examples of porous
silicon-based optical sensors can be found in the literature
utilizing changes in photoluminescence22,32�34 or reflecti-
vity7,23,24,35�37 when exposed to target analytes. For example,
aromatics such as benzene and anthracene,38 and nitro-aromatics
such as trinitrotoluene and 2,4-dinitrotoluene39 have been
reported to quench the photoluminescence of porous silicon.
This principle has been used by L�etant et al.22 who have
developed an electronic artificial nose based on porous silicon
capable of discriminating between a series of solvent vapors, ethyl
esters, and perfumes. In a further example by L�etant et al.,34 the
enzyme β-glucuronidase was immobilized to photoluminescent
silicon, which demonstrated concentration dependent, reversible
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quenching of photoluminescence capable of detecting 25 μM
p-nitrophenyl-β-D-glucuronide. In contrast, Di Francia et al.33

have linked single-strand DNA to photoluminescent porous
silicon and observed an enhancement in light emission upon
complementary strand interaction allowing for detection without
labeling steps.

Similarly, porous silicon is finding its niche in cell biology as a
biodegradeable support for mammalian cells and tissues.27,28,40�42

It has long been established that surface topographical cues play an
important role in mediating cell orientation and biocompatibility
of surfaces43 with the unique structure of porous silicon proving to
be an ideal candidate for the provision of such cues. In fact, Bayliss
et al.40 have shown that porous silicon has a higher viability for
various mammalian cell lines compared to glass, polycrystalline
silicon or bulk silicon. Furthermore, Low et al.28 and Khung et al.44

have demonstrated that surface chemistry and morphological
structure of porous silicon play an important role in the adhesion
of mammalian cells. Khung et al.44 have shown that pore size can
have a dramatic effect on the ability of cells to adhere to the surface,
and that cells prefer large (1�3 μm) to small (100 and 300 nm)
pores by comparison. Low et al.28 showed that for some cell lines
amine-functionalization or collagen-coating were required in order
to facilitate cell adhesion to porous silicon.

Furthermore it has been shown that porous silicon facilitates
close contact with living cells allowing for the direct measure-
ment of cellular signals.27,45 Predicated on these findings, poten-
tial applications such as interfacing of electronics with human
neural circuitry, for example enabling reconnection of severed
nerve endings46 are well in sight. At the same time, sensor
platforms integrated into cell culture ware will significantly spur
discoveries in areas including high-throughput drug testing and
stem cell technologies. Schwartz et al.47 have pioneered the idea
of a so-called ‘Smart Petridish’ where the changes in the optical
properties of a porous silicon report on a physiological change
occurring in primary rat hepatocytes and Pseudomonas syringae
bacteria48 in real time, without interfering with the cells to be
studied and with sensitivity exceeding that of traditional cell-
based assays.

All of these applications would be considerably enhanced
by access to techniques allowing the facile generation of
porous silicon patterns.9 Unfortunately, few examples currently
exist in the literature49�55 of a generic method to repro-
ducibly fabricate porous silicon patterns. Sirbuly et al.49 have
reported a dry removal soft lithography approach where a
poly(dimethysiloxane) stamp is adhered to a porous silicon
wafer, which upon removal leaves microstructures of porous
silicon in the uncontacted regions. In addition, Chattopadhyay
et al.53 and Bao et al.54 utilized ion beam techniques to create
photoluminescent arrays of porous silicon. In turn, Khung et al.56

used direct ultraviolet laser writing to generate patterned porous
silicon. However, the arguably most obvious method to fabricate
patterned surfaces is with conventional photolithography. In this
areaWang et al.50 have utilizedmasks of silicon nitride and silicon
carbide. The ceramic coating in these examples was used to
ensure substrate pattern retention upon anodization in hydro-
fluoric acid. More recently, Li et al.55 have employed a conven-
tional photoresist combined with platinum metal-assisted
chemical etching to create a porous silicon based protein micro-
array. Chen et al.57 have also used photolithography to create
gel pad microarrays templated by patterned porous silicon.
Patterned, nanoporous alumina arrays have previously been
fabricated through photolithographic techniques and used for

mammalian cell culture.58 The cell adhesion peptide arginine-
glycine-aspartic acid (RGD) has been grafted to porous alumina
surfaces to enhance cell attachment.59,60 We perceive two major
advantages of using porous silicon over porous alumina in the
context of biomaterial and biointerface applications. First, porous
silicon is well-known as a biocompatible and biodegradable
material and has been investigated as a platform for mammalian
cell culture for over a decade.28,61�65 In contrast to porous
alumina, porous silicon completely degrades in aqueous media,
with the only product of degradation the nontoxic silicic acid.66

Second, porous silicon exhibits photoluminescence properties
that can be used as a means for noninvasivemonitoring of binding
events within the pores.67,68

In this work, we describe for the first time the use of
conventional photolithographic techniques to create arrays of
porous silicon by electrochemical anodization without the use
of ceramic or metal assistive layers, thereby dramatically reducing
the complexity of the fabrication process. The ability to fabricate
photoluminescent and nonphotoluminescent porous silicon
suitable for further chemical modification by hydrosilylation
is demonstrated. Furthermore, immobilization of the dye lissa-
mine, and the cell adhesion peptide arginine-glycine-aspartic acid-
serine (RGDS) shows that functionalization of porous silicon arrays
with bioactive compounds is feasible. The RGDS-functionalized
surface facilitated attachment of human lens epithelial cells. This
demonstration of porous silicon patterning and selective cell
attachment opens new vistas toward the development of optical
sensory components of cell culture systems, which may become
viable alternatives to conventional intrusive cell-based assays.

’EXPERIMENTAL SECTION

Fabrication of Patterned Porous Silicon Arrays. The proce-
dure for fabrication of patterned porous silicon substrates by the
electrochemical etching of silicon in a solution of ethanolic HF is
shown schematically in figure 1. First, silicon was cut into 1.5 �
1.5 cm2 sized wafers and cleaned by ultrasonication (Elmasonic S
30H, Elma Hans Schmidbauer GmbH & Co KG, Germany) in 99.5%
acetone (Mallinckrodt Chemicals) for 5 min followed by 5 min in 99.5%
isopropyl alcohol (Sigma-Aldrich) with thorough drying with nitrogen
gas between each solvent. Immediately after cleaning, positive tone
photoresist AZ1518 (Microchemicals, Germany) was spin-coated to a
thickness of ∼2 μm at 3000 rpm for 30 s on a WS-400B-6NPP/Lite
spinner system (Laurell Technologies Corporation, USA) and soft
baked for 60 s at 100 �C on a standard hot plate. An Omnicure S1000
ultraviolet lamp (EXFO Life Sciences and Industrial Division, Canada)
was used to pattern the photoresist by a 10 s exposure to 100 W
ultraviolet light through a chrome on glass mask (step 1). After exposure,
the photoresist was developed by immersion in AZMIF326 developer
(Microchemicals, Germany) for 25 s, rinsed with water, dried with dry
air (step 2) and immediately transferred to a custom built Teflon etching
cell (approximately 1.8 cm2 working area) and covered with an ethanolic
solution of HF. Two etching conditions were followed, one to produce
photoluminescent porous silicon and the other for surfaces suitable for
dye immobilization or mammalian cell attachment (step 3). Photolu-
minescent porous silicon surfaces were fabricated from boron doped
p-type silicon (100) with resistivity 3�6 Ω cm (Silicon Quest Interna-
tional, USA) with an etching solution of 1:4 aqueous HF (48% (w/w),
Merck, Germany) to ethanol (100% undenatured, Chem-Supply,
Australia). A current of 4 mA was applied for 10 min using a Keithley
2425 source meter (Keithley, USA). Patterned porous silicon for dye
immobilization and cell attachment was prepared from boron doped
p-type silicon (100) with resistivity 0.00055�0.001 Ω cm (Virginia
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Semiconductor, USA) with an etching solution of 3:1 aqueous HF:
ethanol. A current of 85 mA was applied for 40 s. After anodization, the
porous silicon was washed sequentially with methanol (Chem-Supply,
Australia), acetone and dichloromethane (Chem-Supply, Australia)
before being dried under a stream of nitrogen gas.
Surface Modification. For lissamine dye immobilization and cell

attachment, patterned porous silicon was further modified by means of
thermal hydrosilylation (step 4), where a freshly etched porous silicon
surface was immersed in a degassed (three freeze�pump�thaw cycles)
100mM solution of synthesized N-hydroxysuccinimide alkene (NHS) in
mesitylene,69 under positive argon pressure. The reaction vessel was then
sealed, flooded with argon and immersed in an oil bath. The reaction was
allowed to proceed at 150 �C for 24 h. After completion of the reaction,
the vessel was allowed to cool, before the porous silicon surface was
removed and rinsed with copious amounts of dichloromethane and dried
under a stream of nitrogen gas. To this surface, either lissamine (step 5a)
or arginine-RGDS (step 5b) was covalently attached. The porous silicon
surface was allowed to react with either 0.1mg/mL lissamine (Invitrogen,
USA) or 0.1 mg/mL RGDS (Peptides International, USA) in pH 7.4
phosphate buffer saline solution (PBS) for 3 h. After reaction, the surface
was washed with PBS solution and Milli-Q water and dried under a
stream of nitrogen gas.
Cell Culture. SRA human lens epithelial cells were cultured on

the RGDS functionalized surface (step 6b). SRA cells were cultured in
Dulbecco’s Modified Eagle Medium containing 5 mM L-glutamine,

100 IU/mL penicillin, 100 μg/mL streptomycin sulfate (Invitrogen,
USA) and 10% v/v fetal bovine serum (Bovogen Biologicals, Australia)
and maintained at 37 �C in 5% CO2. To investigate cell attachment to
the RGDS functionalized surfaces, cells were incubated on the surface
at a density of 1� 105 cells/mL in pH 7.4 PBS solution for 4 h. After this
time, the surfaces were rinsed with PBS solution and PBS-Tween
(0.05%) to remove any nonspecifically or weakly attached cells. During
the final 30 min of incubation, 10 μL of a 200 μg/mL stock solution of
Hoechst 33342 (Invitrogen, USA) fluorescent stain was added to the
culture medium of each surface.
Microscopy. Scanning electron microscope (SEM) images were

obtained using a Helios Nanolab 650 Dual Beam (FEI, USA) with an
accelerating voltage of 10 kV. Fluorescence microscopy images were
captured with an Eclipse 50imicroscope equipped with a D-FL universal
epi-fluorescence attachment and a 100 W mercury lamp (Nikon
Instruments, Japan). Fluorescence images were recorded by a cooled
CCD camera (Nikon Instruments, Japan) in darkened conditions with
the NIS-elements v3.07 (Nikon Instruments, Japan) software. Patterned
arrays of porous silicon and cells were visualized with the use of a 540/
25 nm excitation filter and a 605/55 nm emission filter, with patterned
cells visualized with a 340�380 nm excitation filter and a 435�485 nm
emission filter.
Spectroscopy. Fluorescence spectroscopy measurements were

performed with a Cary Eclipse fluorescence spectrometer (Varian Inc.,
USA). Operating in fluorescence/emission mode with emission and

Figure 1. Schematic of porous silicon microarray fabrication and the subsequent immobilization of lissamine dye (5a) and selective attachment of
human lens epithelial cells (6b) mediated by an immobilized cell adhesion peptide.
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excitation slit widths of 5 nm, a patterned photoluminescent porous
silicon substrate was mounted inside a quartz cuvette and excited with
312 nm light. Infrared spectroscopy measurements were performed on a
Nicolet Avatar 370MCT spectrometer (Thermo Electron Corporation,
USA). The spectrometer was fitted with a transmission accessory and all
spectra were recorded and analyzed using OMNIC version 7 software.
Spectra were recorded over a range of 650�4000 cm�1, at a resolution of
2 cm�1 and taken as an average of 64 scans. All samples were blanked to a
clean unetched and non- functionalized silicon wafer.

’RESULTS AND DISCUSSION

The conventional photoresist AZ1518 was spin coated onto
p-type silicon (100). Patterns with simple geometric shapes
(squares, circles, crosses and lines) of dimensions as low as
15 μm were transferred into the resist layer by exposure to
ultraviolet light through chrome-on-glass masks. These pat-
terned shapes allowed for selective exposure of the silicon
substrate to an ethanolic HF solution during electrochemical
etching to afford patterned porous silicon. By changing the
resistivity of the silicon substrate, HF concentration, etching
time and current density it was possible to fabricate not only
patterned arrays of nonphotoluminescent, but also photolumi-
nescent porous silicon. By etching 0.00055�0.001Ω cm silicon
for 45 s with a current of 85 mA in a 3:1 aqueous HF/ethanol
solution, patterns of nonphotoluminescent porous silicon were
formed. Figure 2a shows scanning electron microscopy images of
the resulting structures where a silicon surface consisting of three
distinctly different morphologies can be seen. These different
morphologies are enlarged in Figure 2b. Surrounding each pat-
terned porous silicon shape is flat crystalline silicon, and the
interface between these two regions can clearly be seen,
Figure 2b-I. However each shape consisted of two different types
of porous silicon, a central region with pores of approximately

35 � 105 nm in diameter, Figure 2b-III, surrounded by an area
consisting of smaller pores of approximately 12 � 38 nm in
diameter, Figure 2b-II. The region of smaller pores is attributed
to dissolution of the photoresist around the edges of the patterns
by the ethanolic HF solution during anodization. This diffuse
region typically extends 20�40 μm outside the central porous
silicon area. For photoresist patterns below this length scale such as
the 15μm “checker board” and line pattern, Figure 2a, this resulted
in a surface of alternating large and small pore size porous silicon.

To gain a more complete understanding of the surface
structure, we fractured the silicon substrate along the edge of a
porous silicon feature allowing for cross-sectional images to be
obtained. Figure 3a shows a scanning electron microscope image
of a nonphotoluminescent cross-shaped porous silicon feature
where the central porous area was 2.74 μm thick and tapered out
over 16.6 μm toward the edge of the pattern. Within this tapered
region, the porous silicon retained the structure and pore size of
the central area. Surrounding the tapered region, porous silicon
with pore size as shown in Figure 2b-II was formed with a depth
of approximately 14 nm before terminating in flat silicon. This
tapering effect can be attributed to the combined effect of
undercut etching, experienced when performing masked etching
on semiconductor silicon surfaces70 and the photoresist dissolu-
tion. In the case of insulating etching masks (such as the
photoresist mask used here), undercut etching occurs as the
electric field is forced to pass through the patterned gaps in the
mask.71 This leads to the etching of the silicon in the areas
underneath the mask at the edges of the patterned areas.72 This
undercut etching can be clearly seen in Figure 3a, where the
undercut etching extends out 16.6 μm from the patterned
feature. The thin, small pore region Figure 2b-II and Figure 3a
is attributed to the photoresist dissolution around the edges of
the patterned features.

Upon etching 3�6Ω cm silicon for 10 min with a current of
4 mA in a 1:4 aqueous HF/ethanol solution patterns of photo-
luminescent silicon were produced as shown in Figure 2c and
Figure 3b. In this instance, because of the small pore size of
the central photoluminescent region, it was not possible to
measure pore diameter accurately with the scanning electron
microscope. Such small pore sizes are to be expected due to
the very low etching current, with these pores exhibiting quan-
tum confinement effects necessary for the porous silicon to be
photoluminescent.2 Because of etching time required to fabricate
photoluminescent porous silicon, complete dissolution of the
photoresist was observed, and the underlying surface was there-
fore also etched and showed pores with a diameter of approxi-
mately 4 nm, as shown in Figure 2d. These areas did not
photoluminesce. Although this pore size here was small com-
pared to the nonphotoluminescent porous silicon described
earlier, it was still too large to exhibit quantum confinement.

Upon examination of cross sections of the photoluminescent
porous silicon, tapering effects were also observed (Figure 3b).
As previously shown in images c and d in Figure 2, nonphoto-
luminescent porous silicon surrounded the patterned photolu-
minescent region and was found to exist with a depth of 1.2 μm.
However, in this instance, the patterned photoluminescent
region was found to be recessed 4.45 μm below the initial height
of the silicon substrate. Figure 3b reveals that the patterned
porous silicon region is 440 nm thick. Our explanation for the
recessed porous silicon regions is as follows: during the initial
stages of anodization, a layer of photoluminescent porous silicon
is fabricated within the regions not covered by photoresist,

Figure 2. (a, b) Scanning electronmicroscopy images of patterned non-
photoluminescent porous silicon, and (c, d) photoluminescent porous
silicon patterns; b-III corresponds to the patterned porous silicon area.
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whereas the resist-covered silicon is protected. However, over
time, the photoresist dissolves and the etching conditions
change. First, the total surface area of exposed silicon increases
upon photoresist dissolution, which causes a drop in the overall
current density at the silicon surface due to the use of a constant
current power supply. Second, the already low HF concentration
at the pore etching front decreases further as it is consumed in the
formation of new pores. Both of these changed parameters result
in the dissolution (electropolishing) of the patterned photolu-
minescent silicon. Furthermore, the changed parameters result in
a shift to a new etching regime causing larger pores to be formed
around the photoluminescent patterns. Upon comparison of
photoluminescent patterns etched for different times it was
observed that increasing the etching time resulted in patterns
recessed deeper into the silicon substrate. For photoluminescent
patterns etched at similar times to nonphotoluminescent pat-
terns it was possible to avoid any recession. However, the
photoluminescent intensity was very low. Solid state fluores-
cence spectroscopy was performed on the photoluminescent
patterns and showed an emission peak of 625 nm upon irradia-
tion with 312 nm light as shown in Figure 4a. This peak is in
agreement with literature values for photoluminescent porous
silicon.73 Fluorescence microscopy images of the photolumines-
cent patterns were also found to be well-defined as shown in
Figure 5a. As previously discussed, the porous regions surround-
ing the patterned shapes did not luminesce. We believe that
these photoluminescent arrays of porous silicon spots may find
applications as biocompatible optical sensor arrays.74,75

To demonstrate the feasibility of functionalizing patterned
porous silicon regions, the fluorescent dye lissamine and the cell
adhesion peptide RGDS were immobilized in separate experi-
ments by means of hydrosilylation chemistry. By performing a
hydrosilylation reaction on the freshly etched porous silicon
patterns, a functionalized alkene compound only conjugates to
the porous surface of the etched areas that have Si�H function-
ality. This means that the porous silicon surface is selectively
functionalized over the surrounding flat silicon surface that has
not come into contact with HF and retains its native silicon oxide
functionality. Hydrosilylation reactions and further functionaliza-
tions were only carried out on the nonphotoluminescent porous
silicon surfaces. This type of surface functionalization reaction has
been demonstrated to produce stable porous silicon surfaces, able
to last for extended time in aqueous media.61,76 The surface
modifications were followed by transmission infrared spectros-
copy as shown in Figure 4. Figure 4b shows a series of infrared
spectra corresponding to each step in the surface modification for

producing the RGDS functionalized surfaces. The spectra corre-
spond to freshly etched porous silicon, N-hydroxysuccinimide
(NHS) ester functionalized porous silicon, and RGDS-function-
alized porous silicon before and after quenching of the NHS
residues that had not reacted with the peptide using ethanol-
amine. Methylene stretching vibrations around 2900 cm�1 con-
firm the successful attachment of the alkene species to the porous
silicon surface using thermal hydrosilylation.77 A large reduction
in the intensity of Si�H stretching vibrations at 2100 cm�1 also
confirms successful reaction of the initial hydride terminated
porous silicon surface.78 The peaks at 2230 and 1100 cm�1 cor-
respond to oxygen backbonded Si�H and Si�O, respectively.79
These peaks are representative of surface oxidation, which
commonly occurs as a side reaction during thermal hydro-
silylation.80 Figure 4c displays an enlarged section of the infrared
spectra that allows for changes in the carbonyl stretching vibra-
tions to be easily visualized. The spectra corresponding to the
NHS ester functionalized porous silicon surface shows a set of
three peaks between 1850 and 1700 cm�1 that correspond to
the carbonyl stretching vibration of the ester (1810 cm�1) and the
symmetric and asymmetric stretching of the NHS ester carbonyls
(1780 and 1730 cm�1, respectively).79,81 We observed that after
the RGDS is immobilized on the surface the intensity of these
carbonyl peaks (especially the peaks at 1780 and 1810 cm�1

associated with the symmetric and ester carbonyl stretching of
the NHS) is reduced. Following RGDS immobilization, the peak
around 1730 cm�1 has broadened, consistent with the presence
of carbonyl stretching bands of the peptide, and there is a small
peak present at 1530 cm�1 which corresponds to N�H bending
modes of amide II vibrations.82 The reduction of the NHS
carbonyl peak intensity and the presence of the amide bond
indicate the successful attachment of the RGDS to the NHS
ester. After the surface was reacted with ethanolamine, it was
observed that the NHS ester carbonyl peak had almost disappeared,
indicating successful quenching of the remaining NHS ester func-
tionalities on the functionalized porous silicon surface. Figure 4d,e
show the infrared spectra series for lissamine dye immobilization on
the porous silicon surface. The spectra in panels d and e in Figure 4
are almost identical to those in b and c in Figure 4. After reaction
with lissamine, a conspicuous amide I peak at 1650 cm�1 appeared,
indicating the successful attachment of the amino functional dye to
the surface. The expanded spectral window in Figure 4e shows fur-
ther vibrational peaks, which we attributed to other functional groups
of the lissamine dye (such as sulphones and sulphonamides).83

Fluorescence microscopy was used to visualize the porous
silicon patterns after lissamine functionalization. In Figure 5b,

Figure 3. Cross-sectional scanning electron microscopy images of patterned (a) nonphotoluminescent and (b) photoluminescent porous silicon.
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highly defined arrays of lissamine functionalized porous silicon
were observed. This is in contrast to the poorly defined patterns
due to electric field decay and photoresist removal seen by

scanning electron microscope in images a and b in Figure 2.
The observed difference can be simply explained by considering
the available surface area for lissamine modification. The high

Figure 4. (a) Fluorescence spectrum of photoluminescent porous silicon. Transmission infrared spectra of various porous silicon surface modifications
resulting in the immobilization of (b, c) RGDS and (d, e) lissamine.



2469 dx.doi.org/10.1021/am2003526 |ACS Appl. Mater. Interfaces 2011, 3, 2463–2471

ACS Applied Materials & Interfaces RESEARCH ARTICLE

etch depth of the central region (2.74 μm) as compared to the
thin surrounding areas (14 nm) allow for significantly more
lissamine loading in the central regions as opposed to the
periphery. This results in a strong fluorescence contrast between
the central and the surrounding regions.

To demonstrate the response of mammalian cells to the
generated RGDS functionalized porous silicon, we incubated
surfaces with human lens epithelial cells at a cell seeding density
of 1� 105 cells/mL. This particular cell line was chosen because
of our interest in developing cell-based assays on primary ocular
cells in culture.42 To visualize cell attachment to the patterned
porous silicon arrays, the cell nuclei were stained with Hoechst
33342. Cell attachment was visualized using fluorescence micro-
scopy as shown in Figure 6. The characteristic blue fluorescence
of the Hoechst 33342 stained cell nucleus can clearly be seen. To
aid the eye, patterned porous silicon regions are highlighted in
the figure with a dotted line. By counting the number of cells

immobilized within a patterned region and comparing it to the
number of cells nonspecifically bound to the flat silicon it was
found that 90% of all cells were bound within the porous silicon
regions. A higher density of cells within the patterned region is
expected, since the RGDS sequence is known to interact with the
extracellular regions of integrins in the cell membrane and helps
to anchor the cells to the surface.84 Washing of the incubated
surface with PBS and PBS-Tween (0.05%) removed most of the
nonspecifically or weakly bound cells, leaving behind only cells
that were strongly attached to the surfaces. It should be noted
that no attempt had been made to incorporate low-fouling
coatings on the flat silicon surface, for example using silanization
with polyethylene glycol silanes.85 For this reason, cell adhesion
to the functionalized surfaces was carried out in PBS in the
absence of serum proteins, to negate the effects of proteins
nonspecifically adsorbing to the silicon surface and influencing
cell attachment. Only a short (4 h) incubation time was used to

Figure 5. (a) Fluorescence microscopy images of patterned photoluminescent porous silicon and (b) nonphotoluminescent patterned porous silicon
after lissamine immobilization.

Figure 6. Fluorescence microscopy images of Hoechst 33342 stained human lens epithelial cells on patterned porous silicon arrays (patterns are
highlighted by dotted lines, which serve as a guide to the eye).
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investigate cell attachment to the functionalized porous silicon
arrays. Cell morphology and proliferation on these arrays were
not investigated as part of this study.

’CONCLUSION

This work has demonstrated a simple, photolithographic
method for the fabrication of patterns of porous silicon. Attractive
features of this method include that the use of ceramic coatings
such as silicon carbide or the use of additional metal layers for
metal-assisted etching are not necessary. Furthermore, the meth-
od is suitable for rapid patterning of large surface areas. Arrays of
photoluminescent and nonphotoluminescent porous silicon have
been demonstrated. Photoluminescent arrays of porous silicon
are expected to have applications in the fabrication of optical
sensing systems where changes in photoluminescence will be
used to detect target analytemolecules. On nonphotoluminescent
porous silicon, selective chemical functionalization was demon-
strated by the immobilization of lissamine and RGDS after
thermal hydrosilylation with an NHS ester-terminal alkene on
the porous regions. We demonstrate that human lens epithelial
cells selectively attach to the RGDS functionalized patterned
porous silicon. Taken together, our results constitute a significant
advance in our efforts of developing optical sensor arrays inter-
faced with mammalian cells in culture for nonintrusive detection
of cellular processes.
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Electrochemical electrodes incorporating double- and single-walled carbon nanotubes (CNTs) were fabricated
on cysteamine modified flat gold substrates. Through covalent coupling of the amine end groups with carboxyl
functionalized CNTs, a dense forest of vertically aligned CNTs was produced. To these a 30 nm thick insulating
polystyrene layer was spin coated, resulting in exposure of the uppermost carbon nanotube ends. The electro-
chemical performance of each electrode was then determined using the redox probe ruthenium hexaamine.
Once surrounded by polymer, the double-walled CNTs (DWCNTs) showed an improved electron transfer rate,
compared to the single-walled electrode. This improvement was attributed to the protection of the electronic
properties of the inner wall of the DWCNT during the chemical modification and suggests that DWCNTs may
offer a useful alternative to SWCNTs in future electrochemical sensors and biosensors.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years there has been considerable interest in utilizing
SWCNTs for electrochemical sensors [1] and biosensing devices [2].
Whilst SWCNTs are an extremely desirable material for incorporation
into the aforementioned devices, achieving the level of manipulation
required without adversely affecting the physical properties of the
SWCNTs is difficult.

There are several methods to chemically assemble CNTs onto
various types of substrates, which are detailed in the recent review
by Diao and Liu [3]. These methods involve chemically functionalizing
the nanotubes, most commonly with carboxylic acid groups [4] and
covalently linking them to the surface via ester [5–6] or amide link-
ages [7]. Other methods involve electrochemical reduction of a diazo-
nium to form a tether layer to which CNTs can be covalently attached
[8–9]. Amajor issue with covalent attachment is that the CNTs require
covalent functionalization, a process with introduces defects into the
hexagonally bonded sp2 carbon network [10], disrupting many of the
attractive properties of the CNTs, particularly the conductivity [11].

Typically SWCNTs are used for device fabrication, however it has
been suggested that DWCNTs may offer a superior alternative [12].
It has been proposed that upon chemical modification, the outer
tube will act as a protective sheath, hence preserving the electronic
properties of the inner tube. This selective functionalization has
been demonstrated previously using Raman spectroscopy, which
confirmed selective outer-wall functionalization of DWCNTs [13].

Recently, electrodes consisting of DWCNTs covalently bound to
aminophenyl tether layers on silicon have been shown to have a su-
perior heterogeneous electron transfer rate compared to those com-
prised of SWCNTs [13]. While these silicon based electrodes
confirmed that DWCNTs are advantageous for use in electrochemical
devices, very low electron transfer rates were reported and the sur-
face structure resembled that of a dense conducting mat. It has been
previously shown that vertically aligned SWCNTs electrodes have a
faster charge transfer rate compared to randomly dispersed SWCNTs,
indicating that for electrochemical studies, aligned CNTs are superior
[14] and a more desirable surface structure for the further attachment
of redox active species.

In this work, highly ordered vertically aligned CNT electrodes
were fabricated by depositing cysteamine onto a flat gold surface
and coupling the amine terminal groups with carboxyl functionalized
SWCNTs and DWCNTs. In order to isolate electron transport to the
CNTs only, insulating polystyrene (PS) was spin coated onto the sur-
faces to fill the voids between CNT bundles. PS was used as it has been
shown [15] that its aromatic rings have an affinity for CNTs, due to
π-π stacking.

2. Experimental

2.1. Preparation of polymer coated Au/cysteamine/CNT electrodes

DC arc discharge synthesized SWCNTs (Carbon Solutions Inc., P2-
SWCNT, bundle diameter 4–5 nm, length 0.5–1.5 μm) and CVD produced
DWCNTs (Nanolab, diameter 3–5 nm, length 1–5 μm) were purchased
then functionalized and filtered using the previously reported method
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[13]. This process removes catalyst present in the CNT samples. CNTswere
suspended in a solution of dimethylsulfoxide (Sigma-Aldrich) containing
0.2 mgmL−1 CNTs, 0.25 mgmL−1 N,N′-dicyclohexylcarbodiimide (DCC)
(Fluka) and 0.14 mg mL−1 dimethylaminopyridine (DMAP) (Sigma-
Aldrich). It is critical to keep moisture out of the suspension to pre-
vent CNTs from crashing out of solution. Cysteamine modified gold
surfaces were produced using the method of Losic et al. [16]. This
substrate was then exposed to CNT solution for 24 h, after which it
was rinsed with propan-2-ol (Merck) and dried under nitrogen.

Polymer solution containing 0.5% w/w PS (Mw≈154000 g mol–1,
Sigma Aldrich) in toluene (Sigma Aldrich) was added drop-wise to the
Au/cyst/CNT electrodes until thewhole surface was covered. The surfaces
were then spun using a 150 mm Spin Coater (Laurell Technologies
Corporation) at 3000 rpm for 1 min. The PS concentration and spin
rates are critical to obtain appropriate polymer thicknesses.

