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Abstract

Singlewalled carbon nanotubes (SWCNTSs) constitute an allotrope of carbon with ditmemsional lat-
tice structure rolled up to a seamless cylind®wing to treir one dimensional structure, they possess
uniqueoptical properties including the ability to absorb lightm visible toinfrared regime.Additionally,
they behave as metals or semiconductors depending ugair structure or the direction in which they
are rolled up with respect tthe graphendattice. With solution processing techniques, it is now possible
to fabricate devices consisting ofrbon nanotubes with tailored properties for a variety of applications
including opticalletectors optical emittersand other organic electronics.

This thesis worls focused a achievingor photocurrent generation in carbon nanotuliensistorde-
vicesworking under ambient conditiong hetransistors withsplit gate geometrywere fabricated with
solution - processed carbon nanotubes as the transport channel aradtaciterized using photocurrent
spectroscopyThe nanotubesvere integratedto form transistor devices dielectrophoreticallgy depos-
iting semiconductingreviously sortedCNTs usingolymer assistedize exclusion chromatograpi{$EC)
in toluene. Also, anew method to measure the length distributions thfe nanotubesusingAnalytical
Untracentrifugation AUQ was explored for the first time for neaqueous suspensions. It was realized
that the sedimentation behavior omonochiral suspensions studied toluene deviated strongly from
prior works caried out for aqueous suspensions, buhew and a rathesimpler modehllows to explain
the observation

On characterizing the transistor devices with photocurrent spectroscopy, it is realizefbttibe device
geometryused the photocurrent spectrum correlates well with the absorption spectrum of the deposited
nanotubesAlso, the results display signatufesm the substratesn the offresorant regions of the spec-
trum. It was realized thabnly insulating substratesould provide a cleaphotoresponsespecific to the
nanotubesaloneand that CNTs are sensitive to light absorption by the underlying substrate

Furthermore, electric