2.2. Atomic Force Microscopy (AFM)

AFM tapping mode images were taken in ambient conditions with
a multimode head and NanoScope V controller (Bruker) using silicon
cantilevers (Mikromasch) with a fundamental resonance frequency
between 250 and 400 kHz. All images represent flattened data using
the NanoScope v8.0 (Digital Instruments) software package.

2.3. Electrochemistry

All electrochemistry measurements were taken using a BAS100B
Electrochemical Analyser (Bioanalytical Systems Inc.). The CNT-
based electrodes were mounted in the electrochemical cell exposing
a 0.26 cm2 circular area of surface to the cell solution. The CNT mod-
ified surface formed the working electrode, with platinum mesh and
Ag/AgCl used as the counter and reference electrodes, respectively.

Cyclic voltammograms of 1 mmol L−1 Ru(NH3)6Cl3 (Sigma-Aldrich)
in pH 7.5 potassium phosphate buffer solution were obtained at scan
rates of 20–1000 mV s−1.

3. Results and discussion

Fig. 1(a) shows an AFM image of gold after exposure to cysteamine
solution, which is observed to be relatively smooth and homogeneous
with a root mean square roughness of 0.54 nm. Once the cysteamine
covered gold was immersed in the CNT solution (Fig. 1(b)), the surface
is dramatically rougher, with a root mean square roughness of 15.5 nm.
This ‘saw tooth’ like surface topography has been observed previously
for a range of different surfaces [8,17] and is characteristic of vertical
alignment. The CNT bundles have an apparent height of ~45 nm for
both single and double-walled CNTs. This observed height is shorter
than the suspended nanotube length of ~450 nm [13]. This decrease
has been observed previously [18] and is believed to occur because
a) assembly of shorter CNTs occurs preferentially to their slower mov-
ing, longer counterparts [19]; b) in AFM imaging there is an interaction
between the cantilever tip and the vertically aligned CNTs whereby the
nanotubes slightly buckle or are pushed sideways, decreasing the ob-
served length [5,20]; and c) due to AFM tip curvature, it cannot reach
the substrate when imaging the closely packed needle-like struc-
tures [3]. Previous work by Gooding et al. has shown the rate constant
for heterogeneous electron transfer is essentially independent of the
length of the nanotubes [7] so the actual lengthwill not affect the obser-
vations reported here. Bundle size was similar for both CNT samples
(147±6 nm for SWCNTs; 158±11 nm for DWCNTs).

To determine polymer thickness needed on the CNT electrodes, dif-
ferent thicknesses of PSwere spin coated onto the gold/cysteamine sur-
faces and electrochemically analyzed. The polymer thickness required
to block electron transport to the electrode surface was found by repli-
cating polymer spin conditions on flat silicon andwas determined to be
30 nm by AFM, as shown in Fig. 1(c). Spin coating conditions remained
constant for both single and double-walled CNTs, and the AFM image
of DWCNT/PS surfaces is shown in Fig. 1(d). After polymer deposition
similar ‘saw tooth’ topography is observed however the short nano-
tubes are no longer visible. The polymer interactions with both types
of nanotubes can be expected to be the same leading to similar deposi-
tions on both CNT surfaces. To further verify the presence of attached
CNTs on the surface, confocal Raman images and spectra were taken.

Fig. 1. AFM images of (a) a cysteamine modified gold surface, (b) subsequent covalent attachment of DWCNTs in the presence of DCC and DMAP, (c) PS spin coated onto flat silicon
showing the film thickness and (d) DWCNT/cysteamine/gold electrode coated with PS.
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The electrochemical performance of the gold/cysteamine elec-
trodes with and without the addition of CNTs and PS was tested
using aqueous cyclic voltammetry of the Ru(NH3)6+3/2 redox couple
in pH 7.5 potassium phosphate buffer solution. Fig. 2(a) shows
scans for cysteamine modified gold surfaces with and without CNTs.
From the insert, the peak-to-peak separation (ΔEp) for the bare gold
surface is 141 mV. Previous work has shown ΔEp ranging between
60 and 70 mV [21–22] indicating there is a small amount of contam-
ination on the gold surface despite electrochemical cleaning in H2SO4

with cycling until consistent CV curves were obtained. The surfaces
are internally consistent and so the comparisons made are valid. For
the cysteamine/gold surface, oxidation and reduction peaks can be
observed, with ΔEp of 151 mV indicating that the short chain alkane
thiol has not blocked electron transfer between the redox probe and
electrode surface in agreement with previous observations that the
addition of cysteamine to gold only slightly increased ΔEp and did
not significantly change the electron transport properties of the elec-
trode [7]. Upon covalent attachment of both SWCNTs and DWCNTs,
ΔEp was 150 mV and 137 mV, respectively. The addition of DWCNTs
has improved the electrode, whilst the performance after addition
of SWCNTs remains unchanged.

Fig. 2(b) shows CVs of various cysteamine modified gold sub-
strates spin coated with PS. The polymer coated cysteamine/gold sur-
face behaves as expected with no redox peaks due to the polymer's
insulating nature. This indicates that addition of PS to the electro-
chemical surfaces completely blocks electron transport. In contrast,
the CNT electrodes still maintain oxidation and reduction peaks

after the addition of PS. For DWCNTs, clear reduction and oxidation
peaks can be observed with ΔEp of 182 mV. This separation is greater
than that observed for DWCNT electrodes without polymer and indi-
cates that redox to the gold surface has been nullified and can now
only occur through the nanotubes. For the polymer coated SWCNT
electrode, the redox current has been greatly suppressed but redox
peaks are visible. The significantly lower current compared to the
DWCNT surface can be attributed to disruption of the π orbitals
caused by sp3 hybridisation due to chemical attack. The ΔEp was
190 mV, slightly greater than that of the DWCNT electrode.

The apparent electron transfer rate constant for a quasi-reversible
system can be calculated using the method developed by Nicholson
[23]. The diffusion coefficient for both redox states of Ru(NH3)6+3/+2

are assumed to be equivalent at D=3.89×10−6 cm2 s−1[8] and the
electron transfer coefficient α=0.5 [23].

The rate constants for electrochemically cleaned gold and the sur-
face with cysteamine layer confirm that the alkane thiol did not drasti-
cally alter the electron transfer properties of the surface (see Table 1).
The rate constants also demonstrate that there is no significant differ-
ence between the electrochemical performances of the CNT electrodes.
After addition of PS to fill the voids, the rates for the SWCNT and
DWCNT electrodes show an increased difference between the perfor-
mances of the CNTs which can be attributed to the polymer blocking
electron transfer to the cysteamine/gold surface and limiting electron
transport to the CNTs only. The DWCNT electrode showed a greater ap-
parent electron transfer rate than its single-walled counterpart,
confirming DWCNTs better protect the nanotube conduction pathway
after chemical modification. While DWCNTs are expected to have
more defects due to the CVD production process [24], the number of
defects within a nanotube type is consistent for each electrode. As this
experiment is focussed on comparing how each type of nanotube
electrode is affected by polymer treatment, rather than a comparison
of the absolute behaviour of each system, the different number of
defects in the two systems is not critical for the final result of the
experiment.

4. Conclusion

Electrochemical electrodes were synthesized by covalently attaching
two types of carboxyl functionalized CNTs, double and single walled, to
cysteamine modified flat gold surfaces. The apparent electron transfer
rate constants were determined before and after intercalation with insu-
lating PS. DWCNTs demonstrated superior electrochemical performance
compared to their single-walled counterparts, due to their unique
structure which allows chemical modification on the outer tube while
maintaining the intrinsic electronic properties of the inner tube.
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Fig. 2. Cyclic voltammograms of 1 mmol L−1 Ru(NH3)6+3/+2 in pH 7.5 phosphate buffer
for scans (0.1 V s−1) obtained at gold surfaces modified with (a) cysteamine and with
CNT solutions and (b) subsequently with PS.

Table 1
Apparent electron transfer rates and the associated errors for the Ru(NH3)6+3/+2 redox
couple at gold surfaces reacted with SWCNTs and DWCNTs. Values were calculated
from background subtracted data.

Sample kapp (cm s−1) Uncertainty (cm s−1)

Gold 1.70×10−3 ±3.59×10−5

Gold/Cysteamine 1.25×10−3 ±6.86×10−5

Gold/Cysteamine/SWCNTs 1.63×10−3 ±7.25×10−5

Gold/Cysteamine/DWCNTs 1.79×10−3 ±4.13×10−5

Gold/Cysteamine/SWCNTs/PS 7.82×10−4 ±7.38×10−5

Gold/Cysteamine/DWCNTs/PS 1.18×10−3 ±5.65×10−5
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Abstract 
An experimental study on the interaction between the top and bottom layer of a chemically 
functionalized graphene bilayer by mild oxygen plasma is reported. Structural, chemical, and 
electrical properties are monitored using Raman spectroscopy, transport measurements, 
conductive atomic force microscopy and X-ray photoelectron spectroscopy. Single- and double-
sided chemical functionalization are found to give very different results: single-sided modified 
bilayers show relatively high mobility (200–600 cm2 V −1 s −1 at room temperature) and a stable 
structure with a limited amount of defects, even after long plasma treatment (>60 s). This is 
attributed to preferential modification and limited coverage of the top layer during plasma 
exposure, while the bottom layer remains almost unperturbed. This could eventually lead to 
decoupling between top and bottom layers. Double-sided chemical functionalization leads to a 
structure containing a high concentration of defects, very similar to graphene oxide. This opens the 
possibility to use plasma treatment not only for etching and patterning of graphene, but also to 
make heterostructures (through single-sided modification of bilayers) for sensors and transistors 
and new graphene derivatives materials (through double-sided modification). 
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  1. Introduction 

 Graphene and few-layer graphene have recently been 

proposed as one of the basic building blocks for future 

Single- and Double-Sided Chemical Functionalization 
of Bilayer Graphene

  Alexandre   Felten  ,   *      Benjamin S.   Flavel  ,     Liam   Britnell  ,     Axel   Eckmann  ,     Pierre   Louette  , 
    Jean-Jacques   Pireaux  ,     Michael   Hirtz  ,     Ralph   Krupke  ,     and   Cinzia   Casiraghi  

nano-electronics. [  1  ]  The ultimate 2-dimensional character and 

the sp 2  confi guration of the carbon network indeed leads to 

exceptional electronic, mechanical, and optical properties. [  2–5  ]  
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In order to develop graphene-based electronics, various 

approaches have been used to carefully tune and control 

the properties of graphene. In particular, chemical function-

alization has been shown to be a facile and effective way for 

the modifi cation of graphene. For example, chemisorption 

of hydrogen and fl uorine has been reported: [  6  ,  7  ]  Depending 

on the amount of bonded hydrogen or fl uorine, it is pos-

sible to carefully tune the electronic properties of graphene 

from metallic to insulating. Furthermore, by exposing both 

surfaces of a suspended graphene, it is possible to achieve 

full hydrogenation or fl uorination, leading to the creation of 

stoichiometric graphene-based derivatives, called graphane 

and fl uoro-graphene, respectively. [  6  ,  7  ]  Similarly to hydrogen-

ation and fl uorination, it has been shown that the covalent 

bonding with oxygen can induce a conversion of the carbon 

atoms from sp 2  to sp 3  hybridization, which produces changes 

in the optical and electronic properties of graphene. [  8  ,  9  ]  The 

opening of a band gap, which should increase for increasing 

oxygen functionalization, has been predicted in such mate-

rial. [  10  ]  Chemical modifi cation of graphene can be easily 

obtained by exposing the material to a plasma. This method 

is very attractive for industrial applications because it is a 

simple, fast and scalable process. Depending on the plasma 

gas used, various species such as oxygen, fl uorine, nitrogen 

and chlorine can be grafted to the graphene surface. [  9  ,  11–13  ]  In 

addition, plasma methods are already used for patterning and 

etching of graphene. [  14  ]  

 Whereas covalently modifi ed monolayer graphene has 

been extensively studied in the literature, little is known about 

the possible tunability of the properties of bilayer graphene 

by chemical modifi cation. [  9  ,  11  ,  15  ,  16  ]  Usually, bilayer graphene is 

shown to be less reactive than a single layer graphene sheet, 

i.e. its optical and electronic properties change slower than 

the ones of graphene exposed to the same conditions. [  15  ,  16  ]  

For example, Dong et al. [  17  ]  have modifi ed bilayer graphene 

using bromophenyl groups derived from diazonium salts. 

They showed that bilayer has smaller reactivity compared to 

monolayer. However, they also evidenced that the modifi ca-

tion was occurring only at defects sites. Because of it they 

were able to observe only slight p-doping and no change in 

the resistance. Plasma treatment, in contrast, is a very dif-

ferent process which allows fast and large modifi cation of 

graphene and does not depend on the defect concentration. 

Nourbakhsh et al. [  9  ]  compared experimentally and theoreti-

cally the plasma modifi cation of mono and bilayer graphene. 

Their calculations showed that oxidized bilayer graphene, 

unlike monolayer, retains its semimetallicity even at oxygen 

densities as high as 50%. 

 In the case of plasma treatment, modifi cation strongly 

depends on the ion energy involved in the process. [  18  ]  Nev-

ertheless, under mild energetic conditions, it is normally 

assumed that chemical functionalization of graphite and 

few-layer graphene by oxygen plasma exposure happens 

layer by layer. [  9  ,  18  ,  19  ]  In the case of a bilayer graphene, it is 

normally assumed that only the top layer would be chemi-

cally functionalized, while the bottom layer is unperturbed. 

This opens the possibility to use plasma treatment to protect 

graphene from the environment by passivating the top layer 

of a bilayer. This is particularly important in sensing devices, 

where the sensitivity of graphene to environmental conditions, 

such as doping and charge transfer, strongly affect the reli-

ability of the device. In addition, chemical functionalization 

by oxygen plasma allows having epoxy and hydroxyl groups 

on the surface, [  9  ]  which can be used to anchor chemical and 

biological objects to graphene. [  20  ]  The possibility to produce 

an insulating layer on top of graphene could be further used 

to develop in-situ gate dielectrics in fi eld-effect transistors [  21  ]  

and hetero-structures based transistors. [  22  ]  

 In this work we aim at studying the interaction between 

the top and bottom layer of a chemically functionalized 

bilayer graphene by mild oxygen plasma. We are challenging 

the suggestion that chemical functionalization by plasma 

happens layer-by-layer: in contrast to previous studies, [  9  ,  11  ,  16  ]  

where a lack of data and statistics did not allow to give a 

clear picture of the evolution of the bi-layer under plasma 

treatment, structural, chemical and electronic properties are 

here monitored at different stages of the plasma exposure 

by Raman spectroscopy, transport measurements, conduc-

tive AFM and X-ray photoelectron spectroscopy. For a better 

understanding, comparison between mono- and bilayer 

graphene is also shown. Our study reveals a peculiar behavior 

for one-sided chemically functionalized bilayer: while the 

monolayer becomes insulating upon increasing oxygen 

plasma exposure, the bilayer retains its ambipolar behavior 

with carrier mobility between 200–600 cm 2  V  − 1  s  − 1 , even after 

long plasma treatment. We attribute this to the chemically 

functionalized graphene top-layer. In order to further confi rm 

this result, double-sided chemical functionalization of bilayer 

has been performed: in the framework of the layer-by-layer 

functionalization, this process should allow chemisorption 

to take place on both layers. This material is very attractive 

because it is expected to have a four-layer structure such as 

dopant/carbon/carbon/dopant and an optical gap of 2.12 eV, 

in case of hydroxyl groups. [  23  ]  Raman spectroscopy clearly 

shows that double-sided chemical functionalization leads to 

a strongly distorted structure, compared to single-sided func-

tionalized bilayer, in agreement with the theoretical predic-

tions of ref.  [  23  ] .  

  2. Results and Discussion 

   Figure 1  a,b shows optical micro-graphs of a mono- and a 

bilayer graphene fl akes in a 2-probe device confi guration 

with source-drain electrodes separated by 4  μ m. The number 

of layers has been determined by optical contrast and Raman 

spectroscopy. Both fl akes were mechanically exfoliated on 

the same SiO 2  substrate and are separated by less than 1 mm 

ensuring identical plasma treatment conditions. The devices 

were exposed to repeated oxygen plasma treatments fol-

lowed each time by Raman and electrical characterization. 

The plasma experiments were carried out at very low power 

(5 W) and short treatment exposure (5–120 s). Figure  1 c,d 

shows the optical micro-graphs of the mono- and bilayer 

graphene corresponding to Figure  1 a,b after 80 s exposure to 

oxygen plasma. We observe that the monolayer disappeared 

small 2013, 9, No. 4, 631–639



Chemical Functionalization of Bilayer Graphene

633www.small-journal.com© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

while the bilayer is still optically visible. Raman spectroscopy 

is a fast, non destructive and powerful technique for the 

characterization of graphene: [  24  ]  it allows to unambiguously 

identify graphene, [  25  ]  probe doping and charged impuri-

ties, [  26  ,  27  ]  as well as characterize disorder and defects. [  28–30  ]  

The evolution of the Raman spectra of mono- and bilayer 

graphene measured for increasing exposure time to oxygen 

plasma is shown in  Figures    2  a and b, respectively. The pris-

tine spectrum shows the two main Raman peaks of graphene: 

the G band around 1580 cm  − 1  and the 2D band around 

2700 cm  − 1 . The 2D band acts as a fi ngerprint to assign the 

number of layers in graphene; a monolayer can be fi tted 

with one Lorentzian exhibiting a full width at half maximum 

(FWHM) between 20–30 cm  − 1 , while a bilayer is composed 

by four components. [  24  ]    

 Figure  2  shows that after oxygen plasma exposure, new 

features corresponding to defect activated bands appear in 

the Raman spectra. The most prominent ones are the so called 

D and D’ band at  ∼ 1340 cm  − 1  and  ∼ 1620 cm  − 1 , respectively. [  31  ]  

The Raman spectrum of the monolayer graphene shows 

drastic changes upon increasing oxygen plasma exposure. 

After 5 s of exposure, an intense D peak is already observed. 

Its intensity fi rst increases and then rapidly decreases for 

increasing plasma exposure. After 10 s, a broadening of all 

peaks is observed (see Figure S1 in SI for quantitative data), 

followed by the suppression of the 2D band intensity, and a 

merging of the G and D’ bands into one single peak. At 80 s 

the Raman signal is largely attenuated and fi nally disappears 

after longer treatment time, suggesting complete etching 

of the monolayer. This is confi rmed by the optical image in 

Figure  1 c where no optical contrast is seen at the supposed 

fl ake position. The changes in the Raman spectra of modi-

fi ed bilayer graphene are less drastic. From 5 to 60 s, the D 

and D’ bands intensities increase slowly while the 2D band 

decreases. From 60 to 120 s, very little variation is observed 

     Figure  2 .     Raman spectra evolution of (a) monolayer and (b) bilayer graphene for increasing exposure to oxygen plasma. (c) D and G band integrated 
intensity ratio, I(D)/I(G), of mono- and bilayer graphene for increasing exposure time to oxygen plasma. (d) 2D Raman spectra of a pristine monolayer, 
pristine bilayer and oxygen plasma treated bilayer graphene (5 W, 120 s). The excitation wavelength is 514 nm.  

1200 1400 1600 2600 2800 3000

In
te

ns
ity

 (
a.

 u
.)

Raman shift (cm-1)

pristine

5s

10s

20s

40s

60s

80s

1200 1400 1600 2600 2800 3000

In
te

ns
ity

 (
a.

 u
.)

Raman shift (cm-1)

pristine

5s

10s

20s

40s

60s

80s

120s

D
(a) (b) (c)

(d)

G
D' 2D

0 20 40 60 80 100 120
0

1

2

3

4

5

I(
D

)/
I(

G
)

plasma time (s)

 Monolayer
 Bilayer

x2

2600 2650 2700 2750 2800

In
te

ns
ity

 (
a.

u.
)

Raman shift (cm-1)

pristine
monolayer

Oxidized
bilayer

pristine
bilayer

     Figure  1 .     (a,b) Optical micrographs of pristine mono- and bilayer 
graphene devices, respectively. (c,d) Optical images of the same 
devices after 80 s oxygen plasma treatment. The scale bar (bottom left) 
is 5  μ m and it is the same in all the fi gures.  
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in the spectra. As shown in Figure  1 d, bilayer graphene is 

still optically visible after 80 s of treatment and the optical 

contrast slightly decreases from 23% for the pristine fl ake 

to 21% after 80 s plasma exposure. These results point out 

that the bilayer is less affected by the plasma treatment than 

the monolayer and that a stable confi guration is reached 

after 40s. The higher resistance of the bilayer towards oxygen 

plasma could be attributed to its smaller intrinsic roughness 

(ripples) [  32  ]  and/or its better screening of the substrate charge 

puddles. [  33  ,  34  ]  

 The difference between the Raman spectral evolution of 

monolayer and bilayer graphene is quantifi ed in Figure  2 c by 

plotting the integrated height ratio of D and G band intensi-

ties, I(D)/I(G) as a function of the plasma exposure. I(D)/I(G) 

has been widely used in the literature to quantify the defect 

density in sp 2 -bonded carbons: it is well known that at low 

defect concentrations I(D)/I(G) increases for increasing 

amount of disorder, while I(D)/I(G) decreases with disorder 

for high defect concentrations. [  30  ,  31  ,  35  ]  In the case of mono-

layer graphene, I(D)/I(G) clearly increases at short plasma-

exposure time. This likely corresponds to the introduction of 

defects into the sp 2  lattice. The intensity ratio then decreases 

at high plasma-exposure time which is attributed to amor-

phisation of graphene due to the high density of defects. 

Amorphisation also becomes evident by the massive increase 

in the FWHM of all peaks and the disappearance of the 2D 

band. [  36  ]  

 A similar qualitative evolution of the I(D)/I(G) ratio is 

observed for the bilayer (Figure  2 c). However the bilayer 

has a much slower linear increase and reaches a maximum 

I(D)/I(G) of  ∼ 4 after 60 s, whereas the monolayer reaches 

a maximum ratio of  ∼ 5 after only 10 s, i.e. the bilayer does 

not achieve high defect concentration. In Figure  2 c, we multi-

plied the calculated I(D)/I(G) of the bilayer by 2 since its G 

peak intensity is twice the one of graphene. Note that in the 

case of bilayer I(D)/I(G) does not strongly change after 60 s 

plasma exposure. In the initial regime, differences between 

monolayer and bilayer graphene are very pronounced with 

an intensity ratio up to 12 times higher for the monolayer. 

This suggests that the top layer reactivity in bilayer graphene 

is indeed much smaller compared to a single sheet. This is in 

agreement with previous results [  11  ,  37  ]  and theoretical calcula-

tions, which predicts a maximum coverage of 25% in the case 

of bilayer. [  23  ]  

 Figure  2 d compares the 2D Raman spectra of pristine 

monolayer, pristine bilayer and oxidized bilayer graphene. 

The 2D peak of the monolayer graphene is fi tted using one 

Lorentzian component of FWHM  ∼ 30 cm  − 1  centered at 

2684 cm  − 1 . Due to its two pairs of conduction and valence 

bands allowing four double-resonance processes, [  24  ]  the 

bilayer graphene 2D band is best fi tted using four Lorentzian 

components. The oxygen plasma treatment progressively 

transforms the 2D band of the bilayer into the one of a 

mono layer. After 120 s it can be fi tted with one Lorentzian of 

FWHM  ∼ 46 cm  − 1  centered at 2689 cm  − 1 . The larger FWHM is 

attributed to the lose of the AB-stacking confi guration after 

introduction of defects. 

 Tapping-mode and conductive AFM was performed on 

pristine and modifi ed bilayer graphene in order to investigate 

the nature of defects after plasma treatment. [  22  ,  29  ]   Figure    3   

shows topographic (a, c) and current images (b,d) of pristine 

and modifi ed bilayer. The topographic images show the typ-

ical roughness of graphene on silicon oxide substrates. [  38  ]  A 

more detailed study of the surface topography and thickness 

of the modifi ed bilayer can be found in Figure S2 and S3. It 

can be seen that bilayer graphene shows very little structural 

changes upon increasing plasma exposure as compared to 

the monolayer. The current measured on pristine bilayer 

(Figure  3 b) shows a uniform distribution with a calculated 

local resistance of 12 k Ω , mostly coming from the contact 

resistance at the AFM tip. The variations seen in the image 

are coming from the electrical noise in the instrument (on the 

order of 2% of the signal). After oxygen plasma treatment 

(5 W, 100 s), the surface of the bilayer shows large inhomo-

geneities in the local resistance varying from 30 k Ω  to almost 

insulating behaviour. These insulating regions can be associ-

ated with sp 3  carbon-oxygen clusters. The fact that oxygen 

atoms tend to cluster instead of being homogeneously distrib-

uted at the surface could be due to a preferential binding to 

local distortion in the graphene lattice (ripples). [  6  ]  In addition, 

the fi rst adatom could also produce a defected region which 

favors the anchorage of further atoms in its surroundings. The 

AFM measurements thus reveal that the local surface resist-

ance of the plasma modifi ed bilayer is high and inhomoge-

neous. This result confi rms chemisorptions on the top layer.  

 X-ray photoelectron spectroscopy (XPS) was performed 

on the modifi ed bilayer graphene in order to investigate the 

surface chemistry of the functionalized top layer. We used a 

micro-XPS equipment which allowed measurement on exfo-

liated fl akes with 30  μ m lateral resolution.  Figure    4  a shows 

the optical image of the bilayer graphene fl ake. The circle 

indicates the region where the XPS spectrum was measured. 

Figure  4 b shows the comparison between the C1s peak of 

modifi ed bilayer (5 W, 100 s; red curve) and pristine bilayer 

(black dotted curve). Functionalized bilayer shows a shoulder 

at high binding energy (286–289 eV) corresponding to carbon-

oxygen bonds. The intensity of carbon-oxygen bonds is much 

     Figure  3 .     (a,c) Contact mode topographic AFM image of pristine and 
oxygen plasma treated bilayer graphene. (b,d) current map obtained 
with bias of 5 mV. Scale bar  =  60 nm. Regular pattern in (b) is a 
measurement artifact.  
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less pronounced in the case of oxidized graphite (blue curve) 

due to the penetration depth of electrons which probes 

around 20 graphitic layers while only the fi rst layer is func-

tionalized by the plasma. The C1s spectrum of the oxidized 

bilayer is then fi tted using fi ve components corresponding to 

sp 2  C�C, sp 3  C�C, hydroxyl C�OH, carbonyl C�O or epoxy 

C�O�C, and carboxyl COOH groups (Figure  4 c). [  39  ]  The rel-

ative amount of these components corresponds respectively 

to 36.4%, 32.3%, 12.7%, 13.9% and 4.3%. These numbers 

should be treated with care because of the 

uncertainty inherent to the peak fi tting. 

However, they show the complexity of the 

surface chemistry of the bilayer. Presence 

of carboxyl groups is of particular interest 

since they are commonly used as attach-

ment points for molecules and biological 

objects. As an example, covalent attach-

ment of DNA on plasma modifi ed bilayer 

graphene is shown later in the discussion.  

 Transport measurements were car-

ried out to study the electronic proper-

ties of oxidized graphene. The graphene 

transistors were fabricated on Si/SiO 2  

substrate using conventional electron 

beam lithography followed by metal 

sputtering (1 nm Ti and 50 nm Pd). The 

measurements were performed in air and 

at room temperature.  Figure    5  a,b plots 

the resistance of the mono- and bilayer 

graphene devices as a function of the back 

gate voltage for increasing plasma dura-

tion. The source-drain voltage was set 

to 10 mV. The pristine sheets are slightly 

p-doped with hole mobilities of  ∼ 6700 and 

 ∼ 2300 cm 2  V  − 1  s  − 1  for graphene and bilayer 

graphene, respectively.  

 The electronic properties of plasma 

treated monolayer graphene are drastically degraded even 

after short oxygen plasma exposure. The fi lm resistance 

increases by 1 order of magnitude after 10 s and additional 

4 orders of magnitude after 20 s. For longer treatment time, 

the device resistance increases beyond the measurement 

range of the semiconductor parametric analyzer. These results 

are consistent with Raman measurements where an exposure 

of 20 s corresponds to the beginning of the high defect den-

sity regime. Rapid degradation of the structural and electrical 

     Figure  4 .     (a) Optical image of the bilayer graphene. The cross indicates the regions where 
the bilayer C1s spectrum is extracted. (b) XPS C1s spectra of bilayer (red curve) and graphite 
(blue curve), both treated in oxygen plasma for 100s. The upper and lower dotted black curve 
corresponds to the C1s of pristine bilayer and pristine graphite respectively. (c) Curve fi tting 
of the oxidized bilayer graphene with components attributed as follow: red–sp 2  carbons, 
green–sp 3  carbons, blue �C�OH, cyan �C�O or C�O�C, and navy blue �COOH.  
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     Figure  5 .     Resistance of graphene (a) and bilayer (b) devices as a function of the back gate voltage for increasing plasma exposure.  
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properties shows that, even at very low power and short time 

processes, oxygen plasma is very aggressive toward single 

graphene sheets, in agreement with previous results. [  10  ,  19  ,  40  ]  

 Bilayer graphene, on the contrary, shows a very pecu-

liar behavior upon plasma oxidation (Figure  5 b). For short 

plasma exposure, the device resistance slightly increases 

with a very large shift of the Dirac point to a positive gate 

voltage beyond 80 V. A positive shift of the Dirac point can 

be explained by hole doping from oxygen species. [  41  ]  From 

5 to 40 s, electron conduction cannot be induced. At 60 s we 

observe a slight decrease in the resistance which surpris-

ingly is accompanied by a downshift of the Dirac point to 

 ∼ 50 V. After 120 s, the resistance further decreases while the 

Dirac point has been shifted up again to  > 80 V. It is worth 

noting that the total resistance of the bilayer device at zero 

gate voltage never exceeds 6 k Ω . We analyzed four devices 

and observed similar behavior (Figure S5 in SI). A possible 

explanation for this intriguing electrical behavior is that the 

oxygen plasma induces a mechanical deformation of the top 

layer. After 60 s of treatment the oxygen coverage may be 

high enough to induce a relatively strong wrinkling of the top 

layer, which may lead to decoupling of the two layers. In this 

situation, the decoupled bottom layer will mainly contribute 

to the current transport which may explain why the total 

resistance of the device is decreasing and the Dirac point is 

downshifting. 

 These results can be compared with recent works on 

modifi ed bilayer. Dong et al. [  17  ]  have shown that modifi ca-

tion of the bilayer using bromophenyl groups leads only to 

a p-doping of the bilayer with no changes in the resistance 

and mobility of the device. This different behavior compared 

to our results could be attributed to the different modifi ca-

tion process with diazonium salts, which involves grafting 

only at pre-existing defect sites. In their study, Nourbakhsh et 

al. [  9  ]  have shown that the electrical properties of the bilayer 

after one short exposure to an O 2  plasma stay constant. Since 

no evolution of the electrical properties was presented, this 

result may correspond to our samples modifi ed with 60–80 s 

plasma, where the resistance of the bilayer is decreased and 

the Dirac point is down-shifted. 

 To determine the mobility of the bilayer graphene, the 

R(V G ) curves were fi tted using the formula: [  42  ] 

 
R = Rc + L /W

µe

√(
Cg (VG−VD )

e

)2
+ n2

0
  

where R c  is the contact resistance, V G  the back gate voltage, 

V D  the Dirac point,  μ  the mobility, C g  is the back gate 

capacitance and n 0  represents the density of carriers at the 

minimum conductivity. We only fi tted the hole-conduction 

branch of the curves since the data covers a wider range 

for gate voltages below the Dirac point.  Figure    6   shows the 

mobility of mono- and bilayer for increasing plasma dura-

tion. The mobility of the bilayer quickly decreases from 

 ∼ 2300 cm 2  V  − 1  s  − 1  for pristine device to  ∼ 200 cm 2  V  − 1  s  − 1  after 

20 s of treatment. After 40 s this trend is reversed and  μ  h  

increases to  ∼ 600 cm 2  V  − 1  s  − 1 . This observation is surprising 

since an increase in defect density should induce a rapid and 

irreversible drop of the mobility as observed for graphene. 

However, bilayer graphene does not follow the same trend 

presumably due to preferential chemisorption on the top 

layer. Once the maximum coverage is achieved on the top 

layer, then the material will be stable even under long plasma 

exposure preventing amorphization and decrease of mobility. 

A further explanation could be related to distortion induced 

by the chemisorption: the conversion of the bond from sp 2  

to sp 3  induces strong distortion of the top layer. We specu-

late that at high coverage the top layer could “shrink” and 

decouple from the bottom layer. In this case, the relatively 

high mobility observed, should be attributed entirely to the 

bottom layer. Note that the calculated hole mobility of plasma 

oxidized bilayer graphene is 4–10 times lower than that of 

the pristine bilayer sample, it is comparable to the mobility 

of bilayer graphene grown by chemical vapor deposition 

(350–580 cm 2  V  − 1  s  − 1 ), and it is higher than the mobility of 

reduced monolayer graphene oxide (0.5–200 cm 2  V  − 1  s  − 1 ). [  43–45  ]   

 We now move to double-sided oxygen plasma functional-

ization. In this case, the plasma treatment was performed on 

a suspended bilayer by exposing each side one after the other 

to the plasma under exactly the same conditions ( Figure    7  a). 

The non-exposed side is directly facing the surface of the elec-

trode which therefore prevents its modifi cation by the plasma 

gas. The bilayer membrane broke down after 120s exposure 

(60 s on each side), while measuring the Raman spectrum. 

Figure  7 b compares the Raman G, D and D’ peaks of sus-

pended and supported bilayers after 120 s of oxygen plasma 

treatment. The spectrum of the supported bilayer after 60 s 

and monolayer after 40 s are also shown for comparison. The 

two spectra of suspended and supported bilayer exposed 

for 120 s are clearly different with the suspended one pre-

senting a spectrum very similar to graphene oxide, [  38  ,  39  ]  i.e. 

merging of G and D’ peaks and much broader FWHM of the 

D peak (79.3 cm  − 1  compared to 40.3 cm  − 1  in the supported 

bilayer). Figure  7 c shows the evolution of the D band FWHM 

     Figure  6 .     Hole mobility of the mono- and bilayer graphene sheet for 
increasing oxygen plasma exposure time.  
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for monolayer, and single- and double-sided functionalized 

bilayer. Similar FWHM are fi rst observed for single- and 

double-sided treated bilayer graphene which suggests that, 

for short treatment time, the introduction of defects by the 

oxygen plasma is similar in both type of functionalization. It 

is only after 80 s of treatment (40 s on each side) that the 

D band width strongly increases, reaching values observed 

in the monolayer. The double-sided chemical functionali-

zation thus results in a new material which becomes highly 

disordered, in agreement with the theoretical predictions of 

ref. [   23   ]. The oxygen treatment strongly changes the interac-

tion between the two layers 9  and it is likely that the pristine 

layered structure is lost in double-sided bonding because of 

the formation of interlayer bonds. [  46  ]   

 Finally, we show that covalent attachment of DNA to the 

single-sided functionalized bilayer is possible, leading the 

way to the fabrication of new graphene-based chemical and 

biological sensors. The DNA experiment was performed in 

2 steps. First, the plasma treated bilayer was exposed to an 

amino- and FAM (carboxy fl uorescein)-modifi ed single strand 

DNA (NH 2 -CAGAACCATAGACCCATAATTACT-FAM). 

In presence of carboxyl groups, the amino-terminated end 

of the DNA will react to form a covalent amide bond. The 

attachment of the DNA to the graphene could then in prin-

ciple be visualized by fl uorescence microscopy. Unfortunately, 

successful bonding of the DNA cannot be immediately con-

fi rmed due to drastic fl uorescence quenching induced by the 

graphene. [  47  ,  48  ]  In order to restore the fl uorescence, a second 

step consisting in the hybridization with the complementary 

strand DNA was needed. Indeed, it has been shown that upon 

formation of the duplex, (i) physisorbed DNA strands are 

removed from the surface [  49  ,  50  ]  and (ii) the fl uorescein dye to 

graphene distance is increased for covalently attached DNA, 

hence restoring fl uorescence. [  47  ]   Figure    8   shows the fl uores-

cent microscopy image of a plasma treated bilayer graphene 

after exposure to the amino- and FAM-modifi ed DNA and 

its complementary strand. The fl uorescence observed on the 

graphene confi rms successful covalent attachment. In addi-

tion, a control experiment using non plasma functionalized 

graphene bilayer showed no fl uorescence (see Supporting 

Information) which corroborates our results. These fi ndings 

validate single-sided functionalized bilayer as a new building 

block in the fabrication of biosensors. Furthermore, the 

     Figure  7 .     (a) Schematic representation of the double-side functionalization. The bilayer is sitting on a hole. First the top layer is exposed (i), then 
the sample is turned around and the bottom layer is exposed through the hole under otherwise identical conditions (ii). (b) Comparison of the 
G, D and D’ Raman bands of supported and suspended bilayer graphene after 120 s exposure to oxygen plasma. The spectrum of the supported 
bilayer after 60 s and monolayer after 40 s are also shown for comparison. (c) Evolution of the D band FWHM for the monolayer, and single-side 
and double-side functionalized bilayers.  
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     Figure  8 .     Fluorescent micrograph of a single-sided plasma-functionalized 
bilayer after covalent attachment with an amino- and FAM-modifi ed single 
strand DNA and hybridization with its complementary strand. The inset 
shows a corresponding bright fi eld image. The scale bars equal 20  μ m.  
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simplicity of the functionalization procedure and the rela-

tively high mobilities of the material provide two advantages 

over conventional graphene oxide.   

  3. Conclusion 

 In conclusion, we have studied the interaction between the 

top and bottom layer of a chemically functionalized bilayer by 

mild oxygen plasma. We aim to challenge the usual assump-

tion of layer-by-layer chemical functionalization by plasma 

exposure. We have shown that plasma treatment is a simple 

method to tune the coupling between the layers: single-side 

treatment of bilayer led to the formation of a stable structure 

with relatively high charge mobility, which could be related 

to decoupling between the top and bottom layer. In contrast, 

exposure of both sides of the bilayer leads to a highly dis-

ordered structure similar to graphene oxide. This opens the 

possibility to use plasma treatment not only for etching and 

patterning of graphene, but also to make heterostructures 

(through single-sided modifi cation of bilayer) for sensors and 

transistors and new graphene-derivatives materials (through 

double-sided modifi cation).  

  4. Experimental Section 

 Graphene was produced by mechanical exfoliation of graphite 
(National de Graphite) onto 300 nm grown silicon oxide on doped 
silicon substrate (Active Business Company GmbH). Graphene 
sheets were identifi ed by optical microscopy and the number of 
layers was confi rmed using Raman spectroscopy. The graphene 
transistors were fabricated using conventional electron beam 
lithography followed by metal sputtering (1 nm Ti and 50 nm Pd). 
The source and drain electrodes were separated by 4  μ m in order 
to avoid Raman measurements on the contacts (the laser spot size 
is  ∼ 500 nm). The silicon substrate was used as back gate. Before 
the measurements, the samples were annealed at 300  ° C under 
vacuum for 4 hours in order to remove residue of PMMA left on 
graphene after the lithography process. 

 The graphene samples were modifi ed in oxygen plasma at 
100 mTorr, 5 W and with different duration. The experiments 
were carried out in a Plasmalab 80Plus from Oxford Instruments 
(capacitively coupled RF at 13.56 MHz). Each oxygen plasma treat-
ment was immediately followed by Raman and electrical charac-
terization. Raman spectra were measured using a 100x objective 
at 514 nm on a WITec spectrometer. The laser power was adjusted 
to 1 mW. All peaks were fi tted using Lorentzian lines except for the 
D’ band where a Fano line shape was used. Electrical measure-
ments were performed in air at room temperature with an Agilent 
4155C semiconductor parametric analyzer. XPS measurements 
were performed on a Thermo Scientifi c K-alpha. The spot size and 
pass energy were set to 30  μ m and 50 eV respectively. A mono-
chromatized Al K α  line h ν   =  1486.6 eV was used as the photon 
source, and photoelectrons were collected at an angle of 0 °  rela-
tive to the sample surface normal. Topography and current AFM 
images in Figure  3  were obtained with Atomic Force Microscope 
Nanoscope Dimension V (Bruker) in contact mode with conductive 
Pt/Ir coated cantilevers PPP-CONTPt (Nanosensors). This technique 

provides information on local conductivity, and can be used to 
distinguish the patches of sp 3  carbon (typically insulating) within 
perfect graphene matrix. [  22  ,  30  ]  Current was measured at fi xed bias 
of 5 mV applied to the tip via Keithley 2400 SourceMeter. Images 
were obtained in ambient conditions with scan rate 0.2 Hz and 
applied force of about 5 nN. Topography AFM images in the sup-
porting information were obtained using a Dimension Icon (Bruker) 
AFM in tapping mode with Tap300Al-G cantilevers (BudgetSen-
sors). Annealing of the oxidized bilayer was performed at 200  ° C in 
high vacuum (10  − 6  mbar) for 2 h. 

 All DNA samples were purchased from Integrated DNA Tech-
nologies. The covalent attachment was performed by exposing the 
sample to a solution of 2.5  μ  M  of the amino- and FAM-modifi ed 
for 2 h. The fl uorescent DNA was then hybridized by adding the 
sample in a PBS buffer solution (BupH, Thermo Scientifi c, pH 7.2) 
containing 3  μ  M  of the complementary DNA. The sample was left in 
solution overnight and then carefully washed with PBS. The same 
procedure was repeated twice. Fluorescence images of the fl uores-
cently labeled DNA on graphene were taken on an upright Eclipse 
80i fl uorescence microscope (Nikon) equipped with an Intensilight 
(Nikon) and a CoolSNAP HQ2 camera (Photometrics). After putting 
a cover slip onto the sample still wet with PBS, images were 
obtained with a 50x objective and 15 s exposure time. Images 
were contrast enhanced for reproduction only, all intensity meas-
urements and comparisons for control experiments were done on 
raw and unaltered data from original images.  
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a  b  s  t  r  a  c  t

Carbon  nanotube  (CNT)  electrodes  for  electrochemistry  were  fabricated  from  single-  and  double-walled
carbon  nanotubes.  The  electrodes  were  subsequently  covalently  loaded  with  a  ferrocene  modified
�-aminoisobutyric  acid  peptide,  and  the  electron  transfer  (ET)  capabilities  were  probed  with cyclic
voltammetry.  The  CNT  electrodes  comprised  of  double  walled  CNTs  (DWCNTs)  demonstrated  signifi-
cantly  higher  peak  current  compared  to  their  single  walled  counterparts  (SWCNTs).  This  is attributed  to
a  higher  loading  of the  ferrocene  modified  peptide  to  the  outer  wall of  the  nanotube,  through  the pres-
ence  of  a  larger  number  of defects  sites  within  the  sp2 carbon  lattice  for  the  DWCNTs.  This  higher  loading
was  achieved  without  compromising  the  ET  rate, indicating  that  DWCNTs  may  offer  a  useful  alternative
to  SWCNTs  in  future  electrochemical  sensors  and  biosensors.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) are a highly desirable material for
incorporation into electrochemical [1,2] and biological sensing
devices [3,4] owing to their fast heterogeneous electron transfer
(ET), high surface area and electrochemical stability [5,6]. Further-
more the conductivity of CNTs has been shown to be remarkably
sensitive to changes in surface adsorbates, making them ideal for
highly sensitive nanoscale sensors [7].  To date many different car-
bon nanotube based electrochemical sensors and biosensors exist
in the literature, consisting of either randomly dispersed [8,9] or
well-ordered nanotube arrays [6,10,11]. However, in all cases the
CNTs act as a molecular wire, allowing electrical communication
between the underlying electrode and a redox species [7,12].  For
well-ordered or vertically aligned CNT arrays, fast charge transfer
has been demonstrated and is a significant advantage compared
to randomly dispersed CNTs [5].  This has lead to the develop-
ment of highly sensitive, reagentless sensing devices [7],  where
direct ET between the active redox-centre and an electrode sur-
face occurs without the need for mediators. Due to the presence of
a large working surface area and easy access of an analyte to the
immobilized sensing probe [6],  well-ordered or vertically aligned
carbon nanotube electrodes have been loaded with molecular

∗ Corresponding author. Tel.: +61 8 8201 2005; fax: +61 8 8201 2905.
E-mail address: joe.shapter@flinders.edu.au (J.G. Shapter).

1 ISE member.

sensitive materials such as DNA [6,13],  Cu nanoparticles [1] and
anti-immunoglobulin G [11].

This has led to the detection of a wide range of analytes with
improved sensitivity and selectivity [2].  For example, Guo et al. [13]
recently reported a horizontally aligned CNT genosensor consisting
of single-stranded DNA bridging a gap between SWCNTs, which
was subsequently sensitive to complementary-stranded DNA. A
well-matched DNA duplex was shown to exhibit resistance in the
order of 1 M�,  which in the presence of a GT or CA mis-match was
increased ∼300-fold. Somenath et al. also demonstrated a choles-
terol sensor based upon modification of vertically aligned multi
walled CNTs (MWCNTs) with the biocompatible polymer, polyvinyl
alcohol, decorated with cholesterol oxidase (ChOx) [14]. In this sen-
sor the use of carbon nanotubes was found to significantly increase
sensor sensitivity through increases in the signal to noise ratio,
and was  directly attributed to an increase in surface area allow-
ing a high loading of ChOx. An almost linear relationship between
cholesterol concentration and the response current was observed
in a clinical range up to 300 mg  dL−1. Flavel et al. [15] also demon-
strated a copper ion sensor fabricated from CNT arrays decorated
with the tripeptide Gly-Gly-His, capable of detecting concentra-
tions at a micro molarity level. While this limit of detection is
higher than previously reported gold-based sensors, where cop-
per detection down to 3 nM was achieved [16], this novel silicon
based sensor offers ease of integration into sophisticated electri-
cal and electronic devices, and is of relevance under current water
regulations within Australia. Additionally, Gooding et al. utilized
vertically aligned glucose oxidase (GOx) modified SWCNTs on a
cysteamine modified gold surface, demonstrating a GOx surface

0013-4686/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.electacta.2012.10.108
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concentration of 5.2 × 10−8 mol  cm−2 with apparent ET rate of
9 s−1 [12].

As detailed in a recent review from Diao and Liu [17], several
methods exist to chemically assemble CNTs on electrode surfaces.
However, common to each method is chemical functionalization of
the nanotubes, most commonly with carboxylic acid groups [18]
and their subsequent covalent linking to a surface via an ester
[19,20] or amide bond [12]. Unfortunately, such chemical func-
tionalization introduces defects in the hexagonally bonded sp2 [21]
lattice, which has the effect of disrupting many of the attractive
properties of nanotubes, particularly charge transport [22]. We
have recently shown that in order to avoid such disruption DWCNT
are advantageous, whereby the outer tube can be selectively func-
tionalized [23] with the inner tube retaining its undisrupted sp2

network and hence its intrinsic electronic properties. The ability
to achieve this was then demonstrated in a comparison between
carboxyl functionalized SWCNTs and DWCNTs immobilized on
a self-assembled cysteamine layer on gold [24]. ET was then
isolated to the CNTs by introduction of a polystyrene layer, fill-
ing the voids between CNT bundles, with DWCNTs showing a
higher apparent ET rate constant for diffusion limited redox with
Ru(NH3)6

3+/2+.
In this work the demonstrated benefits of utilizing DWNTs

are capitalized upon by covalently linking an electro-active fer-
rocene terminated �-aminoisobutyric acid peptide (Aib5-Fc), see
Fig. 1(a), to vertically aligned arrays of DWCNTs on cysteamine
modified gold substrates. As a further demonstration of the advan-
tage of DWCNTs, an analogous system is also fabricated for

SWCNTs. It is shown that not only do DWCNTs have an improved
redox peptide loading, but also superior ET kinetics compared to
SWCNTs.

2. Experimental

2.1. Synthesis of Aib5-Fc

Fmoc-Aib-OH loaded 2-chlorotrityl chloride resin (GL  Biochem
Ltd.) was  transferred into a sintered funnel. After the Fmoc group
was removed by reaction with a solution of 25% piperidine (Merck)
in N,N-dimethylformamide (DMF) (Merck) for 30 min, a solution
of 0.05 M Fmoc-Aib-OH (GL Biochem Ltd.) in DMF  containing
0.2 M 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uranium
hexafluorophosphate methanaminium (HATU) (GL Biochem Ltd.)
and 0.2 M diisopropylethyl amine (DIPEA) (Sigma–Aldrich) was
added to the deprotected resin. The mixture was  left for 2 h
with occasional stirring, and then the resin was isolated by fil-
tration. Successive additions of Fmoc-Aib-OH were carried out
using this protocol to yield H2N-Aib4-OH loaded resin. In the
last cycle, Boc-Aib-OH was  capped onto the resin using the same
protocol. The oligopeptide was  cleaved with 2% trifluoroacetic
acid (TFA) (Sigma–Aldrich)/DCM (v/v). After purification by high-
performance liquid chromatography (HPLC), the resulting peptide
Boc-Aib5-OH was  added to a solution of 0.05 M ferrocenylmethy-
lamine [25,26] in DMF  containing 0.2 M HATU and 0.2 M DIPEA.
With stirring for 24 h at room temperature, the product Boc-Aib5-
Fc was  purified by HPLC and further treated by a 4 M HCl/dioxane

Fig. 1. (a) The redox peptide Aib5-Fc and (b) fabrication of CNT electrodes decorated with covalently bound redox proteins.
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solution (Sigma-Aldrich) for 15 min. After purification, the final
H2N-Aib5-Fc was characterized by NMR  and MS. 1H NMR  (300 MHz,
DMSO) ı 8.44 (s, 1H, NH), 8.07 (s, 1H, NH), 7.91 (s, 1H, NH), 7.76 (s,
1H, NH), 7.24 (s, 1H, NH), 4.27 (m,  2H), 4.21 (m,  5H, Cp), 4.17 (m,
2H), 4.05 (d, 2H, CH2), 1.52 (s, 6H, 2 �CH3), 1.33 (s, 6H, 2 �CH3),
1.32 (s, 6H, 2 �CH3), 1.25 (s, 6H, 2 �CH3), 1.23 (s, 6H, 2 �CH3); MS:
[M+Na]+

calcd = 663.6, [M+Na]+
found = 663.5.

2.2. Preparation of Au/cysteamine/CNT/Aib5-Fc electrodes

DC arc discharge synthesized SWCNTs (Carbon Solutions Inc.,
P2-SWCNT, diameter 1.4–1.6 nm,  length 0.5–1.5 �m)  and CVD pro-
duced DWCNTs (Nanolab, diameter 3–5 nm,  length 1–5 �m)  were
purchased and functionalized using previously reported methods
[23]. CNTs were then suspended in a solution of dimethylsulfox-
ide (Sigma–Aldrich) containing 0.2 mg  mL−1 CNTs, 0.25 mg  mL−1

N,N′-dicyclohexylcarbodiimide (DCC) (Fluka) and 0.14 mg  mL−1

dimethylaminopyridine (DMAP) (Sigma–Aldrich). Polished flat
gold disc electrodes (2 mm diameter) were cleaned in 25% (v/v)
H2O2/KOH (50 mM)  for 20 min  and then electrochemically cleaned
by cycling between 0 and 1.5 V vs. Ag/AgCl in 50 mM KOH. This
cleaning process yielded clean gold surfaces with peak separations
of 59 mV  for a (1 mM)  Ru(NH3)6

3+/2+ containing solution. The clean,
flat surfaces were then incubated in cysteamine (Sigma–Aldrich)
for 24 h resulting in exposed amine groups (Fig. 1(b), step 1). These
substrates were then exposed to SWCNT or DWCNT solution for
24 h, after which they were rinsed with propan-2-ol (Merck) and
dried under nitrogen (Fig. 1(b), step 2). The surfaces were then
exposed to 0.01 M H2N-Aib5-Fc in DMF  solution containing 0.5 M
HATU and 0.5 M DIPEA for 48 h before being further rinsed and dried
(Fig. 1(b), step 3).

2.3. Electrochemistry

All electrochemistry measurements were taken with a CH
Instruments Electrochemical Analyser (CH Instruments Inc.). The
CNT modified gold surface formed the working electrode (geomet-
ric area of 0.33 cm2), with platinum wire and Ag/AgCl used as the
counter and reference electrodes, respectively. Cysteamine char-
acterization was  conducted in 1 mM pH 6.5 potassium phosphate
buffer. The peak area of the cysteamine oxidation peak was calcu-
lated by subtracting the second scan from the first. Surface area cal-
culation was conducted in 1 mM ruthenium hexamine trichloride
in potassium phosphate buffer pH 7.5 by cycling between 0.2 V and
−0.6 V vs. Ag/AgCl/KCl (3 M),  in the negative direction initially. CNT
electrodes were electrochemically characterized in 1 mM tetra-
butylammoniumhexafluorophosphate (TBAPF6) (Sigma–Aldrich)
in acetonitrile at scan rates of 25–1000 mV  s−1. Due to the low con-
centration of surface redox species, these cyclic voltammograms
have been background subtracted using the fityk software v0.8.6
(http://www.unipress.waw.pl/fityk/).

3. Results and discussion

In order to determine the packing density of the cysteamine
monolayer and thereby the availability of amine terminal groups
for carbon nanotube attachment, the surface concentration of the
cysteamine was calculated. Three self assembled monolayer (SAM)
modified gold electrodes were cycled between 0 and 1.4 V by cyclic
voltammetry in 1 mM pH 6.5 phosphate buffer against Ag/AgCl/KCl
(3 M).  Fig. 2 shows the first three cycles at a scan rate of 100 mV  s−1.
In the first cycle a large oxidation peak centred at 0.997 V can be
seen, and is absent from subsequent scans. Additionally, peaks cen-
tred at 0.930 V and 0.460 V can be seen and correspond to the
oxidation and reduction of gold, and remain approximately equal
for subsequent cycles. This indicates that the gold–sulphur bond of

Fig. 2. Cyclic voltammetry cycle 1, 2 and 3 of a self assembled monolayer on polished
gold in pH 6.5 potassium phosphate buffer, showing the irreversible oxidation of
cysteamine at a scan rate of 100 mV  s−1.

the cysteamine is irreversibly oxidized during the first scan, result-
ing in complete removal of the SAM from the gold surface. These
observations are in excellent agreement with the literature [27–29]
with the proposed mechanism for this reaction seen in Eq. (1) [27].

AuS(CH2)2NH2 + e− → Au(0)+−S(CH2)2NH2,

E = +1.00 V vs. Ag/AgCl (1)

Using the oxidation peak area and Faraday’s law below, the aver-
age surface concentration of cysteamine was determined [30].

�cyst = Qcyst

nFA

where � is the surface concentration (mol cm−2), A is the electro-
active area (cm2), Q is the peak area of the voltammogram (C), Ip is
the peak current (A) and n is the number of electrons involved.

The resultant surface concentration of cysteamine was found
to be 5.6 ± 0.69 × 10−9 mol  cm−2, which is in agreement with
Esplandiú et al. [28] who  reported a surface coverage of
4.66 × 10−9 mol  cm2. This result suggests that a highly packed cys-
teamine layer was formed in this work and therefore a large number
of surface amine sites for carbon nanotube attachment exist.

Fig. 3(a) shows diffusion limited cyclic voltammograms of gold
surfaces before and after addition of the cysteamine SAM and sub-
sequent attachment of CNTs with Ru(NH3)6

3+/2+used as the redox
probe. The reduction of ruthenium(III) to ruthenium(II) in aqueous
solution involves the transfer of a single electron and exhibits close
to ideal quasi-reversible outer sphere kinetic behaviour, making it
a commonly used, fundamental redox reaction [8]. For a clean gold
surface, the peak-to-peak potential (�Ep) was found to be 67 mV,
and is comparable to the literature [31–33].  The electroactive area
of the electrodes at each stage of fabrication was calculated with
the use of the Randles–Sevcik equation.

ip = 0.447F3/2An3/2D1/2Cv1/2

R1/2T1/2

where ip is the peak current, n is the number of electrons involved
in oxidation or reduction, A is the area of the working electrode
(cm2), D is the diffusion coefficient of the electroactive probe
(cm2 s−1), C is the concentration of electroactive probe in the solu-
tion (mol cm−3), and v, F, R and T have their usual significance.
Diffusion rates for the oxidized and reduced species (DO and DR) are
5.71 × 10−7 cm2 s−1 and 8.8 × 10−7 cm2 s−1, respectively, as deter-
mined by Compton and co-workers [34]. From the slope in Fig. 3(b)
and the Randles–Sevcik equation, the electroactive area of clean
gold was  calculated to be 5.7 ± 0.17 × 10−2 cm2, which is slightly

http://www.unipress.waw.pl/fityk/
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Fig. 3. (a) Cyclic voltammogram and (b) Randles–Sevcik plot of polished gold
surfaces before and after addition of cysteamine and CNTs in 1 mM ruthenium
hexaamine in potassium phosphate at a scan rate of 100 mV s−1.

higher than the geometric area (3.14 × 10−2 cm2) indicating the
presence of surface roughness. After self-assembly of cysteamine
a small decrease in current and an increase of �Ep to 87 mV  is
observed. The small reduction in current indicates that, despite
the short chain length of the thiol, the cysteamine has increased
resistance across the surface, slightly inhibiting ET to the under-
lying gold substrate. This has been shown in our previous work,
where the addition of cysteamine resulted in a decrease of the
apparent heterogeneous ET rate of approximately 25% [24]. After
the addition of CNTs, the �Ep is 82 mV  for both CNT types and a
significant increase in current is observed, particularly for the oxi-
dation reaction. It has been shown by Gooding et al. that by adding
conductive nanoparticles to an insulating monolayer covered metal
surface, the ET properties can be ‘switched on’ again by enabling
electron tunnelling through the insulating barrier [35]. Since the
current after nanotube addition is significantly higher than that of
the original gold surface, we conclude that the increased current
is not simply a ‘switching on’ effect but demonstrates an increase
in surface area has occurred. This is in agreement with our previ-
ous work showing atomic force microscopy images before and after
CNT addition [24] where high aspect ratio features are clearly visi-
ble on the surface. From the measured peak currents the calculated
surface areas are 8.0 ± 0.14 × 10−2 cm2 and 6.1 ± 0.18 × 10−2 cm2

for SWCNTs and DWCNTs, respectively. Therefore, modification
with a cysteamine tether layer and subsequent addition of verti-
cally aligned CNTs has enhanced the electrochemical properties of
the gold electrode, by increasing the electroactive surface area.

The electrochemical performance of both DWCNT and SWCNT
electrodes before and after addition of Aib5-Fc was then tested by
cyclic voltammetry in TBAPF6/acetonitrile electrolyte solution. As
can be seen in Fig. 4(a) prior to the addition of Aib5-Fc no redox

Fig. 4. Cyclic voltammograms of SWCNT and DWCNT electrode surfaces in 1 mM
TBAPF6 in acetonitrile at a scan rate of 200 mV s−1 (a) before and (b) after function-
alization with Aib5-Fc, (b) has been background subtracted.

peaks can be seen, and as a result of a large active surface area, a
prominent capacitive background is observed. This is expected as
both DWCNTs and SWCNTs are electrochemically inactive within
the potential window from 0.2 V to 0.6 V. However after the sur-
faces were left in Aib5-Fc solution containing peptide coupling
agents for 48 h, oxidation and reduction peaks centred at 0.43 V and
0.37 V can be seen. Fig. 4(b) shows background subtracted scans at
200 mV  s−1 for both DWCNT and SWCNT electrodes, where the left
y-axis corresponds to the DWCNT and the right corresponds to the
SWCNT. Immediately it can be seen that the DWCNT electrodes
have a much higher peak current compared to their single walled
counterpart with oxidative currents of 350 nA and 40 nA, respec-
tively. Since both electrode surfaces have very similar topographies
[24] this almost tenfold increase in current is attributed to a higher
number of Aib5-Fc redox peptide bound to the nanotube walls.
This is confirmed by calculation of the surface concentration of
Aib5-Fc molecules using Faraday’s law [30]. The surface concentra-
tion of Aib5-Fc was  determined to be 3.1 ± 0.15 × 10−11 mol  cm−2

for the DWCNT electrode and 1.7 ± 0.76 × 10−11 mol  cm−2 for the
SWCNT electrode. The higher surface concentration for the DWCNT
electrodes is expected due to the presence of significantly more
carboxyl functionalities on the outer wall of a DWCNT compared
to SWCNTs [23,36]. This allows for greater attachment of the redox
peptide and a higher surface loading. Yu et al. [37] have calculated
surface coverage of Aib5-Fc on SWCNTs covalently bound to sili-
con in previous studies, with a coverage of 2.15 × 10−10 mol  cm−2.
While this value is significantly higher than that reported here, one
must consider that while Yu et al. have used same redox active
peptide; the underlying CNT surface structure is vastly different.



210 K.E. Moore et al. / Electrochimica Acta 89 (2013) 206– 211

Yu et al. have directly attached SWCNTs to a hydroxylated silicon
surface through an ester bond, allowing direct attachment to the
surface. This procedure results in a very chemically homogeneous,
atomically flat surface to which attachment can occur, resulting in
high CNT density and good vertical alignment [19,37,38].  In con-
trast, the formation of a thiol monolayer on non-atomically flat
gold leads to problems such as inhomogeneity in the SAM struc-
ture which will lead to some areas of bare substrate and potentially
non availability for bonding of some of the amine terminal groups.
These factors would lead to a more sparse CNT coverage and hence
fewer CNT attachment sites available for Aib5-Fc bonding. However
the reported values can be compared to work by Okamoto et al.
who achieved a surface concentration of 4.7 × 10−11 mol  cm−2 for
triferrocene functionalized double helix peptide chains covalently
bound to a gold surface by two thiol bonds [39]. Since Okamoto
et al. used a flat gold surface for attachment of their peptides, it is
expected that the CNT surface would achieve a much higher load-
ing. However one must consider that each peptide used by Okamoto
et al. was bound with three ferrocene moieties, resulting in a higher
surface concentration.

From Fig. 4(b), �Ep of the DWCNT and SWCNT electrodes is
65 mV  and 37 mV,  respectively. While the ideal �Ep should be zero
for surface immobilized redox systems [40], these values still indi-
cate very good ET between the underlying gold substrate and the
surface adsorbed redox protein. The non zero �Ep values observed
for both types of CNTs can be attributed to the presence of a poten-
tial difference between the electrode and the redox centre, possibly
formed by the electric double layer in the vertically aligned CNT
array [41].

The electrode kinetics for the Aib5-Fc decorated CNT surfaces
can be determined by plotting the oxidation and reduction peak
currents against scan rate, as shown in Fig. 5. It can be seen that
there is a clear linear relationship between the peak currents and
the scan rate, which is indicative of surface bound electroactive
species [42]. Furthermore, the slopes of the oxidation and reduc-
tion currents are symmetric around the origin, indicating that �Ep

remains relatively constant with increasing scan rate.
The apparent ET rate constants of the Aib5-Fc decorated DWCNT

and SWCNT were also calculated using Laviron’s method for the
condition of �Ep < 200/mV [40]. By considering the value of the
transfer coefficient, ˛, to be between 0.3 and 0.7, the average ET
rates, kapp, were estimated according to the following equation.

kapp = mvnF

RT

where m is a dimensionless parameter related to the peak-to-
peak separation. By using the slope from a plot of v = f(m − 1),

Fig. 5. Dependence of peak current on scan rate.

mv could be determined and hence kapp found. The apparent ET
rate for the DWCNT and SWCNT electrodes were 31 ± 6 s−1, and
23 ± 2 s−1, respectively. These values are comparable to ET rates
reported for other redox bound vertically aligned CNT arrays on
cysteamine modified gold. Gooding et al. [43] have reported the
electrochemical properties of a glucose oxidase enzyme reconsti-
tuted around flavin adenine dinucleotide which was  anchored to
shortened SWCNT electrodes, with a rate of 9 s−1. Similarly Gooding
et al. [12] also reported the attachment of Microperoxidase MP-11,
a small redox protein, to SWCNT arrays with a transfer rate of 3 s−1.
These rates are slower than that observed in this study due to the
significantly larger distance electrons must travel from the redox
centre of the protein to the CNT surface. Flavel et al. [44] reported
a rate of 37 s−1 for ferrocene methanol functionalized SWCNTs on
cysteamine modified electroless plated gold surfaces. This rate is
very similar to that of the Aib5-Fc modified SWCNT and DWCNT
surfaces; however the slight difference can be attributed to the
presence of the peptide chain used here to connect the redox active
ferrocene to the CNTs. While the peptide chain is short and shows
excellent ET properties, it does increase the distance electrons must
travel by a further 10 Å [37] resulting in a lower transfer rate.
The rates determined here can also be compared to work recently
reported by Yu et al. [37] who determined a rate of 63 ± 4.3 s−1 for
Aib5-Fc decorated SWCNT arrays on silicon surfaces. As previously
stated, Yu et al. have directly attached the CNTs to the underlying
substrate resulting in very fast kinetic properties; while the cys-
teamine monolayer adds resistance to the surface, as seen by the
increase in �Ep of 20 mV.  Thus, it is reasonable that the system
presented here demonstrates a slower ET rate than reported by Yu
et al.

The slightly faster ET rate achieved for the DWCNTs suggests
that the increased loading of redox peptide has not resulted in
a loss of ET capabilities. This is as expected, as the higher func-
tionality of the DWCNTs occurs on the outer wall only [23],
maintaining the intrinsic electronic properties of the inner tube.
This is in contrast to the SWCNTs, where functionalization of the
carbon lattice directly affects the electronic properties, result-
ing in a lower ET rate [21,22]. This result also suggests that
ET in the DWCNTs occurs largely through the inner tube, since
modification results in less disruption of the electronic transport
capabilities.

4. Conclusion

In this work, two types of electrochemical surfaces, consisting
of DWCNTs and SWCNTs, with similar surface topographies were
loaded with a ferrocene modified �-peptide. Due to the larger num-
ber of defects on the DWCNT outer walls, more of the peptide could
be covalently bonded, resulting in a higher surface concentration
and hence, a higher electrochemical current was observed. Deter-
mination of the apparent ET rate showed this was at no expense to
the DWCNT’s ET capabilities. This result suggests that DWCNT are
advantageous to electrochemical surfaces, as they can be chemi-
cally modified for attachment without compromising the electronic
properties.
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Abstract 
A simple method for producing patterned forests of multiwalled carbon nanotubes (MWCNTs) is 
described. An aqueous metal salt solution is spin-coated onto a substrate patterned with 
photoresist by standard methods. The photoresist is removed by acetone washing leaving the 
acetone-insoluble catalyst pattern on the substrate. Dense forests of vertically aligned (VA) 
MWCNTs are grown on the patterned catalyst layers by chemical vapour deposition. The 
procedures have been demonstrated by growing MWCNT forests on two substrates: silicon and 
conducting graphitic carbon films. The forests adhere strongly to the substrates and when grown 
directly on carbon film, offer a simple method of preparing MWCNT electrodes. 
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results. 
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Abstract 
Poly(ethylene glycol) (PEG) is one of the most extensively studied antifouling coatings due to its 
ability to reduce protein adsorption and improve biocompatibility. Although the use of PEG for 
antifouling coatings is well established, the stability and density of PEG layers are often inadequate 
to provide optimum antifouling properties. To improve on these shortcomings, we employed the 
stepwise construction of PEG layers onto a silicon surface. Acetylene-terminated alkyl monolayers 
were attached to nonoxidized crystalline silicon surfaces via a one-step hydrosilylation procedure 
with 1,8-nonadiyne. The acetylene-terminated surfaces were functionalized via a copper-catalyzed 
azide–alkyne cycloaddition (CuAAC) reaction of the surface-bound alkynes with an azide to 
produce an amine terminated layer. The amine terminated layer was then further conjugated with 
PEG to produce an antifouling surface. The antifouling surface properties were investigated by 
testing adsorption of human serum albumin (HSA) and lysozyme (Lys) onto PEG layers from 
phosphate buffer solutions. Detailed characterization of protein fouling was carried out with X-ray 
photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
combined with principal component analysis (PCA). The results revealed no fouling of albumin 
onto PEG coatings whereas the smaller protein lysozyme adsorbed to a very low extent. 
 
Contribution 
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evaluation of results. 
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ABSTRACT: Poly(ethylene glycol) (PEG) is one of the most
extensively studied antifouling coatings due to its ability to
reduce protein adsorption and improve biocompatibility.
Although the use of PEG for antifouling coatings is well
established, the stability and density of PEG layers are often
inadequate to provide optimum antifouling properties. To
improve on these shortcomings, we employed the stepwise
construction of PEG layers onto a silicon surface. Acetylene-
terminated alkyl monolayers were attached to nonoxidized
crystalline silicon surfaces via a one-step hydrosilylation
procedure with 1,8-nonadiyne. The acetylene-terminated
surfaces were functionalized via a copper-catalyzed azide−
alkyne cycloaddition (CuAAC) reaction of the surface-bound alkynes with an azide to produce an amine terminated layer. The
amine terminated layer was then further conjugated with PEG to produce an antifouling surface. The antifouling surface
properties were investigated by testing adsorption of human serum albumin (HSA) and lysozyme (Lys) onto PEG layers from
phosphate buffer solutions. Detailed characterization of protein fouling was carried out with X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) combined with principal component analysis (PCA).
The results revealed no fouling of albumin onto PEG coatings whereas the smaller protein lysozyme adsorbed to a very low
extent.

■ INTRODUCTION

Biofunctionalization of materials is an important aspect in the
advancement of biosensors and biomedical devices. Function-
alization of surfaces for biotechnological applications predom-
inantly involves increasing the hydrophilicity of the surface to
decrease fouling and improve biocompatibility.1−3 Electrostatic
repulsion and the hydrophilicity of the surface are the main
factors that contribute to reducing the adsorption of
biomolecules.4 The modification of surfaces with antifouling
layers to inhibit nonspecific biointeractions is important for the
development of sensors,5 tissue engineering,6 implant materi-
als,7,8 microfluidics,9,10 protein purification, and diagnostics.11

Silicon surfaces are widely used in biosensors and biocompat-
ible materials,12−14 and therefore, it is particularly important to
produce silicon surfaces resistant to nonspecific biomolecular
and cellular adhesion.
Numerous surface modification methods have been

implemented to attain antifouling surfaces including self-
assembly,15,16 polymer grafting,17,18 and plasma modifica-
tion.19,20 Various types of polymers have been investigated
for their antifouling properties including polyacrylates,
oligosaccharides, and poly(ethylene glycol) (PEG). Much effort

has been applied in the modification of surfaces with PEG to
reduce protein adsorption and improve biocompatibility. PEG
is one of the most extensively studied antifouling polymers due
to its ability to resist protein adsorption.21 Studies have
determined that its hydrophilicity, entropy, large exclusion
volume, and coordination with surrounding water molecules in
an aqueous environment are main contributing factors in
reducing bioadhesion.22 Improved surface functionalization and
coating technologies that impart enhanced antifouling perform-
ance in addition to high stability are greatly sought after.23−25

Many of the surface modification techniques used to coat
surfaces with PEG are simple but have long-term instability
complications due to desorption.26−28 In addition to improved
stability, the PEG layer must be of high enough density and
uniformity to provide an optimal barrier against bioadhesion.
An integral factor in the development of antifouling surfaces
with long-term stability is the formation of robust chemical
bonds between the polymer and the surface.
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Organic monolayers bound directly to nonoxidized crystal-
line silicon surfaces through a silicon−carbon bond produce
highly stable monolayers in comparison to conventional silane
films on oxidized silicon.29−32 Such monolayers are easily used
as platforms for further derivatization and have therefore
become an advantageous approach in the fabrication of
complex molecular architectures on surfaces. The stepwise
construction of functional layers is also appealing due to the
commercial availability of structural constituents and the
synthetic versatility of established modular coupling techniques.
Monolayers terminated with alkynyl groups have been shown
to be easily conjugated via a copper-catalyzed azide−alkyne
cycloaddition (CuAAC), a commonly used click reaction.33

Consequently, click chemistry and in particular the CuAAC of
alkynes and azides has generated considerable interest as a
technique for the stepwise construction of highly organized
functional layers on surfaces.34,35 Several examples in the
literature have already demonstrated the successful use of
CuAAC grafting in the fabrication of polymer brushes on 2D
solid surfaces. For example, Yameen et al.36 utilized “click
chemistry" in the attachment of polyelectrolyte brushes on
planar silicon surfaces and nanochannels. Ostaci and co-
workers24,37 grafted poly(ethylene glycol) brushes to alkyne
functionalized pseudobrushes and silicon substrates by “click
chemistry”, and Britcher et al.38 demonstrated a two step
PEGylation “click chemistry” process on porous silicon.
Furthermore, these monolayers have been shown to provide
unprecedented stabilization of the underlying silicon surface
against oxidation which is important for electrically based
biosensing devices.39−41

The purpose of this work is to investigate the scope and
performance of stepwise derivatization of surfaces in the
context of improving control on the density of tethered
antifouling species. We report the direct attachment of
acetylene-terminated monolayers to nonoxidized silicon
surfaces and further derivatization by a CuAAC reaction to
produce an amine terminated layer. The amine terminated layer
was then further conjugated with PEG to produce an
antifouling surface. Previous attempts to construct antifouling
surfaces through direct CuAAC attachment of an antifouling
azide (derived from tetra(ethylene oxide)) resulted in an
insufficient reduction in fouling most likely due to a low density
of tetra(ethylene oxide) attachment.34 Consequently, for this
study, we employed the CuAAC reaction to create a uniform
platform to which the PEG could be later attached through

simple coupling techniques in the hopes of achieving a higher
density of PEG on the surface.

■ EXPERIMENTAL DETAILS
2.1. Materials. Hydrofluoric acid (48 wt % solid in water) was

purchased from Riedel-de Haen. Dimethyl sulfoxide, dichloromethane,
1,8-nonadiyne, N,N,N′,N′-tetramethylethylenediamine (TMEDA),
and 4-azidoaniline hydrochloride were of the highest purity grade
and purchased from Sigma-Aldrich. Copper(I) bromide was purchased
from Alfa Aesar (>99%). Albumin from human serum (>99% protein),
lysozyme from chicken egg white (more than 90% protein), and
phosphate buffer saline (PBS) were purchased from Sigma-Aldrich;
mPEG-propionaldehyde, 5 kDa was supplied by Laysan Bio, Inc.;
potassium sulfate (AR) and sodium cyanoborohydride (purum, >95%)
were from Chem Supply Pty Ltd.

2.2. Assembly of Monolayers of 1,8-Nonadiyne. The
preparation of 1,8-nonadiyne layers on silicon and subsequent
chemical derivatizations are schematically represented in Figure 1.
Silicon wafers were rinsed in dichloromethane and dried under argon.
The wafers were immersed for 30 min in a piranha solution (2:1
H2SO4/H2O2) maintained at 100 °C. The silicon wafers were then
immersed in an aqueous fluoride solution for 1.5 min (2.5%
hydrofluoric acid). The samples were placed in a custom-made
Schlenk flask containing a sample of 1,8-nonadiyne under an argon
atmosphere (H2O < 10 ppb, O2 < 5 ppb). The 1,8-nonadiyne sample
was degassed through a minimum of four freeze−pump−thaw cycles.
The sample was kept under a stream of argon while the reaction vessel
was immersed in an oil bath set to 165 °C for 3 h. The reaction vessel
was allowed to cool to room temperature, and the flask was then
opened to the atmosphere. The sample was rinsed thoroughly in
dichloromethane and then stored in dichloromethane under argon
before being either analyzed or further reacted with substituted azide
species.

2.3. CuAAC Derivatization of Acetylene-Terminated Mono-
layers with an Azide Species. A 10 mM solution of 4-azidoaniline
hydrochloride was prepared by dissolving 8.6 mg of 4-azidoaniline
hydrochloride in 5 mL of DMSO. A solution consisting of 11.6 mg of
TMEDA, 7.1 mg of CuBr, and 1.5 mL of DMSO was added to a
reaction vial containing the alkyne functionalized silicon surfaces.
Then 1 mL of the 4-azidoaniline hydrochloride solution and 2.5 mL of
DMSO were added to the reaction vial, and the reaction was allowed
to proceed for 1 h in the dark at room temperature, without excluding
air from the reaction environment. The prepared samples were rinsed
consecutively with copious amounts of DMSO and water, dried under
air, and then stored under argon until analysis or further reaction.

2.4. PEG Attachment. PEG grafts were fabricated via reductive
amination under marginal solvation conditions.42 The amine function-
alized samples of silicon were treated with a solution containing 2.5
mg/mL mPEG aldehyde, 3.0 mg/mL sodium cyanoborohydride, and

Figure 1. Hydride terminated Si(100) surface (a). Assembly of monolayers of 1,8-nonadiyne (b) and subsequent derivatization with an azide species
(Cu(I) catalyzed Huisgen 1,3-dipolar cycloaddition reaction with 4-azidoaniline hydrochloride) (c). Immobilization of PEG via reductive amination
(d)
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110 mg/mL potassium sulfate in 0.01 M PBS. The reaction was carried
out at 60 °C (lower critical solution temperature of 5 kDa mPEG,
LCST) for 18 h. Grafting PEG at the LCST has been shown
previously to produce higher graft densities.42 After the treatment, the
samples were removed from the solution, washed sequentially 5× with
water, and finally dried under a stream of nitrogen. A thorough
washing aimed to remove trace elements from the modified surfaces,
like sodium or potassium which, when present, would interfere with
ToF-SIMS analysis and obscure the results.
2.5. Protein Fouling Protocol. For the laboratory protein fouling

tests, human serum albumin (HSA) or lysozyme was dissolved in 0.01
M phosphate buffer saline (pH 7.4) to a concentration of 0.1 mg/mL.
Tested samples were immersed in the protein solution at room
temperature. The adsorption was allowed to progress for 3 h. Then
samples were immersed in a 0.01 M PBS solution for 2h followed by a
thorough washing in 0.01 M PBS solution to remove loosely bound
protein. Finally, samples were rinsed with Milli-Q water and blown dry
in a nitrogen stream. The fouling tendency of samples was determined
by XPS, from the surface atomic concentration of nitrogen, and by
ToF-SIMS with the aid of principle component analysis.
2.6. ToF-SIMS Analysis. ToF-SIMS measurements were per-

formed with a PHI TRIFT V nanoTOF instrument (PHI Electronics
Ltd.). A 30 keV, pulsed primary 197Au+ ion beam was used to sputter
and ionize species from each sample surface. PHI’s patented dual beam
charge neutralization system using a combination of low energy argon
ions (up to 10 eV) and electrons (up to 25 eV) was employed to
provide an excellent charge neutralization performance. Positive mass
axis calibration was done with CH3

+, C2H5
+, and C3H7

+. Spectra were
acquired in the bunched mode for 60 s from an area of 100 μm × 100
μm. The corresponding total primary ion dose was less than 1 × 1012

ions cm−2 and thus met the static SIMS regime.43 A mass resolution
m/Δm of >7000 at nominal m/z = 27 amu (C2H3

+) was typically
achieved.
Each sample was characterized by 10 positive ion mass spectra,

which were collected from sample areas that did not overlap. All
recognizable, clear (i.e., unobscured by overlaps) immonium ions from
the 2 up to 160 amu range were used in calculations. The peaks were
normalized to the total intensity of all selected peaks. Multiple mass
spectra were processed with the aid of principal component analysis,
PCA.44 PCA was performed using PLS_Toolbox version 3.0
(Eigenvector Research, Inc., Manson, WA) along with MATLAB
software v. 6.5 (MathWorks Inc., Natick, MA).
2.7. XPS Analysis. X-ray photoelectron spectroscopy was

performed with a Kratos AXIS Ultra DLD spectrometer, using
monochromatic Al Kα radiation (hν = 1486.7 eV). The system is
equipped with a magnetically confined charge compensation system
(low energy electrons are confined and transported to the sample
surface by magnetic field). Spectra were recorded using an acceleration
voltage of 15 keV at a power of 225 W. Survey spectra were collected
with a pass energy of 160 eV and an analysis area of 300 × 700 μm2.
High-resolution spectra were obtained using a 20 eV pass energy and
an analysis area of ∼300 × 700 μm2. Data analysis was performed with
CasaXPS software (Casa Software Ltd.). All binding energies were
referenced to the low energy C 1s peak at 285.0 eV. Core level
envelopes were curve-fitted with the minimum number of mixed
Gaussian−Lorentzian component profiles. The Gaussian−Lorentzian
mixing ratio (typically 30% Lorentzian and 70% Gaussian functions),
the full width at half-maximum, and the positions and intensities of
peaks were left unconstrained to result in a best fit.

■ RESULTS
3.1. Preparation of Amine Functionalized Silicon

Wafers via Hydrosilylation and Click Chemistry. A
three-step process was used to construct a PEG surface of
optimal surface coverage on silicon. The method of attachment
involved the hydrosilylation of silicon surfaces with an acetylene
terminated layer followed by a CuAAC click reaction to
produce an amine terminated layer then subsequent attachment
of aldehyde PEG via reductive amination. The attachment of

1,8-nonadyine to a silicon surface resulted in the surface shown
in Figure 1b. Characterization of this surface has been
previously reported.34 Briefly, XPS revealed the presence of a
densely packed monolayer of 1,8-nonadiyne. The Si 2p region
was dominated by a doublet, with the Si 2p3/2 at BE of around
100.0 eV. A low intensity peak was also observed at 103.4 eV,
indicating traces of silica contaminants. The survey spectrum
for the amine-terminated surface formed upon “clicking” 4-
azidoaniline to the alkyne-terminated substrate surface showed
the presence of silicon, carbon, oxygen, and nitrogen, with
atomic concentrations summarized in Table 1. The initial

oxygen levels of the amine terminated substrate appear fairly
high (13.4%) which may be attributed to surface bound
water.45 Figure 2a shows the C 1s core level spectra for the
amine functionalized silicon surface where a peak centered
around 285.0 eV can be seen, which is characteristic of carbon-
bound carbons (C−C). Additionally, a contribution on the low
binding energy (BE) side (BE of ∼284.0 eV) can be seen,
which could be attributed to carbon atoms in the C−Si
environment. However, we did not try to fit this component as
its low intensity would produce fits with poor S/N. As shown in
Table 1, following PEG immobilization (aldehyde-terminated, 5
kDa) onto the amine terminated substrate, an increase in the
atomic concentration of oxygen and carbon is observed
accompanied by a decrease of the silicon exposure. However,
as the silicon signal did not completely diminish after PEG
grafting, this would suggest the PEG layer is thinner than the
sampling depth of the XPS (5 nm) or the PEG layer is patchy.
Given the use of a low molecular weight PEG, a thickness of
less than 5 nm is probable. Atomic force microscopy can be
used to analyze the integrity of the PEG layer but was not
explored in this study. A decrease in the nitrogen exposure is
also evident after grafting PEG. In the C 1s core level spectra of
the PEG immobilized surface (Figure 2b), two distinct peaks
can be seen at 285.0 and 286.5 eV, where the high BE
component corresponds to the carbon atoms chemically
associated with oxygen via a single bond (C−O) originating
from the PEG and the low BE component corresponds once
again to hydrocarbons (C−C/C−H). The PEG terminated
surface exhibits an oxygen concentration of 23.87% (Table 1)
which does not correspond to what is expected of a pure PEG
layer (33% oxygen), but nevertheless indicates a high density of
PEG grafts.46 The PEG and grafting conditions used in our
study were consistent with that used by Kingshott et al. which
achieved PEG layers containing 19.6−21.3% oxygen when
grafting onto heptylamine and allylamine polymer layers.46 The
improvement in the PEG grafting suggests a higher density of
amine groups present on our click-generated amine layers in
comparison with the heptylamine and allylamine layers. The
high density of amine groups reinforces the application of click
chemistry for the premodification of surfaces to improve the
yield of subsequent grafting.

Table 1. Atomic Concentrations for Amine-Functionalized
Surface and Its PEG Derivative by XPS

concentration, atom %

sample O N C (%CC/CH; %C−O)a Si

amine-terminated 13.43 0.92 36.88 (100; 0) 48.36
PEG-terminated 23.87 0.59 47.45 (39.5; 60.5) 28.09

aComposition of the C 1s envelope.
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To determine the potential for the PEG modified silicon
surfaces in the prevention of nonspecific adsorption (biofoul-
ing), the surfaces were exposed to two test proteins HSA and
lysozyme and their interaction measured by XPS and ToF-
SIMS.
The high resolution C 1s XPS spectra of the PEG-modified

surfaces after contact with the solutions of lysozyme and HSA
are shown in Figure 3. It can be seen that following exposure to
the two test proteins the C 1s core-level spectrum remains
identical and indistinguishable from the control PEG graft in
Figure 2b. Most importantly, no evidence of amide C (BE =
288.2 eV) can be seen which would be indicative of significant
protein fouling.46

The quantitative data derived from the survey and C 1s
spectra for the PEG modified surfaces after incubation in the
protein solutions are listed in Table 2. Differences in the
nitrogen concentration among the samples (0.59, 0.70, and
0.83 for [PEG], [PEG+lys], and [PEG+HSA], respectively) are
too small to be used in the evaluation of fouling. The detection

limit of XPS is 10−2 of a monolayer47 which equates to the
detection of a few ng/cm2 adsorbed protein. However, this
detection limit varies greatly depending on the substrate
analyzed. Clearly, XPS does not indicate any detectable fouling
of lysozyme and HSA onto the PEG grafted surfaces.
To provide greater information on the extent of the

antifouling capabilities of these PEG coated samples, ToF-
SIMS analysis was performed on the PEG surfaces after
exposure to the protein solutions. The PEG surfaces were
tested for the adsorption of HSA and lysozyme. ToF-SIMS is a
highly specific analytical tool that has been shown to detect
extremely low amounts of adsorbed proteins on PEG surfaces
which were undetectable by XPS.46 ToF-SIMs has been shown
to achieve detection limits in the attomole range.48−51 The
sensitivity of ToF-SIMS for the detection of proteins arises
from the identification of characteristic amino acid mass
fragments (immonium ions) generated from the amino acids
that are present in the backbone of the proteins.52

Figure 4 displays the positive survey ToF-SIMS spectra (m/z
0−200) for the amine terminated surface, PEG grafted surface,
and PEG grafted surface after contact with lysozyme and HSA.
For the amine terminated surface (Figure 4a), the intense ion
signals at nominal m/z 28, 29, 43, 73, and 147 amu can be
attributed mainly to Si+, SiH+, CH3Si

+, (CH3)3Si
+, and

C5H15OSi2
+ fragments, which reflect covalently immobilized

nonadiyne onto silicon. Most of the individual nominal masses
contain multiple fragments (e.g., there are 5 components within
the nominal mass of 42 amu as shown in Figure 4a), but in this

Figure 2. C 1s core level spectra of amine-functionalized surface (a) and its PEG modified derivative (b).

Figure 3. C 1s core level spectra of PEG modified surfaces after contact with lysozyme (a) and HSA (b).

Table 2. Atomic Concentrations for PEG Modified Surfaces
after Contact with Lysozyme and Human Serum Albumin

concentration, atom %

sample O N C (%CC/CH; %C−O)a Si

PEG + lys 22.71 0.70 48.05 (39.5; 60.5) 28.54
PEG + HSA 23.34 0.83 49.13 (41.3; 58.7) 26.70

aComposition of the C 1s envelope.

Langmuir Article

dx.doi.org/10.1021/la400721c | Langmuir 2013, 29, 8355−83628358



initial assignment we refer to the most prominent component
within the group.
The ToF-SIMS positive mass spectrum of the PEG modified

surface is shown in Figure 4b. The major peaks at nominal m/z
29, 31, 43, 45, 57, 59, 73, and 87 amu correspond to CHO+,
CH3O

+, C2H3O
+, C2H5O

+, C3H5O
+, C3H7O

+, C4H7O
+,

C3H5O2
+/C4H9O

+, and C4H7O2
+ respectively. These fragments

are the PEG fingerprints, since they are present in the spectrum
due to the fragmentation of the PEG backbone. The spectrum
indicates high density of PEG on the surface, though low levels
of the aminated substrate characteristics are still detectable in
the high resolution mass spectra (numerous silicon containing
positive fragment ions such as Si+, SiH+, CH2Si

+, CH3Si
+),

consistent with the use of relatively low molecular weight PEG
and hence a thickness of the vacuum-dried grafted layer not
significantly exceeding the probing depth of ToF-SIMS.
Traces (c) and (d) in Figure 4 present the ToF-SIMS spectra

for the PEG coated surface after exposure to lysozyme and HSA
respectively. Both spectra appear very similar to the spectrum
of the initial PEG surface (Figure 4b). Survey spectra show only
intensities at nominal masses, which do not always provide
sufficient discrimination between the examined samples.
Differences, however, emerge upon close inspection of each
nominal mass range utilizing high mass resolution of static

ToF-SIMS. This is illustrated in the insets in Figure 4, which
presents the magnified spectra in the mass region m/z 41.85−
42.15 amu for the amine terminated surface, PEG coated
surface and PEG coated surfaces after contact with HSA and
lysozyme, a region that is hardly visible in the survey spectra in
Figure 4. Interestingly, there appears to be a slight increase in
the intensity of the C2H4N

+ fragment after exposure to
lysozyme (Figure 4c inset) but not to HSA (Figure 4d inset).
As the C2H4N

+ immonium ion reflects the alanine residue
present in both proteins, it is likely that lysozyme has slightly
adsorbed onto the PEG surface whereas HSA did not adsorb.
The differences between the samples shown by the positive

mass spectra in Figure 4 are based only on a few peaks selected
from a single positive mass spectrum. Although this univariate
analysis is useful, it disregards information contained in the
remaining peaks that can be important in proper evaluation of
the antifouling potential of these surfaces. Therefore, in this
study PCA, was also used to extract information from the
complex ToF-SIMS data and to aid in the data interpretation.
In our attempt to classify the spectra by PCA we used a set of
positive fragment ions that are listed in Table 3.
Our focus was only on the nitrogen-containing peaks, which

are characteristic of amino acid residues present in proteins so
they could be used to indicate nonspecific protein adsorption.

Figure 4. Positive survey mass spectra for (a) amine terminated Si surface; (b) PEG modified surface; (c) PEG modification after laboratory fouling
test with lysozyme; (d) PEG modification after laboratory fouling test with human serum albumin. Insets: High mass resolution of static ToF-SIMs
in the 42 amu region.
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In the initial selection, which was based on the assignments
taken from literature,53−56 39 were considered; however, some
immonium ions had to be eliminated as other spectral lines
interfered with them (e.g., CH3N2

+, which is related to arginine,
overlaps with C2H3O

+, which originates from the PEG).
Figure 5a shows the scores plot of immonium ions on PC1

and PC2 for the pristine PEG coated samples and for the PEG

coated samples after contact with lysozyme (PEG+lysozyme)
and HSA (PEG+HSA). Each sample was characterized by 10
groups of immonium ions derived from replicate positive static
secondary ion mass spectra. PC1 and PC2 capture around 90%
of the total variance, which indicates that most of the original
information is retained in this two-PC model. The PEG and

PEG+HSA groups overlap along both PCs, which reflects their
similar surface chemistries in terms of nitrogen species. HSA
appears not to foul onto the PEG modification upon contact.
This cluster has positive scores on PC1. A high positive loading
of C3H8N

+ on PC1 indicates its association with the PEG
surface prior to contact with the proteins (Figure 5b). In
contrast, the PEG+lysozyme cluster has negative scores on PC1
and it is well-separated from its PEG precursor signifying that
the PEG surfaces before and after exposure to lysozyme are
different. The loadings of immonium ions on PC1 point at the
peaks that discriminate the groups. The spectra for PEG
+lysozyme have more intense peaks at nominal m/z 28, 30, 44,
70, 84, 86, and 100 amu. The highest intensity at m/z 70 amu
(C4H8N

+) reflects the proline residue, which is present in the
lysozyme structure. In summary, PCA on the ToF-SIMS data
reveals some fouling of lysozyme onto the PEG modified
surface. These PCA results indicate that the PEG surface is fully
antifouling to large proteins only. However, it should be noted
that the amount of lysozyme adsorbed onto the surface is small.
Lysozyme is a low-molecular weight protein (15 kDa) and is
most likely too small to be completely repelled by the hydrated
chains of the PEG layer and can therefore diffuse, to a limited
extent, through the PEG layer and absorb onto the surface or
become trapped in the PEG layer.17,57,58 This molecular weight
dependence is evident from the comparison of the adsorption
of a comparatively large protein (HSA, 67 kDa) onto the PEG
coated surface (Figure 4d), where ToF-SIMS was unable to
detect any presence of HSA. These results therefore indicate
that the surface is completely resistant to fouling by large
proteins while smaller proteins may be able to adsorb to a small
extent.

■ CONCLUSION

The stepwise construction of an antifouling layer was achieved
through the conjugation of PEG to an amine terminated silicon
surface which was prepared by covalent attachment of an
acetylene terminated layer and subsequent CuAAC derivatiza-
tion with an amine terminated azide. This method to attach
PEG onto surfaces proved to be an excellent method for
preparing antifouling surfaces. A high surface density of PEG
was suggested by XPS results, where characteristic peaks from
the acetylene/azide monolayer disappear after PEG grafting
and a characteristic peak from PEG coupling (C−O) is
observed. Characterization of the antifouling properties of the
PEG layer was carried out with ToF-SIMS as XPS was not
sensitive enough to suggest any fouling of lysozyme and HSA
onto the PEG surfaces. The ToF-SIMs data after exposure of
the PEG surfaces to two proteins; lysozyme (15 kDa) and HSA
(67 kDa) revealed minute amounts of fouling by lysozyme and
no fouling by HSA. PCA was used to further extract and clarify
the information from the ToF-SIMS data and confirmed the
adsorption of lysozyme onto the PEG modified surface due to
discrepancies in the scores plot between the PEG surfaces
before and after lysozyme exposure. In summary, although a
high surface density of grafted PEG was achieved, the surface is
completely antifouling to larger proteins while smaller bio-
logical species are significantly but not completely repelled.
With the smaller biological species, it is hypothesized these may
be able to penetrate into the PEG layer and adsorb and hence
are less effectively repelled.

Table 3. Positive Fragment Ions Used in PCA

no. fragment m/z no. fragment m/z

1 H3N
+ 17.026 16 C3H8NO

+ 74.056
2 H4N

+ 18.036 17 C5H10N
+ 84.082

3 CH2N
+ 28.018 18 C4H8NO

+ 86.070
4 CH3N

+ 29.026 19 C5H12N
+ 86.096

5 CH4N
+ 30.034 20 C4H4NO2

+ 98.028
6 C2H4N

+ 42.033 21 C4H10N3
+ 100.082

7 C2H6N
+ 44.051 22 C4H8NO2

+ 102.059
8 C3H4N

+ 54.033 23 C5H8N3
+ 110.055

9 C3H6N
+ 56.049 24 C6H10NO

+ 112.070
10 C3H8N

+ 58.066 25 C8H10N
+ 120.081

11 C3H4NO
+ 70.038 26 C9H8N

+ 130.069
12 C4H8N

+ 70.067 27 C8H10NO
+ 136.078

13 C4H10N
+ 72.082 28 C10H11N2

+ 159.081

Figure 5. Scores on PC1 and PC2 (a) and loadings on PC1 (b) of
immonium ions from static positive mass spectra of PEG modification
and after its exposure to lysozyme and HSA.
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Abstract 
We demonstrate how light from an electrically driven carbon nanotube can be coupled directly into 
a photonic waveguide architecture. Waferscale, broadband sources are realized integrated with 
nanophotonic circuits allowing for propagation of light over centimeter distances. Moreover, we 
show that the spectral properties of the emitter can be controlled directly on chip with passive 
devices using Mach-Zehnder interfero-meters and grating structures. 
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 An alternative approach is the integration of monolithic 
nanoscale light emitters with photonic waveguide structures. 
A fi rst proof-of-principle has been shown by Park et al., who 
placed a nanowire light source close to a photonic crystal wave-
guide. [ 17 ]  More recently also carbon nanotubes (CNTs) have 
been combined with photonic waveguides and cavities. [ 18,19 ]  In 
these experiments light emission from the nanotube has been 
stimulated optically by a free-space laser source and coupling 
of fl uorescent light from nanotubes into photonic structures 
has been demonstrated. Carbon nanotubes, however, can also 
be stimulated electrically to emit light, which is the preferred 
method of excitation for chipscale solutions. Depending on the 
type of the nanotube, its diameter and the mode of operation 
the emission can be narrowband or broadband. [ 20–24 ]  Moreover 
the emitted light is polarized along the nanotube axis and 
emitted preferentially perpendicular to the nanotube axis. [ 20 ]  
In this work we demonstrate effi cient coupling of light emitted 
from an electrically-stimulated carbon nanotube into a photonic 
circuit by integrating a CNT with its long axis perpendicular to 
a photonic waveguide. We use electric-fi eld assisted placement 
of solution-processed carbon nanotubes into pre-patterned 
structures containing the photonic waveguide, couplers, Mach-
Zehnder structures and electrical wiring. Our approach allows 
for contacting multiple devices in parallel as a key step towards 
carbon based optical interconnects. 

 All the devices in this study consist of three basic compo-
nents: carbon nanotubes, nanophotonic waveguides with cou-
pler gratings, and metallic contacts. The device fabrication was 
performed in three steps. At fi rst, 60 nm thick metal contacts 
with a gap of 1 µm were formed on a doped Si-wafer with 
SiO 2  (2 µm)/Si 3 N 4  (0.2 µm) top layers, using electron-beam 
litho graphy and subsequent metal evaporation. Then, 500 nm 
wide waveguides terminated with focusing grating couplers 
were defi ned with electron beam lithography and formed by 
thinning 100 nm of the Si 3 N 4  layer in between the metal con-
tacts by reactive ion etching. Optimal etching parameters for 
obtaining the nominal etching depth in combination with 
minimal surface roughness were identifi ed using refl ectom-
etry, scanning electron microscopy and atomic force micros-
copy. Finally, single-walled carbon nanotubes were deposited 
in between the metal contacts and onto the waveguide by die-
lectrophoresis from an aqueous dispersion. [ 25,26 ]  Use of CNT 
based material enables us to employ nanotube solutions with 
high uniformity and suffi cient CNT content for effi cient con-
tacting of many devices in one single deposition step, which is 
thus a procedure also suitable for waferscale fabrication. The 
dielectrophoretic force thereby ensures precise alignment of the 
nanotubes with the nanotube axis perpendicular to the direc-
tion of the waveguide, which guarantees optimal coupling of 
the emitted radiation into the underlying optical circuitry. The 

  Photons propagating at the speed of light and outpacing elec-
trons are the fastest carriers of information possible. For this 
reason a large proportion of mid- and long-distance electrical 
communication connections have been replaced by fi ber 
optics in the last years. [ 1 ]  The next evolutionary step will be the 
replacement of short-distance electrical connections by optical 
waveguides, which will thereby enhance on-chip data transfer 
rates, for example between processor and memory. [ 2 ]  In order 
to achieve this goal the development of optical modules with 
large numbers of input and output channels will be required. 
Furthermore, on-chip generation of light will be needed to over-
come foreseeable limitations in scalability and reproducibility. 
The then required level of integration will exceed the capacity 
of conventional integrated optical circuits [ 3 ]  and will necessitate 
the use of waveguides with tight modal confi nement, as well 
as the co-integration of active components. Recently, carbon 
based optoelectronic devices [ 4,5 ]  have emerged as a promising 
platform to realize nanoscale light emitting diodes, [ 6 ]  narrow-
band thermal emitters, [ 7 ]  cavity controlled detectors [ 7,8 ]  and 
wideband electro-optic modulators, [ 9 ]  which can be used for 
chipscale information processing and for high bandwidth on-
chip communication. [ 10,11 ]  

 Since the beginning of the fi eld it has been a challenge to 
couple light into nanoscale photonic waveguides. The cur-
rent state-of-the-art solution is to launch light from external 
sources, such as lateral microcavity lasers, [ 12 ]  vertical cavity sur-
face emitting lasers, [ 13 ]  or microdisc lasers, [ 14 ]  into the photonic 
waveguides using fi ber-coupling techniques. [ 15,16 ]  These hybrid 
solutions, however, require sophisticated multilevel nanofabri-
cation processes for producing the lasers, which is in marked 
contrast to comparably simple photonic waveguide processing 
techniques. Furthermore, tight alignment tolerances for the ori-
entation of the waveguide with respect to an optical fi ber core 
make such an approach unfeasible for large numbers of input/
output ports. 

Adv. Mater. 2014, 26, 3465–3472
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nanotube dispersion contained predominantly semiconducting 
nanotubes and residual metallic nanotubes. Even though the 
exact content of metallic nanotubes is currently not known, we 
verify by electrical measurements that some contacts are solely 
connected by semiconducting tubes. Variation of the dielectro-
phoresis parameters like exposure time, concentration of nano-
tubes as well as amplitude and frequency of the applied voltage 
was used to control the number of carbon nanotubes deposited 
in between the metal contacts. In our study we employ both 
devices with single CNT emitters as well as circuits that con-
tain several CNTs in order to raise the emitted radiation signal 
to levels above the detector noise fl oor. Optical measurements 
on both types of devices show qualitatively similar spectral 
properties, where the devices with more CNT emitters provide 
stronger signal levels roughly proportional to the number of 
CNT devices. For further details on the device fabrication and 
materials we refer to the methods section. 

  Figure    1  a shows the central device structure comprising of 
a nanotube which is positioned across the waveguide and is in 
contact with the metal electrodes. We will refer to this structure 
as the waveguide-coupled carbon nanotube emitter E in the fol-
lowing. A schematic cross-section of E is shown in Figure  1 b. 
The chosen structure enables single-mode propagation of vis-
ible and near-infrared light within the waveguide, and ensures 
that light propagation is not perturbed by the 250 nm distant 
metal electrodes on either side of the waveguide. At the same 
time a direct contact between the nanotube sidewall and the 
waveguide top surface, and between the nanotube end and 
metal electrodes, respectively, is ensured. In all devices, the 
waveguides are terminated by two Bragg couplers C1 and C2, 

as shown in Figure  1 c. This confi guration allows the far-fi eld 
coupling of light into and out of the waveguide for transmis-
sion experiments using an external light source as described in 
the methods section. The grating couplers provide typical inser-
tion loss of 7 dB at 700–800 nm wavelength if the Si 3 N 4  layer is 
thinned to half of its thickness, as shown in Figure  1 b. The cou-
pling bandwidth is roughly 30 nm, centered around a coupling 
wavelength that can be adjusted by varying the period of the 
grating (supplementary information). The couplers C1 and C2 
also ensure that light which is generated by the carbon nanotube 
emitter E – coupled into the waveguide and propagating along 
the waveguide – will be coupled out for far-fi eld detection. The 
expected near-fi eld coupling of light from the nanotube into the 
waveguide has been simulated with 3D fi nite-difference time-
domain calculations of the electric-fi eld intensity 2E

→
, described 

in the methods section. The nanotube emitter is modeled as an 
elongated electrical dipole at the waveguide-air interface with 
the dipole moment oscillating perpendicular to the waveguide 
axis and hence parallel to the nanotube axis. Figure  1 d shows, 
that near-fi eld coupling of light from the nanotube emitter into 
the waveguide is expected, as well as the propagation of light 
within the waveguide. A cross-section through the waveguide 
mode at 750 nm is shown in Figure  1 b as a color overlay on the 
waveguide facet. Figure  1 d also shows that part of the emitted 
light will be far-fi eld coupled into and out of the substrate along 
the surface normal. These light paths give rise to interference 
effects shaping the spectral profi le of the emitter and allow for 
free-space spectral analysis of the emitted light.  

 Electrically induced light emission has been measured in the 
dark with a low-temperature CCD camera directly attached to 

Adv. Mater. 2014, 26, 3465–3472

 Figure 1.    Waveguide-coupled carbon nanotube light emitter. (a) False-colored scanning electron micrograph showing two metal electrodes (yellow) 
and a photonic waveguide (purple), bridged by a single-walled carbon nanotube. Tilt angle 45°, scale bar 1 µm. The inset shows the indicated region 
at higher magnifi cation. Carbon nanotubes appear as thin white lines. Tilt angle 0°, scale bar 500 nm. (b) Schematic cross-sectional view of the multi-
layer device structure (not to scale). The central waveguide is etched into the Si 3 N 4  layer and runs along the x-axis. The carbon nanotube is in contact 
with the Au/Cr metal and the waveguide, and aligned with the y-axis. (c) Low-magnifi cation optical micrograph of a complete device comprising the 
indicated central emitter region, shown in (a), and the extended photonic waveguide with two terminating coupler gratings C1 and C2. Top view, scale 
bar 30 µm. (d) Cross-section through a 3D fi nite-difference time-domain simulation of the electric-fi eld intensity 

→
E 2. The carbon nanotube is simulated 

as an electrical dipole at the waveguide-air interface, oscillating perpendicular to the x-z-plane.
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an optical microscope. The emission images were then com-
pared with recordings under external illumination, enabling 
identifi cation of light emission sources. Spectral information 
was obtained through a retractable grating in combination 
with a fi eld aperture. The device was mounted on a motor-
ized stage and electrically connected through probe needles. 
For details of the light-emission measurement setup we refer 
to the methods section. Upon electrical biasing of the nano-
tube in the range of typically 3–10 V (corresponding to an 
electrical power of 1–100 µW) we observe light emission from 
three spots as shown in  Figure    2  a. The central emission spot 
is correlated with the position of the waveguide-coupled carbon 
nanotube emitter E and hence due to the emission of pho-
tons along the surface normal within 60° acceptance angle of 
the microscope objective. The other two emission spots are 
located at the positions of the coupler gratings C1 and C2. 
Light is generated at E and the photons detected at C1 and 
C2 have propagated through the waveguide prior to being 
diffracted at the grating coupler. The image is thus direct evi-
dence, that photons emitted from an electrically-driven carbon-
nanotube, couple into the waveguide, propagate over 150 µm 
in both directions of the waveguide, and couple out into the 
far fi eld. Comparing the signal intensities recorded at E, C1 
and C2, we estimate a lower bound for the coupling effi ciency 
into the waveguide on the order of 50%, in agreement with 

numerical simulations. Figure  2 b shows a series of emission 
spectra recorded at E with increasing electrical power. Overall 
the signal intensity increases towards longer wavelength with a 
wavelength-dependent modulation. The spectra  I (λ), measured 
at the detector, show the typical profi le of black-body radiation 
enveloped with the interference fringes due to back-refl ection 
from the underlying silicon substrate. Photons emitted into air 
( I  1 (λ)) are interfering with photons emitted towards the silicon 
substrate and refl ected back at the SiO 2 /Si interface ( I  2 (λ)), as 
described by ( ) 1( ) 2( ) 2 1( ) 2( ) Re 12( )I I I I Iλ λ λ λ λ γ τ= + + ⋅ ⋅ ⋅ . [ 27 ]  γ 12 (τ) is 
the complex degree of coherence function and  τ  is the delay 
time between the emitted and refl ected photons. We have fi tted 
the spectra to ( ) ( , ) [1 2 ( ) int ( )]12f fPlanck T fλ λ τ λ∝ ⋅ ⋅ + ⋅ ⋅γ , with the elec-
tron temperature  T  dependent Planck curve  f  Planck (λ, T ) and a 
structure dependent interference term  f  int (λ). The interference 
term has been calculated with a transfer matrix approach taking 
into account that the nanotube emitter is located at the Si 3 N 4 /
air interface. For details on the fi tting procedure we refer to the 
supplementary information.  

 In general the visibility of the interference fringes depends on 
the degree of temporal coherence and is determined by the mag-
nitude of the coherence function |γ 12 (τ)|. A value of 1 is obtained 
for a fully coherent source and 0 for a completely incoherent 
source. [ 27 ] τ = Δz/c is defi ned by the optical path difference Δz. 
With 12( ) ( ) exp 20 fPlanck i dγ τ ν π ντ ν( )= ⋅ −∞

∫ , [ 28 ]  Δz = 6.98 µm, [ 29 ]  and 

Adv. Mater. 2014, 26, 3465–3472

 Figure 2.    Light emission and propagation. (a) CCD-camera image of the device shown in Figure  1 a-b under electrical bias. Light emission is observed 
from the carbon nanotube emitter (E) and from the terminating coupler gratings C1 and C2, both connected with (E) through the waveguide (not 
visible). Superimposed is a grayscale image of the sample under external illumination to reveal the position of the electrodes. Scale bar 50 µm. 
(b) Sequence of carbon nanotube emission spectra recorded at (E) with increasing electrical power dissipation. The data is fi tted with a Planck spectrum 
modulated by substrate induced interference fringes. The fi t-parameter temperature is given for every curve. (c) High-resolution CCD camera image 
of the coupler grating C2 (with 85% opacity). Indicated are regions of diffusive scattering and Bragg scattering, close and remote from the waveguide 
entrance, respectively. Superimposed is a scanning electron micrograph of C2 to reveal the position of the waveguide (entering from top). Scale bar 
5 µm (d) Spectra from C1, recorded at regions of diffusive scattering and Bragg scattering, respectively. Spectra from diffusive scattering are similar to 
the spectra of (E) although with dips at  λ  1  and  λ  2 . The missing intensity is recovered in the spectra from the Bragg scattering as explained in the text.
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1622 K, we can calculate the theoretically expected value of |γ 12 (τ)| 
for our thermal emitter and obtain |γ 12 (τ)| = 0.0040–0.0026. 
Experimentally, however, we fi nd a somewhat smaller value of 
|γ 12 (τ)| = 0.025–0.016. This discrepancy could be related to the 
reduced dimension of the emitter – an argument that has been 
put forward to explain the enhanced coherence recently observed 
with metallic nanowires. [ 30 ]  Use of CNTs as a thermal fi lament 
enables us to reach these signifi cant temperatures without 
damage to the emitter. Because of the nanoscale diameter of the 
tube the driving current is suffi cient to raise the CNT to tempera-
ture levels that lead to signifi cant emission levels within the spec-
tral bandwidth of the CCD camera. In our case we expect a long-
wavelength cut-off because of the fi nite nanotube length, which 
would reduce the spectral width of the emitter and thus enhance 
the temporal coherence. However, studying these effects further 
is beyond the scope of this paper. That the emission spectrum 
does not refl ect the narrow-band excitonic transitions of semi-
conducting nanotubes, [ 20,21 ]  but rather broad-band thermal emis-
sion [ 22,24 ]  can be attributed to residual metallic nanotubes present 
in our devices, which would also explain the small on-off ratios 
of the transfer characteristics (not shown). Fabricating similar 
devices from ultra-high purity semiconducting nanotube disper-
sions would alleviate this effect. On the other hand the appear-
ance of electrically induced black-body radiation (incandescence) 
could also be a consequence of the limited sensitivity of our 
measurement setup, which requires operating the CNT emitter 
in a high current mode. In this regime the black-body radiation 
dominates weak S22 electroluminescent emission, which would 
be expected at 750 – 820 nm for our CNT solution (Figure S2). 
Unfortunately the fundamental transition S11 of the investigated 
nanotubes lies beyond the wavelength cutoff of the CCD camera 
(1100 nm) and can therefore not be observed. 

 We then study the spectral properties of the light that is cou-
pled out by the coupler gratings C1 and C2. Figure  2 c is a high-
resolution image of C2, superimposed on a scanning electron 
micrograph. The waveguide is entering the coupler grating 
from the top of the image. One can observe that the coupling of 
light out of the surface into the far-fi eld occurs over an extended 
region. The maximum signal intensity is recorded at the posi-
tion of the fi rst grating lines (compare with supplementary 
information Figure S1a) and is caused by diffusive scattering of 
photons with wavelengths outside the bandwidth of the grating 
coupler. Figure  2 d shows incandescence spectra recorded at the 
diffusive scattering region of C2 for two gratings with different 
period and thus different central coupling wavelengths. The 
overall spectra from the diffusive scattering regions are quali-
tatively similar to the emission spectra recorded at E, and the 
intensity modulations due to interference effects at the emitter 
E are also reproduced. However the spectra reveal distinct 
dips at the wavelengths which correspond to the characteristic 
grating wavelengths λ 1  and λ 2  defi ned by the grating period, 
respectively. Those “missing” photons continue to propagate 
into the grating structure and are then coupled out closer to 
the bottom of the coupler. Hence the spectra recorded at the 
Bragg scattering regions are dominated by photons with wave-
length λ 1  and λ 2 , respectively. As a result, grating structures 
inscribed into the on-chip photonic waveguide architecture may 
be employed for spectral fi ltering. 

 For potential applications where electrical wiring is replaced 
by photonic leads it is important to demonstrate the coupling 
of light emited from an electrically driven carbon nanotube 
into extended waveguides and to determine propagation losses 
within the waveguide. Therefore, we have fabricated a series 
of nanophotonic circuits with asymmetric long waveguides 
between the waveguide-coupled nanotube emitter E and the 
couplers C1 and C2. The distance  d  E-C1  between E and C1 is 
fi xed to 25 µm, whereas the distance  d  E-C2  between E and C2 is 
varied systematically from 1.6 mm to 10.1 mm for the devices 
shown in  Figure    3  a. Fabricating identical couplers within the 
fi eld of view and keeping for all samples  d  E-C1  <<  d  E-C2 , allows 
calculating the losses in the waveguide from the signal inten-
sity at C1 and C2, even though the internal light source inten-
sity varies from sample to sample. We fi rst characterize the 
propagation loss in the photonic circuits by characterizing the 
transmission performance using a supercontinuum source 
and a spectrometer as shown in Figure  3 b. The data reveals 
the Gaussian profi le of the grating couplers, where the inter-
ference fringes result from Fabry-Perot-like refl ections between 
the grating couplers. We note that the fi ne features are not 
fully resolved due to the limited resolution of the spectrometer. 
With increasing waveguide length higher absorption is present, 
leading to lower overall transmission within the spectrum. 
Then we characterize the on-chip losses using the emission 
from the CNT emitter. Figure  3 b shows the CCD-camera image 
of the electrically biased device with a waveguide of length 
L = 6.5 mm. Similar to Figure  2 a we observe light emission 
from E, C1 and C2. Also here, E is the only source of photons 
and hence the photons emitted at C2 are coupled out after 

propagation through the 6.5 mm long waveguide. The losses 

per unit length η are calculated via d

dL
Log

IC
IC L
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.  I  C1  and 

 I  C2  are the signal intensities at C1 and C2 integrated within the 
indicated regions in Figure  3 b. Figure  3 d shows that the average 
loss per length is 9.1 ± 2.1 dB/cm, which is typical for the type 
of waveguide geometry used here. [ 31 ]  The results are also con-
fi rmed by the independent loss measurements with the external 
light source (methods section). The transmission spectra 
shown in Figure  3 c are dominated by the narrow-band cou-
plers and therefore each spectrum has a maximum at 756 nm, 
corresponding to the characteristic wavelength of the used grat-
ings. The overall signal intensity decreases with increasing 
waveguide length and is due to losses in the waveguide. Hence 

η =
⎛

⎝
⎜
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⎟

⎛
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⎟
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d
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I

IC nm L

, under the condition of identical fi ber 

coupling for every sample.  I  0  is the signal intensity of the 
external source determined with a reference detector. Figure  3 d 
shows that the average loss per length is 12.7 ± 1.2 dB/cm, 
which was measured before the CNT-deposition, and compares 
reasonably well to the measurement with the internal nano-
tube light source. The absolute loss in dB in the CNT-based 
measurements is higher because of contamination of the wave-
guides after deposition, and accounts for the discrepancy in the 
fi tted slope.  

 Finally, we realize Mach-Zender (MZ) interferometers co-
integrated with a waveguide-coupled carbon nanotube emitter 
for the purpose of demonstrating electrically-driven interfer-
ence of light on a chip. The MZ interferometer is located 
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between the emitter E and the coupler C2 and consists of a 
bifurcated waveguide, that splits into two arms with a path dif-
ference ΔL = 50 µm, before rejoining, as shown in  Figure    4  a. 
The total waveguide length between C1 and C2 is 640 µm when 
passing through the lower arm and 690 µm for the longer arm, 
respectively. Biasing the emitter E induces light emission from 
E, C1 and C2, as observed in the previous structures. We focus 
now on the emission at the coupler C2 at the output of the MZ 
structure. Figure  4 b shows spatially resolved emission spectra 
of C2 along the y-axis. The dashed lines mark the location of 
C2 within the y-axis range. There are two types of wavelength-
dependent intensity modulations: A long-wave modulation, 
with intensity minima at 800 nm and 900 nm, and a short-
wave modulation with a period of a few nanometers. This can 
be better seen when integrating the spectra over the indicated 
y-axis range, including both Bragg and diffuse scattering. The 
resulting data is plotted Figure  4 d together with a spectrum 
recorded at E. The long-wave intensity modulation reproduces 
the modulation directly measured at E, and hence is due to 
interference effects along the surface normal because of back-
refl ection from the silicon substrate. The short-wave inten-
sity modulation, measured only at C2, is induced by the MZ 
structure and is hence due to the interference of light within 
the waveguide along the surface. The expected periodicity of 
the intensity modulation Δλ (or free spectral range FSR), is 
given by Δλ = λ 2 /(n g (λ)·ΔL), [ 32 ]  where n g (λ) is the group refrac-
tive index of the waveguide according to the supplementary 

information. With n g  (850 nm) = 1.964 and ΔL = 50 µm we 
obtain Δλ = 7.4 nm at 850 nm, which fi ts very well to the exper-
imental value of ∼ 7 nm. The data is confi rmed by transmission 
measurements with an external light source, and similar short-
wave intensity oscillation are observed, as shown in Figure  4 c. 
The periodicity of ∼5 nm, measured at 745 nm, fi ts well to 
Δλ = 5.4 nm using n g  (750 nm) = 2.047. Figure  4 e shows the 
excellent agreement between FSR measurements obtained with 
the on-chip waveguide-coupled carbon nanotube emitter and 
the external light source, along with a theoretical simulation 
with no fi t parameter.  

 The direct, near-fi eld coupling of light from an electrically-
driven carbon nanotube into a waveguide, as opposed to the 
traditional far-fi eld fi ber coupling of an external light source, 
opens up new opportunities to produce compact optoelectronic 
systems. Considering the wide range of different, structure-
dependent emission spectra of semiconducting and metallic 
carbon nanotubes and the continuing progress in the sorting 
of specifi c nanotubes, it seems possible to use nanotubes with 
specifi c emission lines in the near future. The use of electri-
cally triggered on-chip nanotube emitters for signal transmis-
sion through extended waveguides and interferometers shown 
in this work provides the basis for next-generation nanoscale 
interconnects that can be seamlessly integrated with passive 
silicon photonic technology. While the emitters are operated 
at high currents in this work leading to incandescence, in con-
trast, tailored electroluminescent emission within the range 
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 Figure 3.    Propagation loss in extended waveguide structures. (a) Optical micrographs of 4 out of 7 devices with asymmetrically long waveguide seg-
ments between the nanotube emitter E and the coupler gratings C1 and C2. The segment between E and C1 is fi xed to 25 µm. The total waveguide 
length L between C1 and C2 for the devices shown here is 3.6 mm, 5.3 mm, 6.5 mm and 7.3 mm. Scale bars indicated. (b) CCD-camera image of the 
device with L = 6.5 mm under electrical bias. Light emission is observed from the carbon nanotube emitter (E), the nearby coupler C1 and the remote 
coupler C2. Losses in the waveguides are calculated from the integrated scattering light intensities I(C1) and I(C2) at C1 und C2 within the dashed 
regions, respectively. Scale bar 25 µm. (c) Transmission spectra of complete devices (C1-waveguide-C2) measured with an external supercontinuum 
light source. Losses in the waveguide are calculated from the decreasing signal intensity at the peak wavelength 756 nm with increasing waveguide 
length L and are plotted in d). (d) Comparison between losses in the waveguide determined with the external supercontinuum light source (blue) and 
with the integrated waveguide-coupled carbon nanotube light emitter source (red).
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of the CCD detector will be possible by employing CNT mate-
rial with an S11 peak at shorter wavelengths. Alternatively 
extending the detecting window of the camera into the techno-
logically relevant NIR-range could reveal electroluminescence 
at low current levels where thermal radiation is expected to be 
absent. This mode of operation will then enable to use tailored 
spectral emission in nanophotonic circuits by using a suitable 
type of carbon nanotube.   

 Experimental Section 
  Device Fabrication and Materials : Rib waveguides were fabricated in 

close vicinity to electrical contacts using several steps of electron beam 
lithography with subsequent dry etching. The nanophotonic devices were 
prepared from high quality silicon carrier wafers, containing 200 nm of 
stoichiometric silicon nitride deposited by low pressure chemical vapor 
deposition (LPCVD) on top of 2000 nm buried oxide. Prior to lithography, 
all samples were cleaned via sonication in acetone for 10 min, rinsing 
in isopropanol followed by oxygen plasma etching (Diener Femto, 20 % 
power, 10 sccm, 0.4 mbar, 3 min) to remove organic residue. To drive 
off remaining water the samples were dried on a hot plate at 200 °C 
for 5 min. During the fi rst lithography step the pattern for electrical 
contacts was written in 250 nm of PMMA on a Raith EBL system. After 
exposure the sample was developed in a solution of methylisobutylketon 
(MIBK): isopropanol (1:3). For manufacturing of metal contacts 50 nm 
gold was evaporated with a 5 nm adhesive layer of chromium and a 
10 nm coating layer of chromium on top. The subsequent liftoff was 
performed by immersing the sample in acetone with subsequent weak 
sonication. In a second lithography step nanophotonic waveguides were 

defi ned in ZEP 520A positive resist with alignment accuracy better than 
20 nm. After developing for 50 s in Xylene, reactive ion etching was used 
to transfer the pattern from resist into the silicon nitride on an Oxford 
80 system. The etching recipe contained 50 sccm CHF 3  and 2 sccm O 2  
at 175 W RF power and a base pressure of 55 mTorr. The sample was 
etched for roughly 90 s at a rate of 1.1 nm/s. 

 Carbon nanotube dispersions were prepared using the sorting 
method previously described by Flavel et al. [ 33 ]  In brief 10 mg of raw 
single-walled carbon nanotube material (SWNT) from NanoIntegris 
was suspended in 15 mL of H 2 O with 1 wt-% sodium dodecyl sulfate 
(SDS) using a tip sonicator (Bandelin, 200 W maximum power, 20 kHz, 
in pulsed mode with 100 ms pulses) applied for 2 h at ∼20 % power. 
The resulting dispersion was then centrifuged at ∼100,000 g for 
1.5 h and carefully decanted from the pellet that was formed during 
centrifugation. The centrifuged SWNT material was then used for 
gel fi ltration fractionation. Gel fi ltration was performed as described 
previously by Moshammer et al., [ 34 ]  using a Sephacryl S-200 gel fi ltration 
medium in a glass column of 20 cm length and 2 cm diameter with a 
fi nal bed height of ∼14 cm. After separation of the metallic SWNTs from 
the semiconducting SWNTs (stuck on the gel) the pH of the 1 wt-% 
SDS in H 2 O eluent was changed from 4 to 1 upon addition of the 
appropriate concentration of HCl. The pH was reduced in 12 steps with 
the (8,7) material collected as an early fraction. The collected fraction 
was then dialyzed for 24 h to readjust the pH to 7 in 1 mL Float-A-
Lyzer G2 dialysis devices by using 500 mL of a 1 wt-% sodium cholate 
solution in H 2 O. The absorption spectrum of the dispersion is shown in 
the supplementary information Figure S2. 

 Carbon nanotubes were deposited onto the electrodes by 
AC-dielectrophoresis. The CNT-suspension was diluted 1:100 in 
deionized water and a 20 µl droplet of the aqueous suspension was 
placed on the chip. The electric fi eld (2 V p-p  AC voltage at 10 MHz) was 
applied to the common electrode with a function generator SRS DS345. 

Adv. Mater. 2014, 26, 3465–3472

 Figure 4.    On-chip Mach-Zehnder optical interferometer. (a) Optical micrograph of a Mach-Zehnder (MZ) interferometer device. The waveguide in 
between the nanotube emitter E and the coupler grating C2 is split into two arms with a path difference of Δ L  = 50 µm. The total waveguide length 
between C1 and C2 is 640 µm and 640 µm + Δ L , respectively. Scale bar 50 µm. (b) CCD-camera image with combined spectral and spatial information 
of light emitted from the nanotube E, after passing through the MZ resonator and the coupler grating C2. The dashed lines mark the position of C2 
in the y-direction and the MZ induced intensity oscillations. (c) Transmission spectra of a complete MZ resonator device measured with an external 
supercontinuum light source. The red line is a fi t to the data (see text). An arrow indicates a free spectral range (FSR = Δ λ ). (d) Comparison of carbon 
nanotube emission spectra recorded at E (orange) with spectrum recorded at C2 after passing through the MZ resonator (red, integrated intensity 
from b)). (e) Free spectral range (FSR) versus wavelength extracted from the data shown in c) and d).
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After 5 min the sample was rinsed with water and methanol and the 
fi eld was removed. Samples were annealed at 150 °C for 2 hours in oven 
to improve the contact adhesion. For further details we refer to. [ 25,26 ]  
Devices were measured at room temperature in air without further 
treatments. 

  Characterization of Waveguides and Couplers with an External Light 
Source : Light from a supercontinuum white light source (model 
number Leukos-SM-30-UV) was coupled into an optical fi ber array 
(supplementary information Figure S3a-b). This array consists of eight 
fi bers with a core size 8.5 µm and a distance between two adjacent fi bers 
of 250 µm. The on-chip grating couplers were designed in accordance 
to this distance (250 µm separation for the long waveguides and 
500 µm for the Mach-Zehnder interferometer devices). The end facet of 
the fi bers are polished at an angle of 8° to reduce back refl ections as 
commonly done in angle polished fi ber connectors. Light from one fi ber 
is coupled into the chip plane through Bragg diffraction on a grating 
coupler. After propagation through the device the transmitted signal 
is coupled out on a second grating coupler port and measured with a 
spectrometer (JAZ Spectrometer System, Ocean Optics) to acquire 
a spectrum in a range of 340–1014 nm with a spectral resolution of 
0.3 nm. To minimize coupling losses the fi ber array has to be in close 
proximity to the sample surface. Therefore the fi ber array was mounted 
on a movable stage, which could be precisely controlled with a piezo 
actuator (Picomotor, New Focus). For coarse alignment of the sample 
to the fi ber array an optical microscope with suffi cient focal length was 
employed. For a fi ne alignment additional piezo stages were used to 
optimize the transmission signal, which was simultaneously recorded 
with a photoreceiver. 

  Finite-Difference Time-Domain Calculation of the Electric-Field 
Intensity : In order to analyze the near-fi eld coupling of the CNT emitter 
to the waveguide structures FDTD simulations were performed using 
the commercial software package OmniSim distributed by Photon 
Design. The simulations were carried out full-vectorial in three 
dimensions using high grid resolution to ensure convergence within 
a 5% error margin. The CNT emitter was modeled as an elongated 
dipole source with dimensions corresponding to the real nanotube 
emitters, placed in direct contact with the top surface of the waveguide. 
Simulations were carried out both for continuous-wave excitation to 
obtain travelling wave modal distributions as shown in Figure  1 d, as 
well as with pulsed excitation to obtain the broadband response of the 
waveguide structure. 

  Measurement Setup : Samples were mounted underneath a Zeiss 
AxioTech Vario microscope, directly attached to an Acton Research 
SpectraPro 2150i spectrometer and a Princeton Instruments PIXIS 
256E Silicon CCD camera (1024 × 256 pixels, −60 °C), all within 
a light-tight box (supplementary information Figure S3d-e. The 
spectrometer can operate in the imaging mode, with a mirror to take 
real-space images, or in the spectroscopy mode, with a diffraction 
grating (300 grooves/mm, 750 nm blaze wavelength). The samples 
were mounted on a motorized stage, electrically contacted with probe 
needles and biased with a Keithley 6430 SourceMeter. Incandescence 
images and images under external illumination were recorded with 
Zeiss EC Epiplan-Neofl uar 20×/0,50 and Motic Plan Apo 20×/0.42 
objectives. Higher-resolution images were recorded with Zeiss LD 
EC Epiplan-Neofl uar 100×/0,75 and Mitutoyo M Plan Apo 100×/0.70 
objectives. The dark current of the CCD detector yields about 2 counts 
per pixel per hour, and allows integrating the signal over extended 
periods. We estimate the sensitivity of the setup on the basis of the 
quantum effi ciency and amplifi er gain of the CCD, the effi ciency of the 
grating, the geometrical constraints of the microscope optics (optical 
path), and by assuming an isotropic emitter, to about 100 emitted 
photons per count, in refl ection and diffraction mode, respectively, 
and the bandwidth per pixel Δ λ  is 0.5 nm. The wavelength axis was 
calibrated with a mercury lamp, and the relative spectral response of 
the system has been measured with a calibrated halogen lamp. All 
recorded spectra were corrected accordingly. The spatial resolution is 
0.26 µm and 1.34 µm for 100× and 20× objectives, and the spectral 
resolution is 1.5 nm.  
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Abstract 
Carbon nanotube nanogaps have been used to contact individual organic molecules. However, the 
reliable fabrication of a truly nanometer-sized gap remains a challenge. We use helium ion beam 
lithography to sputter nanogaps of only (2.8 ± 0.6) nm size into single metallic carbon nanotubes 
embedded in a device geometry. The high reproducibility of the gap size formation provides a 
reliable nanogap electrode testbed for contacting small organic molecules. To demonstrate the 
functionality of these nanogap electrodes, we integrate oligo(phenylene ethynylene) molecular 
rods, and measure resistance before and after gap formation and with and without contacted 
molecules. 
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Abstract 
Dielectrophoresis (DEP) is an established method for the integration of solution-processed single-
walled carbon nano-tubes into nanoscale device structures. However, this method is less effective 
for small-diameter semiconducting nanotubes and leads to an enrichment of metallic tubes in multi-
tube devices.  In this work, we present the first results of a novel light-assisted DEP technique, 
which enhances the deposition of (6,5) semiconducting carbon nanotubes. Transistors fabricated 
with this technique show higher on/off ratios compared to transistors that were fabricated by 
conventional DEP. We explain this effect by an enhanced polarizability of the irradiated 
semiconducting nanotubes and discuss spontaneous and field-driven exciton dissociation as the 
underlying mechanism.  Strategies to further improve the effect are also proposed. 
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Dielectrophoresis (DEP) is an established method for the
integration of solution-processed single-walled carbon nano-
tubes into nanoscale device structures. However, this method is
less effective for small-diameter semiconducting nanotubes and
leads to an enrichment of metallic tubes in multi-tube devices.
In this work, we present the first results of a novel light-assisted
DEP technique, which enhances the deposition of (6,5)

semiconducting carbon nanotubes. Transistors fabricated with
this technique show higher on/off ratios compared to transistors
that were fabricated by conventional DEP. We explain
this effect by an enhanced polarizability of the irradiated
semiconducting nanotubes and discuss spontaneous and field-
driven exciton dissociation as the underlying mechanism.
Strategies to further improve the effect are also proposed.

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Single-walled carbon nanotubes
(SWNTs) hold great promise for a wide range of potential
applications in electronics and optoelectronics [1–3]. However,
the non-specific synthesis of SWNTs, yields mixtures of
metallic (m-) and semiconducting (s-) species and poses a
major problem to device integration. Recently, progress
has been made toward the synthesis of s-SWNTs [4, 5].
Moreover advanced sorting methods that are capable of
producing high-purity s-SWNTs semi-quantitatively have
been developed [6–8]. Today, the challenge remains to
reproducibly integrate these nanotubes from solution into
either single-tube devices or dense and well-aligned thin
film structures.

Dielectrophoresis (DEP) has been shown to be an
efficient method for integrating m-SWNTs and s-SWNTs
into nanoscale device structures and is used by an increasing
number of research groups worldwide [9, 10]. On the other
hand, DEP has also been shown to preferentially deposit m-
SWNTs from dispersions containing mixtures of m-SWNTs
and s-SWNT [11, 12], an effect which is directly related to
the electric-field induced dipole moment of the SWNTs.
Numerically, it has been shown that the dielectric

permittivity of m-SWNTs is several orders of magnitude
larger than the permittivity of s-SWNTs, and that the
permittivity scales inversely with the square of the band gap
[13, 14]. This dependence is the reason why the DEP force
in electric field gradients is weak for s-SWNTs. Therefore,
m-SWNTs are enriched during conventional dielectro-
phoretic deposition, an effect, which impedes s-SWNT
based transistor fabrication from dispersions with residual
m-SWNTs [15]. Also, the alignment of small diameter
s-SWNTs along the electric field lines is weak as compared
with m-SWNTs because of the weak torque. These effects
make it difficult to reproducibly integrate especially small
diameter s-SWNTs into single-tube or thin film devices.
The demand for obtaining such devices, for fundamental
and applied research studies has been the starting point to
explore whether DEP of small-diameter s-SWNTs could be
enhanced by simultaneous light exposure.

The approach we are seeking is different from optical
trapping and tweezing [16–19] techniques that have been
used for capturing and manipulating nano/micro-particles in
suspensions. Optical trapping is DEP at optical frequencies
where the light-induced dipole moment interacts in phase
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with the light-induced electric field gradient. Tan et al. [20]
reported optical trapping of DNA-wrapped s-SWNTs in
the focal point of a laser spot and achieved extraction of
s-SWNTs out of a SWNT mixture. The result indicates
a stronger response of s-SWNTs to the light field than
m-SWNTs. The dielectric response of s-SWNTs has been
studied in detail by Fagan et al. [21]. Indeed, the real part of
the intrinsic permittivity of an s-SWNT diverges at each
optical transition energy, as expected due to the Kramers–
Kronig relation to the optical absorption peaks. On the other
hand, the real part of the permittivity must change sign when
tuning the laser energy from below to above the transition
energy and hence the DEP force has to change from
attractive to repulsive. Such behavior has not been reported.
Moreover, the change of the real part of the permittivity
close to the transition energy is well below a factor of ten
and therefore rather weak compared to the permittivity of
m-SWNTs. This phenomenon is known from molecular
systems where the so-called excess polarizability is limited
by the weak polarizability of excitons.

In this work, we intended to enhance the excess
polarizability by irradiating the dispersed s-SWNTs in the
presence of an AC electric field and thereby enhancing the
DEP of s-SWNTs. We added a laser to our DEP system, and
systematically studied the feasibility of preferential deposi-
tion of s-SWNT using this light assisted DEP (L-DEP).
We characterized transistors fabricated from s-SWNT
dispersions with electrical measurements and scanning
electron microscopy to observe differences between the
device fabrication with conventional DEP and L-DEP.
The results indicate that L-DEP enhances the deposition of
s-SWNTs, which could help to improve the fabrication of
high-purity s-SWNTs single-tube or thin film devices.

2 Experimental A schematic of the L-DEP system is
shown in Fig. 1. The setup comprises of a probe station, a
microscope with video camera, an AC signal generator, and
a laser light source to irradiate the central electrode structure
as indicated. An array with 12 pairs of 50 nm thick electrodes
(5 nm Cr/45 nm Pd) each having a gap size of 1mm was
patterned on a p-doped silicon wafer with an 800-nm-thick
thermal oxide layer using standard electron beam lithogra-
phy and sputtering. All electrodes share a common drain

electrode and were biased during DEP with respect to the
global back gate, to promote simultaneous SWNT deposition
with the function principle explained elsewhere [9]. We have
added to our DEP setup a fiber-coupled frequency-doubled
Nd:YAG diode laser (532 nm, 30mW) in order to irradiate
the sample surface during DEP. A collimator in combination
with a lens was used to focus the fiber-coupled laser into a
spot with a diameter of�200mm, which is comparable to the
area of electrode array. This yields an irradiation density on
the order of 106Wm�2.

(6,5) SWNTs were chosen for the L-DEP experiment,
since their E22 optical transition is close to the laser line.
The aqueous dispersion with 3� 10�5 wt.% (6,5) in 1wt.%
sodium dodecyl sulfate was prepared by size-exclusion
chromatography as published elsewhere [8]. The concentra-
tion was estimated from the absorption spectrum taking into
account the tube specific absorption cross-section [22].
The absorption spectrum of the (6,5) dispersion is shown
in Fig. 2. The spectrum displays two dominant optical
absorption peaks at 986 and 571 nm corresponding to the
first and second optical transition of (6,5) SWNTs. The
purity of the (6,5) dispersion has been estimated to 92% by a
procedure described elsewhere [23]. Prior deposition the
dispersion was diluted with double-distilled water by a factor
of 1:300 in order to adjust the nanotube concentration to
�0.001 (6,5)-SWNTs/mm3, based on the average length of
the (6,5) SWNTs of �0.6mm.

AC electric fields were generated between multiple
electrode pairs by use of a function generator with a peak-to-
peak voltage set to 5V, yielding a nominal electric field
strength in the electrode gap on the order of 5� 106Vm�1.
The AC frequency was set to 1MHz. A drop of 10ml diluted
dispersion was applied to the electrode array and the function
generator and laser were switched on. After 3min, the
deposition was terminated by rinsing the surface repeatedly
with distilled water and methanol, and the generator and
laser were switched off. The samples were subsequently
annealed at 160 8C in air for 1.5 h. Electrical characterization

Figure 1 Schematic of the L-DEP experimental setup.

Figure 2 Optical absorption spectrum of the (6,5) SWNT
dispersion used in this work. The dotted line marks the wavelength
of the laser used in the L-DEP experiment.

2476 W. Li et al.: Deposition of semiconducting SWNTs using dielectrophoresis

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com

p
h

ys
ic

a ssp st
at

u
s

so
lid

i b



was performed with an Agilent 4155C Semiconductor
Parameter Analyzer system and a probe station with TRIAX
probes. Trans-conductance curves were obtained by
sweeping the back gate voltage from �80 to 80V with
step size 400mV at source–drain voltages of 1, 2, and 3V.
After electrical characterization, the samples were charac-
terized with a Zeiss Ultra Plus scanning electron microscope.

3 Results Figure 3a and b shows representative
scanning electron micrographs of devices prepared from
(6,5) dispersions by normal DEP and L-DEP, respectively.
The images indicate for both cases the deposition of
individual SWNTs forming low-density thin films. Although
the morphology does not seem to vary much, we recognize a
slightly enhanced density and alignment for the samples
prepared by L-DEP.

This observation coincides with significant differ-
ences in the electrical transport as shown in Fig. 3c and d.
The devices prepared by L-DEP show a systematically
higher on/off ratio as compared to devices prepared
by normal DEP. For a statistical evaluation, we have
measured the transfer characteristics of 32 devices
fabricated by normal DEP and 24 devices prepared by
L-DEP. Figure 4 is a statistical evaluation of the device
characteristics by plotting the on-state current versus the
on/off ratio.

The data show that L-DEP promotes the fabrication of
devices with high on/off ratio. The improvement of the
transistor characteristics indicates that DEP under illumi-
nation enhances the deposition of (6,5) SWNTs. This
implies that the polarizability of (6,5) SWNT became larger
due to the absorption of photons. A possible mechanism
accounting for this effect could be attributed to a
spontaneous or field-driven dissociation of excitons, as
discussed in the following.

4 Discussion Excitons in s-SWNTs are only weakly
polarizable because photoexcited electrons and holes are
spatially bound to each other on a length scale of a few
nanometers. Unlike in bulk semiconductors, excitons in
s-SWNTs should not spontaneously dissociate since the
exciton binding energy is an order of magnitude higher than
the thermal energy [24]. Recently, Kumamoto et al. [25]
have discussed a spontaneous dissociation mechanism based
on exciton–exciton annihilation (EEA) or Auger ionization
(AI), in order to explain a high conversion efficiency of
photoexcited excitons into free electrons and holes in their
photocurrent experiment. Also Bindl et al. [26], have
discussed spontaneous exciton dissociation in the context of
free carrier generation in s-SWNT solar cells.

EEA/AI requires the co-existence of two excitons and
the probability for bi-exciton generation is expected to
increases with the photon flux. Bindl et al. [26] however
observe a decrease of free carrier generation with the photon
flux and hence concluded that the spontaneous exciton
dissociation might rather occur at defects and/or traps. In
Kumamoto et al.’s [25] experiment the importance of EEA/
AI-induced spontaneous exciton dissociation is difficult to
infer since the free carriers were extracted with an external
electric field. Such a field can induce exciton dissociation by
itself and generate free carriers as predicted theoretically [27]
and confirmed experimentally [28, 29]. Thereby, the field-
induced exciton dissociation rate depends on the exciton
binding energy and on the field strength, and is predicted
to be significant above 100Vmm�1 for a 1 nm diameter
s-SWNT [27]. Furthermore, exciton dissociation can be
induced by optical-phonon scattering at room temperature
if the exciton binding energy is smaller than the relevant
optical phonon energy (200meV) [27].

In our L-DEP experiment, the polarizability of s-SWNTs
is enhanced by the absorption of photons, which requires the
dissociation of excitons. Although we cannot discriminate

Figure 3 Scanning electron micrographs of devices prepared
by normal DEP (a) and L-DEP (b). Scale bar equals 100 nm.
Corresponding transfer characteristics, source–drain current ISD
versus gate voltage VG, prepared by normal DEP (c) and L-DEP (d).

Figure 4 Statistical evaluation of devices prepared with illumina-
tion (L-DEP) and without illumination (DEP). Plotted is the on-
state current Ion versus the on/off ratio at source–drain voltage of
1V.

Phys. Status Solidi B 251, No. 12 (2014) 2477

www.pss-b.com � 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Original

Paper



between the different mechanisms responsible for exciton
dissociation, it is very likely that the AC electric field is of
central importance. We can estimate the free carrier
generation rate under illumination and in the presence of
an electric field by comparing our experimental conditions to
the quantitative photocurrent experiment of Kumamoto
et al. [25]. For comparable laser power density (106Wm�2)
and electric field strength (106Vm�1), and taking into
account that the absorption cross-section for (6,5) SWNTs at
532 nm is 1/10 of its value at 986 nm, we can estimate a
nominal current generation on the order 100 fA for s-SWNTs
that are close to the electrode gap region. This current leads
to an accumulation of electrons and holes at the ends of the
s-SWNT and hence generates a dipole moment. A schematic
of the mechanism is shown in Fig. 5a. The characteristic
timescale t for the dipole formation is expected to be on the
order of t¼ v � l, where v is the carrier saturation velocity v
and l is the nanotube length. For v� 105m s�1 from transport
measurements [30] and l¼ 1mm, t is �10 ps and therefore
much smaller than the corresponding time scale of AC field
frequency (1ms). Of course the built-up of the dipole is a
dynamical and self-limiting process since the accumulated
charges are weakening the internal electric field that is
required to separate the electrons and holes. At this point, a
quantitative modeling is required, which will be addressed in
the future. Nevertheless, we can safely conclude that under
illumination and in the presence of an external field an
induced dipole moment develops who oscillates in phase
with the external AC field. Thereby, we have qualitatively
explained why in our L-DEP experiments the polarizability
of (6,5) SWNTs is enhanced by the absorption of photons.

Figure 5b indicates that L-DEP would be more effective
if spontaneous EEA/AI is involved. Possibly this mechanism
is already in operation. If not it could be induced by higher
photon fluxes. Also adjusting the excitation wavelength
to the wavelength of maximum light absorption should
enhance the L-DEP. Both aspects have to be addressed to
further optimize L-DEP.

In summary, we have developed a novel light-assisted
dielectrophoresis technique (L-DEP), which promotes the
deposition of (6,5) semiconducting carbon nanotubes.
Transistors fabricated with L-DEP show systematically
higher on/off ratios as compared to transistors that were
fabricated by conventional DEP. We attribute the enhanced
polarizability of s-SWNTs under illumination to spontane-
ous or field-induced exciton dissociation, which give rise to
an induced dipole moment oscillating with the external AC
field. The work demonstrates that L-DEP can be advanta-
geous for the integration of s-SWNTs into electronic and
optoelectronic devices.
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2.6.17 Light Emission, Light Detection and Strain Sensing with Nanocrystalline Graphene 
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Nanotechnology 26 (2015) 325202 

 
DOI: 10.1088/0957-4484/26/32/325202 
 
 

Abstract 
Graphene is of increasing interest for optoelectronic applications exploiting light detection, light 
emission and light modulation. Intrinsically, the light–matter interaction in graphene is of a 
broadband type. However, by integrating graphene into optical micro-cavities narrow-band light 
emitters and detectors have also been demonstrated. These devices benefit from the 
transparency, conductivity and processability of the atomically thin material. To this end, we 
explore in this work the feasibility of replacing graphene with nanocrystalline graphene, a material 
which can be grown on dielectric surfaces without catalyst by graphitization of polymeric films. We 
have studied the formation of nanocrystalline graphene on various substrates and under different 
graphitization conditions. The samples were characterized by resistance, optical transmission, 
Raman and x-ray photoelectron spectroscopy, atomic force microscopy and electron microscopy 
measurements. The conducting and transparent wafer-scale material with nanometer grain size 
was also patterned and integrated into devices for studying light–matter interaction. The 
measurements show that nanocrystalline graphene can be exploited as an incandescent emitter 
and bolometric detector similar to crystalline graphene. Moreover the material exhibits 
piezoresistive behaviour which makes nanocrystalline graphene interesting for transparent strain 
sensors. 
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3. Supporting Information 
 
 
3.1.1 Separation of Single-Walled Carbon Nanotubes by 1-Dodecanol-Mediated Size 

Exclusion Chromatography 
 

B. S. Flavel, M. Kappes, R. Krupke, F. Hennrich 
 

ACS Nano 7 (2013) 3557–3564 
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Figure S1 Absorption spectra of unsorted HiPco material and fractions obtained at  
pH 4 – 1 in 1 wt. % SDS. 

 

Figure S2 Photoluminescence spectra of fractions obtained at pH 4 – 1 in 1 wt. % SDS. 
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Figure S3 Photoluminescence spectra of unsorted HiPco SWCNT material suspended in  
1 wt. % sodium cholate. 

 

 

Figure S4 Additional photoluminescence spectra of fractions obtained upon addition of  
1-dodecanol to the raw HiPco starting material. 
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3.1.2 Separation of Single-Walled Carbon Nanotubes with a Gel Permeation 

Chromatography System 
 

B. S. Flavel, K. E. Moore, M. Pfohl, M. M. Kappes, F. Hennrich 
 

ACS Nano 8 (2014) 1817–1826 
 

DOI: 10.1021/nn4062116 
 
 

 
 

Figure S1 Photoluminescence contour map of raw HiPco SWCNT material (a) suspended in  
1 wt % SDS and (b) absorbed to the Sephacryl gel at 0.4 wt % SDS. 

 

 
 

Figure S2 Absorption spectroscopy of raw the HiPco-SWCNT material.  Following addition to the 
Sephacryl gel the ‘flow through’ material was sequentially reduced in concentration from  
1.6 – 0.4 wt % SDS. 
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Figure S3 AFM measurement of the SWCNT length corresponding to the various  
‘start materials’. 
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Figure S4 Normalized raw absorbance measurements corresponding to Figure 7. 
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3.1.3 Separation of Double-Walled Carbon Nanotubes by Size Exclusion Chromatography 
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ACS Nano 8 (2014) 6756–6764 

 
DOI: 10.1021/nn500756a 

 
 

 

 
Figure S1 Absorption spectra of raw DWCNT material (2 wt % SDS) and ‘flow through’ solution.  
As expected for high SDS concentrations (1.6 – 2 wt % SDS) only a small amount of the overall 
nanotube population is adsorbed to the gel and hence the ‘flow through’ and raw material look 
similar. 
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Figure S2 Absorption spectra of fractions 1, 2, 4 and 5 of the DWCNT band. A reduction of 
DWCNT concentration is seen for increasing fraction number. 
 

 
Figure S3 Absorption spectra of fractions 1, 4, 7 and 10 of the SWCNT band. A reduction of 
SWCNT concentration is seen for increasing fraction number. 
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Figure S4 AFM analysis of DWCNT Fraction 5 showing comparable length distributions to  
band-edge DWCNTs. While in structure the material may be tube-like, the corresponding 
absorption data in Figure S2 shows poor optical properties; hence it is believed that the tubes are 
highly defected. Thus differing surface chemistry alters surfactant wrapping and hence adsorption 
to the gel. While similar in size, the defected material is separated from the pristine DWCNTs 
during elution. 
 
 
 

 
Figure S5 Representative AFM images of (a) SWCNTs and (b) DWCNTs on silicon. 
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Figure S5 HRTEM micrographs of DWCNTs found in Fraction 1 of the DWCNT band. 

 

 
Figure S6 HRTEM micrograph of two SWCNTs from Fraction 1 of the SWCNT band with 

diameters of ~2 nm. 
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Figure S7 UV-Vis spectra of DWCNT raw material (1 wt % Sodium cholate) and CNT fractions that 
have passed through a gel column at 1 wt % SC. 
 
To gain insight into the mechanism for DW and SW separation, the raw DWCNT material was 
prepared in 1 wt % SC and passed through a gel column at the same concentration. It was 
observed that there was no adsorption to the gel and the flow through material had the same CNT 
composition as the starting material.  
 

 
 

Figure S8 Method for background subtraction of DWCNT absorption spectra. The SWCNT 
spectrum was not background subtracted as it has minimal scattering and a flat baseline. 
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Raman analysis was used to analyse the DWCNT and SWCNT thin films.  In this case Raman 
spectra were recorded for each film before and after treatment with sulphuric acid. The treatment 
of DWCNTs with sulphuric acid has been shown in our previous work1 and in the work of  
Hersam and co-workers2-3, to react with the exposed outer-wall nanotubes at a significantly faster 
rate than the inner-wall nanotubes, where the outer-wall acts as a protective shield for the inner-
wall. Figure S9 shows Raman spectra for SWCNTs (left) and DWCNT (right) at the three different 
excitation wavelengths of 785, 638, and 532 nm. As peak position is inversely proportional to 
diameter, chiralities of the CNTs present in each sample were determine using the Kataura Plot4-5 
and Weisman data6 can be seen in figures S10-S15.  
  
Peaks in the shaded region of Figure S9, below 200 cm-1, are a result of excitation of tubes with 
diameters greater than ~1.2 nm, which in the case of DWNTs correspond to outer-wall tubes. 
Inversely, the region above 200 cm-1 corresponds to tubes with diameters between 0.50 – 1.2 nm. 
After treatment there is a reduction in RBM peak intensity for both DWCNTs and SWCNTs owing 
to the structural degradation resultant from tube oxidation and cleavage. However, if one only 
considers the small tubes with RBM greater than 200 cm-1, it can be observed that there is a 
greater degradation of the SWCNTs compared to the inner tubes of the  DWCNTs. To quantify 
this, peak heights before and after treatment were determined and approximate percentage 
degradation could be calculated. The clearest example of this effect is seen at laser excitation of 
785 nm. In the SWCNTs spectra there are four strong peaks present before acid treatment at  
~ 209, 238, 271 and 375 cm-1. The acid treatment results in significant degradation, with losses of 
intensity of 90, 85, 83 and 97 %, respectively. In the DWCNT sample there are two strong peaks at 
~ 237 and 271 cm-1 which, after acid treatment, suffer comparatively smaller losses in intensity of 
59 and 51 %, respectively. The fact that the smaller diameter DWCNT peaks retain more of their 
intensity after acid treatment indicates they are being shielded by an outer tube, hence providing 
further proof that the sorted DWCNTs retain their concentric structure. Comparatively the two 
strong peaks in the shaded region below 200 cm-1 centred at ~ 165 and 183 cm-1, corresponding to 
the outer-wall nanotubes, suffer losses in intensity of 81 and 78 % respectively, as they are 
exposed to the acidic environment. Indeed by averaging the data over all excitation wavelengths, 
this trend is reflected with average degradations of ~ 68 and 40 % for SWCNTs and inner-tubes of 
the DWCNTs, respectively.  
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Figure S9 Raman spectra of the radial breathing modes of SWCNTs (left) and DWCNTs (right) 
with 785 nm, 638 nm and 532 nm laser excitation before and after treatment with sulphuric acid  
(solid and dashed lines, respectively). 
 
Figures S10 – S15 show Raman spectra before and after thionyl choride doping and acid 
treatment. CNT chirality was assigned using the Kataura plot4-5 and Weisman data6 with ± 50 nm 
resonance.  
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Figure S10 Raman spectra of untreated, thionyl chloride and acid treated SWCNTs at  
532 nm laser excitation. 
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Figure S11 Raman spectra of untreated, thionyl chloride and acid treated SWCNTs at  
638 nm laser excitation. 
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Figure S12 Raman spectra of untreated, thionyl chloride and acid treated SWCNTs at  
785 nm laser excitation. 
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Figure S13 Raman spectra of untreated, thionyl chloride and acid treated DWCNTs at  
532 nm laser excitation. 
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Figure S14 Raman spectra of untreated, thionyl chloride and acid treated DWCNTs at  
638 nm laser excitation. 
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Figure S15. Raman spectra of untreated, thionyl chloride and acid treated DWCNTs at  
785 nm laser excitation. 
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Figure S1 Time lapse photographs taken over a period of 20 min, showing addition of raw DWCNT 
in 1 wt % SC to an S-200 gel column at 1 wt % SDS. It can be seen that as the nanotubes flow 
through the gel matrix, separation occurs resulting in ‘bands’ of different nanotubes species.  
For ease of the viewer, the bands have been highlighted. 
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Figure S2 Absorbance spectra for Bands 1 – 3 of the AD SWCNT separation (left) and  
Bands 1 – 4 of the HiPco SWCNT separation (right). 

 
 
For comparison the same separation procedure was performed on AD SWCNTs.  These were 
chosen due to their average diameter (1.3 – 1.7 nm) being comparable to that of the DWCNTs and 
the large diameter SWCNTs found in the raw DWCNT material used.  In the case of the AD 
SWCNTs, only three bands can be seen in the process Raman elution profile (Figure S2), 
occurring at 7, 10 and 16 min. The lack of a 4th band is to be expected because the AD SWCNT 
raw material should ideally consist of only ‘defected material’ and large m- and s-SWCNTs, 
whereas the DWCNT material consists of an additional small diameter SWCNT component. 
Interestingly, the three bands observed in the AD SWCNT separation occur at approximately the 
same time as the first three bands of the DWCNT material.  
 
Comparison of the absorption measurements of the three bands with those of the DWCNT material 
reveals that the AD SWCNTs undergo the same, albeit less effective, separation process. Band 1 
consisted of M11 (600 – 800 nm) and S22 (900 – 1100 nm) absorptions peaks from large diameter 
metallic and semiconducting nanotubes, respectively. As in the case of the DWCNTs, these peaks 
were of comparatively low intensity compared to Band 2 and we assume that these nanotubes had 
become defected during the sonication process. Similar to the DWCNTs, the AD SWCNT Band 2 
was found to be enriched in large diameter m-SWCNTs, as evidenced by an enhancement of the 
M11 peak relative to the S22 from s-SWCNTs. For reference, an absorption measurement of the raw 
AD SWCNT material suspended in 1 wt % SC can be found in Figure S3. As seen in the DWCNT 
case, Band 3 of the AD SWCNT material consisted of large diameter semiconducting nanotubes 
without the presence of metallic species.  This result is in good agreement with the work of Zhang 
et al.[S1] who used this method for the purification of s-SWCNTs from AD raw material. However, in 
that work they did not show a measurement for the m-SWCNTs, hence it remains unclear whether 
or not there was any separation for m-SWCNTs and, if they did, whether or not that separation was 
also not as specific as for large diameter s-SWCNTs.  
 
A final control experiment was performed with the HiPco raw material and the corresponding 
absorption measurement can be found in Figure S3. HiPco SWCNTs were chosen due to their 
average diameter (0.8 – 1.2 nm) being similar to that of the small diameter SWCNTs present in the 
DWCNT raw material.  Surprisingly, four bands were present; eluting at 8, 11, 14 and 20 min. 
Similar behavior to the AD SWCNTs was expected as it was supposed that the HiPco material only 
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contained defected m- and s-SWCNTs, albeit with a smaller diameter.  It is clear though that the 
bulk of the HiPco ‘flow-through’ material in Band 4 aligns well with the SWCNTs observed in the 
DWCNT separation at 20 min.  This band was found to contain not only s-SWCNTs with S11 at 950 
– 1300 nm and S22 at 600 – 800 nm, but also m-SWCNTs with M11 at 500 – 600 nm. Absorption 
measurements of Bands 1 – 3 revealed the presence of small and large diameter m-SWCNT (M11 
500 – 600 nm and 700 – 800 nm, respectively). Indeed, electronic character enrichment appears to 
occur via this method for small diameter SWCNTs; however the sorting efficiency is quite limited as 
evidenced by the remaining metallic species in Band 4. This is perhaps not unsurprising given the 
well established protocols for the trapping of small diameter SWCNTs on the gel under SDS 
followed by the subsequent washing with SC or 5 % SDS.[S2-S7] Methods that have been developed 
for the electronic separation of small diameter SWCNTs are not necessarily going to be applicable 
to large diameter SWCNTs and vice versa and the current control experiment certainly exemplifies 
that. Nevertheless, the two control experiments with AD and HiPco material allow for reasonable 
comments to be made regarding the types of impurities expected in the m- and s- DWCNT 
fractions, given the fact that all of the raw material flows through the gel.  
 
 
 
 
 
 
 

 

Figure S3 Normalised absorption spectra of raw AD (left) and HiPco (right) SWCNTs suspended in 
1% SC. 
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Figure S4 Absorbance spectra for Bands 1 – 4 of the DWCNT separation. 
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Figure S5 Raman spectra of separated DWCNT fractions as well as the AD and HiPco control 
samples at laser excitation of 532, 638 and 785 nm.  Raman absorption spectra were taken with 
an XploRA confocal microscope (Horiba) with laser energies of 1.58 eV (785 nm), 1.94 eV 
(638 nm) and 2.33 eV (532 nm) under a x50 objective.  Power and gratings were optimised 
appropriately for each wavelength. 

 
Peaks in the shaded region, below 200 cm-1, are a result of excitation of nanotubes with diameters 
greater than ~1.2 nm, which in the case of DWNTs correspond to outer wall nanotubes.  Inversely, 
the region above 200 cm-1 corresponds to nanotubes with diameters between 0.50 – 1.2 nm.  For 
both the m-DWCNT and s-DWCNT samples there are two distinct regions corresponding to the 
outer and inner walls, respectively, as is expected of DWCNTs.[S8]  The outer wall peaks closely 
correlate with the large diameter AD SWCNTs, which further explains the strong correlation 
observed between the two species during separation.  The clear difference between the AD and 
DWCNTs is the presence of small diameter inner walled nanotubes.  The SWCNT sample 
resultant from the DWCNT separation (Band 4) can be compared to the small diameter HiPco 
SWCNTs with a multitude of nanotube species present, predominantly at Raman shifts above 200 
cm-1, indicative of small diameter nanotubes.  However there are also some large diameter 
nanotubes present in the separated SWCNT fraction (peaks at ~ 170 cm-1 at laser excitations 532 
and 638 nm), which from the TEM and AFM, can be attributed to the presence of DWCNTs. 
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Figure S6 (a) Absorption spectra of starting and flow through material at decreasing SDS 
concentration.  It can be seen that reduction in SDS concentration did not lead to an increase in 
the concentration of m-DWCNTs in the ‘flow-through’ material.  For all concentrations above 0.15 
wt % the ‘flow-through’ was found to contain both large diameter metallic (M11: 640 – 800 nm) and 
semiconducting (S22: 975 – 1175 nm) DWCNT and SWCNT species.  We note that for 
concentrations below 0.2 wt %, complete adsorption to the gel occurred with no nanotubes visible 
via absorption spectroscopy in the flow-through material.  Complete absorption at low SDS 
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concentrations is also in agreement with the work of Blanch et al. who observed that at 0.2 wt %, a 
significant proportion of nanotubes are irreversibly adsorbed, while complete adsorption occurred 
at 0.1 wt %.[S2] (b) Absorption spectra of a two-step separation method, where material from our 
previously reported separation technique[S9] was used as the starting material for a second 
separation, in an attempt to sort by outer wall electronic character. Briefly, 10 mL of raw DWCNTs 
in 2 wt % SDS was applied to a 2 wt % SDS column. Adsorbed nanotube material was then eluted 
with 0.5 wt % SC. The fraction containing the highest concentration of sorted DWCNT material was 
adjusted to 1 wt % SC and applied to a second column at 1 wt % SDS. Fractional absorption 
spectra from the collected ‘flow through’, as well as the starting material can be seen. Fractions 
were collected in 2 mL aliquots and the fraction numbers can be seen on the left.  As in the work of 
Zhang et al., it was expected that the m-DWCNTs would flow through the column leaving the s-
DWCNT material adsorbed for subsequent elution.[S1]  However all fractions were found to have 
the same nanotube composition, albeit with reduced concentration, and no material was found to 
adsorb to the gel. In both (a) and (b) starting material corresponds to the right axis while all other 
spectra correspond to the left axis.  Red and blue shaded regions correspond to semiconducting 
and metallic absorption of large diameter nanotubes, respectively. 

 
 

 
Figure S7 Elution profiles of DWCNT separations in varying SDS/SC ratios and concentration.  
(a) shows the optimized SDS/SC separation (1 %:1 %) used for the separation of m-DWCNTs and  
s-DWCNTs. (b) and (c) show the elution profiles for lower and higher SDS ratios of 0.5 % and 2 % 
respectively, with the SC concentration remaining constant. (d) shows the elution profile in the 
optimum ratio of 1:1, but with an increased concentration. In each case, the profile is colored in 
accordance with the nanotube species, where green corresponds to m-DWCNTs, red corresponds 
to s-DWCNTs and purple corresponds to SWCNTs. 
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Figure S8 Representative HRTEM micrographs of Band 1 of sorted DWCNT material. 
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Figure S9 Representative HRTEM micrographs of Band 2 of the sorted DWCNT material. 
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Figure S10 Representative HRTEM micrographs of Band 3 of the sorted DWCNT material. 
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Figure S11 Representative HRTEM micrographs of Band 4 of the sorted DWCNT material.
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Figure S12 Absorption spectra of the nanotube films before (solid line) and after (dashed line) 
doping. Thin films of the sorted DW, AD SWCNT and HiPco SWCNTs were prepared by vacuum 
filtration[S10] and then transferred onto clean glass substrates.  The presence of DWCNT and 
SWCNT fractions was verified via the method outlined by Green and Hersam,[S8,S11] which uses 
thionyl chloride doping of nanotube thin films.  This strongly electron withdrawing treatment has 
been shown to suppress small band gap optical transitions by shifting the Fermi level of 
semiconducting nanotubes down into the highest occupied molecular orbital (HOMO) band.  Thus, 
the S11 and even some S22 optical transitions (for large diameter nanotubes) are quenched in the 
case of DWCNTs where the outer wall provides some shielding (although not complete)[S9,S12] of 
the inner wall.  Transitions that are strongly quenched are indicative of nanotubes exposed to the 
altered chemical environment i.e. the outer wall nanotubes. Figure S12 shows the absorption 
spectra of m- and s-DWCNTs as well as the AD and HiPco controls. As was also observed in the 
solution measurements, the m-DWCNT film is characterized by the M11 absorption of large 
diameter metallic nanotubes (600 – 800 nm) and the S11 absorption of small diameter nanotubes 
(1050 – 1250 nm).  However, for the film measurements, underlying broad peaks at 900 – 1300 
nm and 1500 - 2200 nm become apparent and are attributed to S22 and S11 of large diameter 
nanotubes, respectively.  This further highlights the fact that the separation of m-DWCNT is not as 
complete as for the s-DWCNTs.  In this regard, the purity presented by Green and Hersam11 for  
m-DWCNTs using the DGU method remains superior.  Upon chemical doping the peaks 
associated with the large diameter S11 and S22 transitions are suppressed while the M11 outer wall 
peaks remaining persistent.  It is also interesting to note that the S11 of small diameter SWCNTs 
(assigned as inner wall nanotubes) are also persistent after doping, indicating a certain level of 
shielding by the outer wall, as demonstrated by Green and Hersam.[S8] For clarity, these peaks 
have been highlighted with stars. In comparison, it is noted that all S11 peaks (900 - 1300 nm) are 
suppressed after doping of the HiPco control. 

 
The s-DWCNT film is characterized by S22 absorptions centered at 1050 nm and the corresponding 
S11 absorptions between 1600 and 2100 nm.  As discussed previously in regards to the solution 
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measurements, these peaks are indicative of large diameter semiconducting nanotubes and are 
consistent with the AD SWCNT control.  Following doping, S11 transitions of the outer walls are 
completely suppressed with a slight suppression of S22.  Once again, structure can be seen in the 
region 900 – 1200 nm and this is associated with the S11 transitions of the inner walls.  Optical 
absorption spectra of the sorted fractions were recorded on a Varian Cary 500 spectrophotometer. 
Films were doped with thionyl chloride (Sigma-Aldrich) by applying a few drops to the surface and 
then allowing it to dry in air for several minutes. 
 
 
 
 
 
 
 

 
Figure S13 An example of the background subtraction conducted for s-DWCNT and m-DWCNT 
films to enable purity calculations. Background functions of the semiconducting and metallic 
spectra were fitted with a spline function using the software ‘fityk’[S13] according to the spectrum of 
the thionyl chloride treated film, which strongly dopes S11 transitions and thus, is expected to 
represent the true baseline. Following background subtraction, the thionyl chloride treated 
spectrum was subtracted to enable identification of S11 peaks and calculation of the S11 peak area. 
The M11 peak area was calculated using the background subtracted pristine spectrum. These peak 
areas were then compared to AD SWCNTs, which have a known composition of 1:2 M/S. Peak 
areas for AD SWCNTs were M11 19.5 and S11 234. By comparing m-DWCNT (M11 27 S11 73) and 
s-DWCNT (M11 2.5 S11 141) peak areas to that of the AD, purities of 70 % and 90 % are obtained. 
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Figure S14 Representative AFM images of a) Band 1 b) Band 2 c) Band 3 and d) Band 4  
of separated DWCNT fractions. Height and length scales are indicated for each topographical 
image. 

 
Statistical height analysis of each band resultant from DWCNT separation is presented in Figure 
S15. Complete AFM analysis for DWCNT, AD and HiPco separated material can be found in 
Figure S15 to Figure S17. Immediately apparent from Figure S15 is the similarity between the  
m-DWCNT and the s-DWCNT height data (Bands 2 and 3), where a large amount of small 
diameter nanotubes can be seen. This is a surprising result as both TEM and absorption 
spectroscopy show very little contribution from small diameter nanotubes. Similarly the AD 
SWCNTs also contain an unusually high portion of small diameter nanotubes (25 % of the total 
population posses diameters of 1 nm or less) despite the fact that the accepted diameter range for 
AD produced SWCNTs is 1.3 – 1.7 nm. This large discrepancy may be due to difficulties in sample 
preparation, where bundling and adhesion may not be consistent across all nanotubes diameters. 
For instance, if large diameter nanotubes preferentially bundle, they will be excluded from the AFM 
analysis, leaving the results skewed towards individualized smaller diameter nanotubes. Similarly, 
if the surface adhesion forces are different for small and large diameter nanotubes, which may be 
the case as they experience different amounts of surfactant wrapping, this may skew the results 
also. Despite the conflict with absorption and TEM data, it can be seen that the large diameter 
species corresponding to m-DWCNTs and s-DWCNTs have average diameters of 1.61 ± 0.14 nm 
and 1.56 ± 0.04 nm, respectively, which is in agreement with the TEM analysis. In our previous 
work on the separation of SWCNTs from DWCNTs,[S9] a clear length difference between DWCNT 
and SWCNT fractions was demonstrated however, contrary to that work, no clear length difference 
can be observed between Bands 1, 2, and 3 (DWCNTs) and Band 4 (SWCNTs) for the DWCNT 
separation (Figure S15 (b)).  This may be because our initial approach dealt with only a select 
portion of the overall nanotube population (i.e. those nanotubes which became stuck on the gel), 
compared to the current approach where no nanotube adsorption is apparent and the entire 
nanotube ensemble is represented.    
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Figure S15 (a) Height and (b) length distributions of DWCNT sorted fractions, as determined from 

AFM. 
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Figure S16 (a) Height and (b) length distributions of AD SWCNT sorted fractions, as determined 

from AFM. 
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Figure S17 (a) Height and (b) length distributions of HiPco SWCNT sorted fractions,  
as determined from AFM. 
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Figure S18 Absorbance spectra of the first (dashed line) and second (solid line) separation  
of m-DWCNT and s-DWCNT fractions. 

 
 
In an attempt to improve the purity of the separated m- and s-DWCNT fractions, a subsequent 
separation step was conducted.  The starting material for this step was prepared by taking ~6 mL 
of previously separated m- or s-DWCNT solution (eluted with 1 % SDS) and adding 3 mL of 2 wt % 
SC.  This adjustment was necessary to bring the concentration to ~ 1 wt % SC which, when used 
with a 1 wt % SDS gel column, provides optimum separation, as seen in Figure S7.. This was then 
added to a gel column at 1 wt % SDS and washed through the column with 1 wt % SDS.  
Absorption measurements of the purest resultant m- and s-DWCNT samples along with the 
previously separated starting material are presented in Figure S18. For the m-DWCNTs, it can be 
seen that there is little difference between the output of the first separation (dashed line) and that 
of the second separation (solid line). In fact, the material resulting from just one separation step 
exhibits better M11 features. As it is highly unlikely that the solution has become less pure, the 
reduced M11 intensity may be a result of dilution, as indeed both the m-DWCNT and s-DWCNT 
solutions are also heavily diluted upon subsequent separation.  This point is made clearer in  
Figure S19 where absolute concentration is shown. However, in the case of the s-DWCNT it can 
be seen that a secondary separation step results in increased purity, evidenced by a reduction in 
absorbance in the region of 600 – 900 nm. This is the region in which the M11 transitions of large 
diameter metallic nanotubes (DWCNT outer walls) are observed. There is also a depreciation of 
the large feature centered at ~ 1050 nm which is likely due to the removal of some small diameter 
SWCNTs. Thus, a second separation step can improve the purity of the s-DWCNT fraction but 
makes little difference to the m-DWCNT fraction. This is likely due to metallic nanotubes having a 
reduced interaction with the gel matrix compared to semiconducting nanotubes.[S2-S7] 
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Figure S19 Absorbance spectra of original (dashed line) and second (solid line) separation  
of m-DWCNT and s-DWCNT fractions without scaling. 

 
 
 

 

Figure S20 An SEM image of a nanotube electrode and its corresponding AFM image. 
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Figure S21 Frequency distributions of the inter-wall distance of Bands 1, 2 and 3, determined by 
HR TEM.  It should be noted that single HRTEM images can be misleading and the focus of the 
TEM image is pivotal in the calculation of the inter-wall distance. Depending on the focus of 
the image, the walls appear dark or bright in the image. We have therefore only taken DWCNTs 
that were in focus and this afforded us an accuracy of ± 0.15 nm.  For Band 1 (left), the mode is 
the range of 0.36 – 0.38 nm and the mean is 0.39 nm.  Similarly, Bands 2 (m-DWCNTs) and 3 (s-
DWCNTs) have modes in the range of 0.36 – 0.38 nm.  The means are 0.37 nm and 0.38 nm, 
respectively.  This is in agreement with previously reported inter-wall spacing.[S14]  Interestingly, 
these values are slightly larger than the ideal inter-wall spacing determined by Okada and 
Oshiyama, which was found to be 0.352 nm,[S15] however it has been observed that experimental 
results exhibit substantial distribution around the optimum value.  This is certainly the case in this 
work, with the experimentally determined inter-wall distance ranging between 0.30 and 0.46 nm.  
An interesting observation from Figure S21. is that Band 1 exhibits significantly more spread of 
inter-wall distance than the m- or s- DWCNT fractions, which show inter-wall distances within a 
tight range.  This may be a result of the sorting process, which eliminates many (n,m)@(n,m) 
combinations, thus resulting in a tightening of the inter-wall distance distribution. 

 
References 
 
S1.  Zhang, J.; Gui, H.; Liu, B.; Liu, J.; Zhou, C., Comparative Study of Gel-Based Separated 

Arcdischarge, Hipco, and Comocat Carbon Nanotubes for Macroelectronic Applications. 
Nano Res. 2013, 6, 906-920. 

S2.  Blanch, A. J.; Quinton, J. S.; Shapter, J. G., The Role of Sodium Dodecyl Sulfate 
Concentration in the Separation of Carbon Nanotubes Using Gel Chromatography. 
Carbon 2013, 60, 471-480.  

S3.  B. S. Flavel, M. M. Kappes, R. Krupke, F. Hennrich, ACS Nano 2013, 7, 3557. 
S4.  Flavel, B. S.; Moore, K. E.; Pfohl, M.; Kappes, M. M.; Hennrich, F., Separation of Single-

Walled Carbon Nanotubes with a Gel Permeation Chromatography System. ACS Nano 
2014, 8, 1817-1826. 

S5.  Moshammer, K.; Hennrich, F.; Kappes, M., Selective Suspension in Aqueous Sodium 
Dodecyl Sulfate According to Electronic Structure Type Allows Simple Separation of 
Metallic from Semiconducting Single-Walled Carbon Nanotubes. Nano Res. 2009, 2, 599-
606.  

S6.  H. Liu, D. Nishide, T. Tanaka, H. Kataura, Nat. Comm. 2011, 2, 309. 
S7.  Tvrdy, K.; Jain, R. M.; Han, R.; Hilmer, A. J.; McNicholas, T. P.; Strano, M. S., A Kinetic 

Model for the Deterministic Prediction of Gel-Based Single-Chirality Single-Walled Carbon 
Nanotube Separation. ACS Nano 2013, 7, 1779-1789.  



 

Supporting Information    403 

S8. Green, A. A.; Hersam, M. C., Properties and Application of Double-Walled Carbon 
Nanotubes Sorted by Outer-Wall Electronic Type. ACS Nano 2011, 5, 1459-1467. 

S9. Moore, K. E.; Pfohl, M.; Hennrich, F.; Chakradhanula, V. S.; Kuebel, C.; Kappes, M. M.; 
Shapter, J. G.; Krupke, R.; Flavel, B. S., Separation of Double-Walled Carbon Nanotubes 
by Size Exclusion Column Chromatography. ACS Nano 2014, 8, 6756-64. 

S10.  Wu, Z.; Chen, Z.; Du, X.; Logan, J. M.; Sippel, J.; Nikolou, M.; Kamaras, K.; Reynolds, J. 
R.; Tanner, D. B.; Hebard, A. F., et al., Transparent, Conductive Carbon Nanotube Films. 
Science 2004, 305, 1273-1276. 

S11.  Green, A. A.; Hersam, M. C., Processing and Properties of Highly Enriched Double-Wall 
Carbon Nanotubes. Nat. Nanotechnol. 2009, 4, 64-70. 

S12.  Kalbac, M.; Green, A. A.; Hersam, M. C.; Kavan, L., Tuning of Sorted Double-Walled 
Carbon Nanotubes by Electrochemical Charging. ACS Nano 2010, 4, 459-469. 

S13. Wojdyr, M., Fityk: a general-purpose peak fitting program. J. Appl. Cryst. 2010, 43, 1126. 
S14. Moradian, R.; Azadi, S.; Refii-Tabar, H., When Double-Wall Carbon Nanotubes Can 

Become Metallic or Semiconducting. J. Phys. Condens. Matt. 2007, 19, 176209. 
S15.  Okada, S.; Oshiyama, A., Curvature-Induced Metallization of Double-Walled 

Semiconducting Zigzag Carbon Nanotubes. Phys. Rev. Lett. 2003, 91, 216801. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 404 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

– This page intentionally left blank – 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 



 

Supporting Information    405 

3. Supporting Information 
 
 
3.3.1 Aligned Carbon Nanotube Thin Films from Liquid Crystal Polyelectrolyte Inks 
 

D. D. Tune, A. J. Blanch, C. J. Shearer, K. E. Moore, M. Pfohl, J. G. Shapter,  
B. S Flavel 

 
Applied Materials & Interfaces (2015) 25857–25864  

 
DOI: 10.1021/acsami.5b08212 

 
 

 

 
 

Figure S1 Cross polarized microscopy images of a carbon nanotube polyelectrolyte solution 
showing birefringence as evidenced by inversion of domain transmittance (brightness) as the 
polarization of the illumination is rotated between (a) and (b). 
 
 
The images in Figure S1 were obtained by placing a small drop of nanotube solution between two 
microscope slides and compressing enough so that the liquid film is no longer opaque. As with the 
aligned film formation, this process was performed in a glove box under argon, with partial 
pressures of water and oxygen < 0.5 ppm. The slides with the liquid films were then sealed with 
parafilm before being removed from the glove box and measured immediately under the optical 
microscope. Images were taken from the middle of the film, far away from the edges of any 
bubbles or of the liquid film itself, where drying effects cause pronounced crystallinity which is not 
representative of the state of the solution. The inversion of the variation in brightness as the 
polarization is rotated between left and right images is indicative of the liquid crystal phase, with 
domain sizes of up to ~10 mm (grain boundary density of 0.1 mm-1), though this varies 
considerably within and between samples. The solution is not biphasic, as evidenced by the lack of 
isotropic regions which would appear dark irrespective of the orientations of the polarizers.  
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Figure S2 Distributions of bundle widths in (a) PE and (b) CSA films obtained from measurement 
of bundles observed in SEM images from Figure 2. Inset of (b) shows the width distribution of the 
smaller, randomly aligned bundles seen in Figure 2 (b). 
 

 
 

Figure S3 Estimation of film thickness from AFM height measurements of (a) CSA, (b) PE and (c) 
VF films. In the case of the highly nonhomogeneous VF films the concept of ‘thickness’ is difficult 
to justify, however the average height is given nonetheless as a guide to the eye and for a relative 
comparison with the CSA and PE films. The fact that both the PE and VF films are almost identical 
in terms of optical transmittance (T550 ~ 96 %) further highlights the differences in surface 
coverage. 
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Figure S4 Comparison of the optical absorption of VF and PE films (a) before and (b) after doping 
with SOCl2, (c) figure of merit of VF film before (black diamonds) and after (red triangles) doping, 
(d) figure of merit of PE films before (red) and after (black) doping, where crosses indicate 
measurements that were taken with the linear four-point probe parallel to the alignment director 
and circles indicate those taken perpendicularly. 
 
 

 
Figure S5 Optical spectra of CSA and VF films for comparison with the spectrum of the PE film 
shown in Figure 2e. As is usually observed, the characteristic absorbance features of the 
nanotubes are significantly suppressed in the VF films due to bundling, whilst the S11 absorbance 
features around 950 - 1400 nm in the spectrum of the CSA films are suppressed relative to the S22 
around 500 – 850 nm due to the doping effect of residual acid. 
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Figure S6 Histograms of the D- to G-band intensity ratio of (a) small diameter semiconducting 
starting material and, (b) the same material as a PE film. Statistics are extracted from 2000 µm2 
Raman maps of 2000 individual spectra taken with a 532 nm excitation wavelength. 
 

 
Figure S7 EDX spectra of PE films (a) as deposited (on silicon with a 300 nm oxide) and, (b) after 
water transfer to another substrate (silicon with a 100 nm oxide) and subsequent aqueous washing 
steps.  Spectra were obtained over areas of approximately 100 x 100 mm2. 
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3.2.2 Dry Shear Aligning: A Simple and Versatile Method to Smooth and Align the Surfaces 

of Carbon Nanotubes 
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Experimental Details 
Various kinds of nanotubes were used in this study: commercially obtained small diameter single 
walled (Raw and SuperPure HiPco, NanoIntegris, USA) as well as material sorted in our labs by 
gel permeation chromatography from the raw HiPco source, large diameter single walled  
(P2-SWNT, Carbon Solution Inc, USA), double walled nanotubes (D4L1-5, NanoLab Inc, USA) and 
small diameter multiwalled nanotubes (NC3100, Nanocyl, Belgium). Further data is provided in 
Table S1 and the specific type used in each experiment is indicated along with the relevant data. 
The nanotube films shown in this report were produced by either vacuum filtration from aqueous 
suspension or by slide-casting from solutions of nanotubes dissolved in sodium polyelectrolyte 
(PE) inks or chlorosulphonic acid (CSA) (hazardous – read and understand MSDS and handle with 
care). In the case of vacuum filtration, nanotubes were added to 1 % aqueous TritonX-100 at  
0.1 mg mL-1 then bath sonicated for 1 h. After centrifugation at 20 000 g for 20 mins, VF films were 
captured from the supernatant onto mixed cellulose ester (MCE) membranes (0.45 µm, HAWP, 
Merck Millipore) and rinsed thoroughly with copious DI water. Films were deposited by placing 
them nanotube side down on the desired substrate; they were then wet with a drop of water, 
compressed with Teflon and baked at 110 °C for 15 min. To remove the MCE from the films, the 
cooled substrates were placed in an acetone (EMSURE, Merck) bath for 30 min then transferred to 
two fresh acetone baths for a further 30 min each then baked for 10 min at 60 °C in air. Single and 
double walled nanotubes were dissolved in PE inks by adding freshly cleaved sodium (50 mmol) 
(ACS reagent, Sigma) to a solution of oven dried (150 °C, 3h) nanotubes in anhydrous  
DMA (3 mg mL-1) (99.8 %, Alfa-Aesar) in an argon glovebox and stirring vigorously for three days, 
over which time the solutions evolved from discreet black particles in clear liquid to homogeneously 
dark bronze inks. Nanotubes were dissolved in CSA by simple addition of the oven-dried powder to 
the acid (97 %, Merck), followed by stirring for 3 days. It was not possible to dissolve the 
multiwalled nanotubes used in this study in either CSA or the PE solutions at the concentrations 
needed. Both CSA and PE films were produced in inert atmosphere by solution shearing a.k.a 
slide casting a.k.a shear casting. This involves placing a small drop (3-5 mL) in between two glass 
slides, applying a compressive force of between 40 - 80 N (corresponding to an applied pressure 
of 27 – 43 kPa on the 7.5 x 2.5 cm2 glass slides used) and then rapidly drawing the slides apart at 
a shear velocity of ~0.01 m s-1. After evaporation of the solvent, the films are exposed to 
atmosphere then redeposited onto fresh glass slides by aqueous transfer. This involves floating 
the films onto water by slowly immersing the glass slides at a near horizontal orientation, allowing 
the surface tension of the water to peel the film from the glass surface. The floating film can be 
exposed to various aqueous and water-miscible reagents or immediately transferred to a new 
substrate by simply lifting the target substrate up from underneath the floating film. Residual water 
remaining after this process is removed by heating to 110 °C in air for 15 min. For DSA on 
nanotube films attached to filtration membranes, a cylindrical 8 x 30 mm PTFE stirrer bar was used 
as the aligner. The membranes were placed on a flat glass surface, nanotube side up, and held in 
place while the stirrer bar was very firmly (~ 60 N) sheared across the film surface at  
around 2 - 3 mm s-1. The nanotube films changed in appearance from matt grey/black to become 
visibly smoother and more reflective, with the direction of shear faintly discernible to the eye. For 
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DSA on bare nanotube films on glass, silicon, etc, latex (glove) was lightly (5 – 10 N) sheared 
across the film at around 5 mm s-1. A similar change in appearance of the film occurred as for the 
films on the filtration membranes. 

 
 
 
 
 
 
 
 
 

Table S1 Properties of the nanotubes used in this study 
 

 
 
 
 
 
 
 
 
 

 
 

Figure S1 Absorption spectra of small diameter single walled nanotubes (Raw HiPco, 
NanoIntegris, USA) (black) as well as the ‘metallic’ fraction (red) and (6,5) chirality (purple) sorted 
from the raw material via gel chromatography.   
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Figure S2 SEM images of films showing dependence of the extent of rearrangement of the films 
on the nanotube diameter where the images show nanotube films, vacuum filtered from surfactant 
solutions, where DSA has been applied directly on the membrane using a Teflon aligner, (a) small 
diameter single walled nanotubes flattened and highly aligned, (b) large diameter single walled 
nanotubes flattened and aligned in patches, (c) double walled nanotubes flattened and aligned in 
patches and (d) multiwalled nanotubes flattened and marginally aligned in patches. All films were 
identically prepared using the same surfactant and were of similar thickness. The images were 
obtained from the films whilst still bound to the filtration membrane. 
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Figure S3 (a-d) SEM images at various magnifications showing tearing of films during DSA due to 
impurities and particulates leading to poor adhesion and uneven distribution of pressure. Films 
were formed from DW nanotubes (D4L1-5, NanoLab Inc, USA) slide cast from CSA then 
transferred to glass. The sheet resistance increased from ~70 kΩ for the freshly transferred films 
on glass, to >100 MΩ after DSA due to the severe disruption of the films by the tearing of the 
material from the substrate, (e-f) shows the same films before DSA. 
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Figure S4 Large diameter single walled nanotube films, vacuum filtered from surfactant solutions, 
at different magnifications, (a-d) bare film, (e-h) DSA applied to film after transfer onto glass, (i-l) 
DSA applied directly on membrane. The nanotubes (P2-SWNT, Carbon Solutions Inc, USA) were 
filtered from 1 % aqueous TritonX-100 suspension formed by 1 h bath sonication onto 0.45 µm 
mixed cellulose ester membranes (Merck Millipore, Germany). 
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Figure S5 Double walled nanotube films, vacuum filtered from surfactant solutions, at different 
magnifications showing, (a-c) bare films and, (d-f) DSA applied directly on membrane. As shown in 
(g-i), it was not possible to perform DSA on films after transfer to glass due to tearing of the film 
caused by high level of impurities and particulates. The nanotubes (D4L1-5, NanoLab Inc, USA) 
were filtered from 1 % aqueous TritonX-100 suspension onto 0.45 mm mixed cellulose ester 
membranes (Merck Millipore, Germany). 
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Figure S6 Multiwalled nanotube films, vacuum filtered from surfactant solutions, at different 
magnifications, (a-d) bare films, (e-h) DSA applied to film after transfer onto glass, (i-l) DSA applied 
directly on membrane. The nanotubes (NC3100, Nanocyl, Belgium) were filtered from 1 % 
aqueous TritonX-100 suspension onto 0.45 µm mixed cellulose ester membranes (Merck Millipore, 
Germany). 
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Figure S7 Gel-sorted (6,5) nanotube films formed by slide casting from CSA, (a, c, e, g) as 
deposited and (b, d, f, h) after transfer to glass and DSA. To prepare the ink for slide casting, the 
sorted fraction was diluted 1:1 with acetone to aggregate the nanotubes, which were then collected 
by filtration onto nylon membranes (0.5 µm, Phenomenex, UK) and rinsed with copious DI water 
and isopropanol. After drying at 130 °C for 4 h the filter cake was fully dissolved in CSA at  
3 mg mL-1. 
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Figure S8 As deposited large diameter single walled nanotube films of varying thickness, vacuum 
filtered from surfactant solutions, at different magnifications; (a-d) T550 = 55 %, (e-h) T550 = 79 %,  
(i-l) T550 = 89 %, (m-p) T550 = 97 %. 
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Figure S9 Aligned large diameter single walled nanotube films, vacuum filtered from surfactant 
solutions, at different magnifications after DSA was applied on top of the films shown in Figure S7; 
(a-d) T550 = 55 %, (e-h) T550 = 79 %, (i-l) T550 = 89 %, (m-p) T550 = 97 %. Note near-monolayer 
coverage by the thinnest film. 
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Figure S10 (a) variation in the sheet resistance with film thickness for vacuum filtered films of large 
diameter single walled nanotubes with and without SOCl2 doping, (b) variation in the sheet 
resistance with film thickness for vacuum filtered films after DSA taken with the four point probe 
either parallel or perpendicular to the shear direction, (c) variation in the ratio of DC electrical to 
optical conductivity with film thickness with and without SOCl2 doping, (d) variation in the ratio of 
DC electrical to optical conductivity with film thickness, calculated using either the parallel or 
perpendicular measurements. 
 
 
The ratio of the electrical to optical conductivity, σDC/σOP, was calculated as per Hecht et al.1 by 
substituting the measured Rsheet and T550 values into: 
 

 
 

where µ0 and ε0 are the free space permeability and permittivity, respectively. 
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Figure S11 Variation in the 2D order parameter with film thickness where (a) compares DSA 
performed on the film whilst it is on the filtration membrane i.e., before transfer onto substrate, to 
DSA performed on the film after transfer onto glass substrate and, (b) compares DSA performed 
on the film whilst it is on the filtration membrane i.e., before transfer onto substrate, to DSA 
performed on the same films in the same direction after transfer onto substrate and removal of 
filtration medium. In both cases the effect of DSA on the film after transfer increases considerably 
for thinner films with T550 > 80 %, compared to the effect of performing DSA on films whilst still on 
the filtration membrane. 
 
 
The 2D order parameter was calculated from the polarised optical data via;2 
 

 
 
It is possible to quantify surface-only alignment from direct measurement of SEM features using 
various graphics software packages, yielding much higher values of the order parameter than that 
stated in the text for the bulk of the film. However, this is a somewhat arbitrary process that 
depends on the choice of which surface features are considered in the statistics and so we have 
chosen to rely only on the superior method of polarised optical transmittance measurements, which 
cannot be affected by observer bias. 
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Figure S1 EQE (red) and UV-Vis (green) data corresponding to a device made with a very thick 
film of COM (6,5) nanotubes. The reduction in efficiency in the region of the nanotube S22 is quite 
clearly a result of light absorption by the nanotubes. The EQE of a silicon calibration cell (blue) 
displays no such features. Also apparent by comparison are the effects of the nanotube S11 in the 
1050 nm region and p-p* absorption in the UV. The sharp features in the 800 – 1000 nm region are 
spectral artefacts from the instrument. 
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Optical spectroscopy of SWNT dispersions 
 
UV-Vis-NIR spectra were recorded on a Cary 5G spectrophotometer (Varian, Melbourne, Australia) 
at 600 nm min-1 using 10 mm path length quartz cuvettes and a surfactant solution baseline 
correction and are shown in Figure S1.  
 

 
Figure S1 Optical absorbance spectra for the unsorted nanotube dispersion and separated SWNT 
fractions.  Note that spectra were taken after 0.5 mM NaOH addition for the SWNTs in SDS 
surfactant (unsorted and metallic) to reverse the protonation effect.[1] 
 
It is evident from these spectra that while the fractions are very different in terms of nanotube 
diameter populations, each still contains a mixture of nanotube species.[2, 3]  The unsorted HiPCO 
dispersion contains upwards of 50 different species ranging in diameter from approximately  
0.7 - 1.2 nm.  The metallic fraction contains mostly pseudo-metallic species, (semiconductors with 
bandgap on the order of the thermal energy, kBT) rather than the truly metallic ‘armchair’ 
nanotubes.  There is also a very small proportion of semiconducting species remaining as 
impurities in the metallic fraction.  These are generally mixed semiconducting/metallic bundles that 
passed through the gel without significant interaction during sorting.  The semiconducting solution 
consists of predominantly small diameter semiconducting species, being dominated by the (6,5) 
SWNT, but also with significant amounts of (6,4), (7,5) and (7,6) nanotubes and traces of others. 
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Optical spectroscopy of SWNT films 
 
To determine the optical density of the SWCNT films, the absorbance at two points on the 
spectra of each material was averaged as shown in Figure S2 and then converted to 
transmittance.  UV-Vis-NIR spectra were taken from nanotube films on glass substrates and 
the contribution of the glass substrate was removed as background.  The points were chosen 
to be at wavelengths least affected by the changes to the S11, S22 or M11 optical transitions that 
are caused by chemical doping, as well as providing a meaningful comparison between the 
films within this work and with the T550 values given elsewhere.  Figure S3 shows the 
calibration data, where the slope gives a relative measure of the concentration of the SWCNT 
source suspension. As can be seen, the unsorted suspension (already diluted 1:5) is almost 
twice as concentrated as the metallic fraction and about 7x more concentrated than the 
semiconducting fraction.  Figure S4 shows the variation in Rsheet of the SWCNT films with the 
volume of starting suspension, where the slope gives a relative measure of ‘resistivity’, here 
denoted r* and having the units of kW mL sq-1 but different to resistivity in its usual form, which 
has the units of W cm.  The metallic material starts out with r* around 2 orders of magnitude 
lower than the unsorted material, itself about 20x lower than the semiconducting material but 
this changes with SOCl2 doping.  An anomaly exists in that the slopes of the m-SWCNTs 
before and after doping appear to show that the doping makes the m-SWCNT material more 
resistive. This is untrue, as shown in Table 1, and is most likely due to the highest Rsheet  
m-SWCNT data point being an outlier.   
 
 

 
Figure S2 Method used to estimate average film absorbance for the three types of SWCNT 
material whilst avoiding any distortion due to the absorption peaks, (a) unsorted, 450 nm & 
930 nm, (b) metallic, 440 nm & 800 nm, (c) semiconducting, 495 nm & 800 nm. 

 

 
Figure S3 Calibration of SWCNT films showing the variation in optical density with the volume of 

SWCNT suspension used per area of filter membrane. 
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Figure S4 Variation in sheet resistance with the volume of SWCNT suspension used  
per area of filter membrane and corresponding to (a) as prepared devices and  
(b) SOCl2 doped devices 
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Table 1 Detailed summary of measured and calculated photovoltaic performance and device 
parameters as well as optical transmittance and Rsheet of the SWCNT films used pre- and  
post-treatment with SOCl2. 
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AFM 
 
Atomic force microscopy (AFM) measurements were performed on the same films as for Raman 
analysis, i.e. those in the ‘as-prepared’ state on bare Si substrates.  Images were recorded on a 
Bruker Multimode 8 AFM with a Nanoscope V controller using NSC15 Si probes (MikroMasch).  
AFM images were acquired in either tapping or peak force tapping modes, with all parameters 
including set point, scan rate and feedback gains adjusted manually to optimize image quality and 
minimize imaging force.  Figure S5 shows images of the metallic SWNT film at different length 
scales.  All of the films have a similar topography with variations in height of over 1 mm common, 
most likely due to the film forming in the shape of the filter membrane which contains relatively 
deep pores.  In this deposition method, the interface between the SWNT film and the filter 
membrane becomes the film surface, leading to the observed large variations in height. However, 
on a smaller scale the nanotubes within the films form smooth networks of bundles where large 
protrusions in the film are absent.  These bundles range in diameter from approximately 5 - 15 nm 
(using height measurements) as shown in Figure S6.  
 

Figure S5 AFM images of the metallic SWNT film on Si at 15x15 (A), 5x5 (B) and 1x1 mm (C). 
Image A was acquired in tapping mode, while B and C were recorded in peak force tapping mode. 
The dotted line in C represents the cross-section presented in Figure S6. 
 
Film thickness is difficult to define given the large variations in height.  However there is a relatively 
constant baseline height of 40 - 60 nm beneath the larger protrusions.  This is evident in the  
cross-sectional analysis of the unsorted film edge in Figure S7, which has an optical transparency 
of approximately 84 %. However, the films are not completely continuous towards the very edge, 
where small patches of the Si surface are visible, and it is plausible that the centre regions could 
be slightly thicker.  
 
 
 

 
Figure S6 Cross-section of SWNT bundles from Figure S5 (C). 

 



 

 428 

 
Figure S7 A 40x40 µm tapping mode AFM image of the unsorted nanotube film with 4  
cross-sections.  Coloured arrows indicate the positions of the corresponding scan lines plotted as 
cross-sections.  Dashed lines are drawn at heights of 0 and 40 nm for each individual section. 

 

 
Figure S8 AFM images (15 x 15 µm) from films of (a) unsorted SWCNTs, (b) m-SWCNTs and 
(c) s-SWCNTs.  (d-f) show the same films as (a-c) on a 5 x 5 µm scale. 

Raman 
  
Nanotube films prepared under identical conditions to those in the active devices (approx. 84% 
transmission) were deposited in the same manner onto clean n-type Si wafers with native surface 
oxides.  Raman spectra of the films were collected using a Horiba XploRA confocal microscope 
under a 10x objective.  Accumulations of 6 x 30 sec were averaged for each film using a 1800 
line/mm grating and 50 % density filter at wavelengths of 2.33 eV (532 nm), 1.94 eV (638 nm) and 
1.58 eV (785 nm).  Spectra were recorded from ‘as prepared’ films as well as directly after 
treatment with SOCl2 and HF.  The Raman spectra in Figure S9 show the D, G and RBM features 
which are characteristic of SWNTs.  The G bands of the separated metallic and semiconducting 
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films are very different at both 2.33 and 1.96 eV excitation, where these two films have vastly 
different nanotube populations in resonance with the excitation energy.  At 2.33 eV in particular, 
where mostly metallic species are resonant, the G- band is broadened into a Breit-Wigner-Fano 
(BWF) line shape which is consistent with a large contribution from narrow gap semiconductors  
(or pseudo-metallic nanotubes).[4]  The difference between these samples is less pronounced at 
1.58 eV where large diameter semiconductors are present in both films.  Larger diameter species 
are less well separated by the gel-chromatography technique and are therefore more likely to be 
present as impurities in the metallic fraction.  Conversely, there is very little metallic SWNT material 
present in the semiconducting sample.  It should be noted that the (6,5) nanotube RBM is not 
prominent in the 2.33 eV excitation spectrum due to the mismatch between the excitation 
wavelength and the second optical transition (S22) of the (6,5) species. Only those CNTs with 
transitions resonant with the excitation energy will appear in the Raman spectrum, within a 
bandwidth window of approximately ±0.15 meV. The (6,5) tube is on the edge of this resonance 
window and is therefore only partially excited by 2.33 eV radiation 

 

Figure S9 Raman spectra of the D and G (top) and RBM (bottom) mode regions for the different 
nanotube films.  Species were assigned a likely nanotube candidate (n, m) species using known 
radial breathing mode (RBM) peak values providing that species possessed an optical transition 
within the resonance window.[2]   

 
The films were also analysed by Raman spectroscopy after SOCl2 treatment and after HF washing.  
Spectra for the semiconducting film after these treatments are shown in Figure S10, while similar 
results were observed for the other two films.  The response of the Raman spectra to both 
treatments correlates well with the changes observed in the optical absorbance spectra.  Directly 
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after SOCl2 treatment the Raman features lose at least 50 % of their intensity, with all SWNT 
species appearing to be equally affected.  After HF treatment these features somewhat recover, 
but not to their original intensity. 
 
 

 
Figure S10 Raman spectra of the D and G mode (top) and RBM (bottom) regions for the 
semiconducting SWNT film in the ‘as-prepared state’, directly after thionyl chloride treatment, and 
also after final HF treatment. 
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Characterization of the (6,5) SWCNT suspension 

 
Figure S1 Absorption spectrum of the (6,5) SWCNT suspension in 1 wt % sodium cholate (SC) 
measured with a 2 mm path length, along with the background subtraction and peak fitting 
procedure used to determine purity. At 848 nm, the exciton-phonon sideband (EPS) is visible. 

 
Using the procedure outline by Nair et al. the background was subtracted (black line) from the raw 
data (blue line).[1] Subsequently the software “Fityk” was used to fit Voigt functions to the (n,m) 
species in solution in the S11 (900 – 1300 nm) and S22 (550 – 900 nm) regions (red line) with peak 
positions provided in the literature so that the envelope of fitted peaks replicated the raw data with 
a mean χ2 value of 3.95×10-5 (green line).[2] The peak at 848 nm is 0.2 eV shifted compared to the 
main S11 peak at 984 nm and therefore associated to a resonance effect emerging from absorption 
of light to a bound exciton-phonon state, as proposed by Perebeinos et al.[3] Using Equation S1 the 
purity of (6,5) was then calculated by taking only the S11 regime into account and assuming the 
absorbance cross section to be the same for all (n,m) species: 
 
                                                  Purity (%) =  !"#$(!,!)

!"#$!
#(!,!)
!!!

.                                                           (S1)  
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Characterization of the (6,5) SWCNT film 

 
Figure S2 (a) The average bundle height was determined by cross-sectional analysis of 196 
positions in the (6,5) SWCNT film. An example of the height analysis section and additional 
background subtraction (black dotted line) is shown in (b) and histogram in (c). SWCNT film 
coverage was calculated from 6 different AFM images taken from random spots across the film 
with a representative image shown in (d). Additionally highlighted in white circle is an object in the 
film with a height greater than 60 nm, as mentioned in the main text. Using the built in edge 
detection function “canny” in MATLAB® an overlay plot of the SWCNT edges and the original 
image was generated (e). This allowed the surface coverage to be calculated using the function 
“bwarea” to divide the number of SWCNT pixels by the total number in the image. 
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Photo-electron yield spectroscopy in air (PESA) 

  

Figure S3 (a) Reference PESA measurement of ITO and (b) of a (6,5) SWCNT film on ITO. Both 
measurements were performed at 50 nW. The intersection of the background line and the 
photoemission curve provides a (6,5) SWCNT film HOMO energy of 5.1 eV.  
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Transfer Matrix Calculations 

 
Figure S4 Comparison of calculated and measured absorption spectra for (a) C60 and (b) 
PEDOT:PSS on glass. The absorption of PEDOT:PSS is overestimated in the calculation but the 
overall curve shape matches the measurement. (c) Comparison of complex refractive indices for 
(6,5) SWCNTs (d) Comparison of the calculated and measured absorption of (6,5) SWCNTs on 
glass. 

 
Transfer matrix calculations (TMCs) were performed with a modified version of the program 
provided by the McGehee Group at Stanford and outlined by Burkhard et al.[4] The complex 
refractive indices (n and k) for ITO were taken from the library provided along with the MATLAB® 
code. Optical data for PEDOT:PSS was provided by the producer H.C. Starck. The optical 
properties of the float glass were taken from the “Optical Glass – Data Sheets” provided by Schott 
AG and are available online at “refractiveindex.info”. The properties of C60 were calculated based 
on the formula by Ren et al. and the values for Ag were taken from Palik et al.[5]  
For (6,5) SWCNTs the complex refractive index from Fagan et al. and the intrinsic relative 
permittivity from Battie et al. was compared to absorption measurements of our films.[6] For 
Fagan’s approach, the overall curve shape matches the one measured from the nanotube film 
fairly well. The problem is a broadening of S11, an overestimate in intensity at S22 and the overall 
curve roughness. For Battie’s approach, the intensity values are a better match, but there is a 
broad absorption throughout the entire spectrum instead of distinct absorption peaks as our film 
measurements indicate in Figure S4 (d). As discussed in the main text the discrepancies in 
calculated and measured SWCNT absorption is caused by different preparation techniques of the 
nanotubes. Due to these discrepancies and the low absorbance of the nanotube films of ~ 2.5 %, 
nanotube contribution was neglected in the TMCs in this study. 
 
Thin film absorption I!"# in Figure S4 (a), Figure S4 (b) and Figure S4 (d) was calculated based on 
the complex refractive index (n = n + i ∙ k) of the different materials and with Equation S2, Equation 
S3 and Equation S4.[7] The simulated layer stack consisted of glass, the appropriate layer 
thicknesses stated in Figure S4, and air. The absorption coefficient α is determined by the complex 
part of the material’s refractive index, k, and by the wavelength, λ: 
 
                                                               α x, λ =  !∙!∙!(!,!)

!
                                                           (S2) 
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The absorption of a specific material was then calculated based on the local absorption rate, β:  
 
                                                      β x, λ =  α x, λ ∙ n x, λ ∙ |E|!                                                (S3) 

 
                                                              I!"# λ = β x, λ dx                                                      (S4) 

 
The exciton generation rate, G, is calculated based on the local energy absorption, Q, at each 
position and wavelength, with the local energy absorption being: 
 
                                                          Q x, λ = β x, λ ∙ AM1.5,                                                    (S5) 

and  
                                                            AM1.5 =  !

!
cε! E!!(λ) !                                                     (S6) 
 

with c the speed of light, ε! permittivity of free space and E!!(λ) ! the incident electric field, G was 
determined by: 
                                                        G = ! !,! ∙!

!∙!
dλdx,                                                                (S7) 
 

where h is Planck’s constant and c is the speed of light.[7]  
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Parametric Study 
 

 
Figure S5 Part 1 of the detailed median results for the parametric study of PEDOT:PSS and C60 
thicknesses shown in Figure 4 (a) and Figure 4 (b) of the main text. 
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Figure S6 Part 2 of the detailed median results for the parametric study study of PEDOT:PSS and 
C60 thicknesses shown in Figure 4 (a) and Figure 4 (b) of the main text.  
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J-V curve for solar cell without PEDOT:PSS 

 
Figure S7 J-V curve of a solar cell without PEDOT:PSS (stack design: ITO/SWCNTs/C60/Ag).  

 
 
 
 
 
External quantum efficiency (EQE) analysis 

 
Figure S8 EQE spectrum of a solar cell with ~ 41 nm PEDOT:PSS and ~ 85 nm C60. The 
photocurrent contribution from C60 is highlighted in grey, while the contribution from the S11 region 
of the SWCNTs is highlighted in green. 
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Optimization of |E|2 at (6,5) absorption 
 

 
Figure S9 Comparison of |E|2 for calculated optima and actual solar cells with varying thicknesses 
of C60 for a maximum |E|2 at S22 (a) and (b), 200 and 191 nm C60, respectively, S11 (c) and (d), 118 
and 126 nm of C60, respectively, and equal |E|2 at both transitions (e) and (f), 62 and 85 nm of C60, 
respectively, throughout the solar cell stack.  
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Exciton generation rate 
 
 
 

 
Figure S10 (a) Normalized exciton generation rate for 41 nm PEDOT:PSS and varying 
thicknesses of C60. (b) In order to optimize light absorption at S11 and S22 of the (6,5) nanotube film, 
the exciton generation rate was integrated between 800 to 1100 nm (blue dashed curve) and 470 
to 700 nm (black dashed curve), respectively. The intersection points in (b) resemble equal 
contribution from S11 and S22 to the exciton generation rate (50 nm and 180 nm). The maximum 
contribution from S22 and S11 was found to occur at 53 and 198 nm, and 114 nm of C60, 
respectively. The corresponding electric fields are shown in (c) for the calculated optima at the 
intersection of PEDOT:PSS and C60. 
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Determination of internal quantum efficiency (IQE) 
 

 
Figure S11 The internal quantum efficiency (IQE) was determined by measuring the absorbance 
of the nanotube film in situ in each final solar cell device. In order to measure absorbance only 
from the SWCNTs, the background was measured at the solar cell stack 
(Glass/ITO/PEDOT:PSS/C60/Ag) without SWCNTs. Absorbance was obtained from reflectance (R) 
measurements in the active area (blue curve), where absorbance is 1-R (black curve). Due to the 
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noisy signal the reflectance curve was manually shifted to have a maximum value of 1. The 
absorbance curve was then fitted with three Voigt profiles using the software “Fityk” (red curve). 
Underestimating the background correction necessitated addition of a constant value for some 
fitted curves (blue corrected curve in middle column) to guarantee a reliable IQE calculation 
without overestimating the true value. Due to the uncertainty caused by the noisy signal below  
900 nm, EQE (green) and IQE (purple) curves are displayed in the range from 900 to 1100 nm. 

 
The technique of measuring the SWCNT absorption in situ via reflectance measurements was 
adopted from Bindl et al.[8] It was outlined by Armin et al.[9] that a reliable IQE calculation should 
follow the subsequent routine: EQE measurement, reflectance measurement of whole cell and 
then transfer matrix calculation to determine absorption in each layer and overall parasitic 
absorption. Without considering the parasitic absorption the “IQE-like” curve is spectrally not flat 
and underestimates the true IQE. Having well defined refractive indices for all materials used, this 
is a promising approach to accurately calculate IQE.  
Without the refractive index of (6,5) SWCNTs we were not able to perform a transfer matrix 
calculation to determine the parasitic absorption within the solar cell. Instead, we calculated IQE 
based on EQE and reflectance measurements with the likelihood of underestimating true IQE. For 
the first five measurements, a constant value was added to the absorbance curve (most likely due 
to an insufficient background correction) in order to yield a reliable IQE calculation and not 
overestimate it. IQE at the S11 transition of the (6,5) SWCNTs around 1021 nm was then 
determined to be 86 ± 12 % by dividing EQE and film absorbance. The measured and calculated 
JSC (based on Equation 1) were within 6.7 %. 
 
 
 
 
Enrichment of (6,5) SWCNTs 
 

 
Figure S12 Absorption measurements of the two bands obtained from the as-prepared (6,5) 
suspension by density ultracentrifugation in 1 wt % SC using a 2 mm path length.  
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Determination of series resistance (RS)  

 
Figure S13 In order to calculate the series resistance a line was fitted to the linear regime of the  
J-V curves (green) of the as-prepared and enriched (6,5) material. The inverse of the slope of the 
green curve equals the series resistance. 

 
Light Intensity Variation 

 
Figure S14 (a) and (b) VOC values measured for varying light intensity from solar cells made from 
as-prepared and enriched (6,5) material. VOC was set equal to S ∙ ln I + constant, with S being the 
slope under investigation.  

 
Comparison of a solar cell with and without SWCNTs 

 
Figure S15 Comparison of J-V curves (a) and EQE measurements (b) for solar cells with 41 nm 
PEDOT:PSS and 167 nm C60 with (green) and without (grey) as prepared (6,5) SWCNTs. For the 
solar cell without SWCNTs the VOC is comparable to (6,5) enriched devices which demonstrates 
the influence of metallic SWCNTs on the overall device performance as discussed in the main text. 
The “C60-only” solar cell has a smaller current density than solar cells with as prepared SWCNTs. 
The increase in JSC in (a) is also displayed in (b) by an increased EQE and resembles the influence 
of SWCNTs on the current generation. In addition to quantum efficiencies, |E|2 and the SWCNT 
film absorbance were also plotted to demonstrate the effect of light absorption at S22 and S11 on 
the EQE spectrum of solar cells with nanotubes. 
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Figure S1 Absorption spectra of the chirality sorted SWCNT material used in this work.  Spectra 
have been normalized to S22 via the following factors;  

(6, 5): 2.032 × 10-4, (7, 5): 1.741 × 10-3, (7, 6): 2.3 × 10-3, (8, 3): 1.475 × 10-3,  
(9, 4): 6.401 × 10-4. 
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Figure S2 Representative transconductance curves for single chirality SWCNT devices used in 
photocurrent measurements. 
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Figure S1 Absorption spectrum of the (6,5) CNT dispersion used in device fabrication. The first 
and second order interband transitions of (6,5) CNTs, denoted as S11 and S22, are shown at  
570 nm and 982 nm, respectively. 
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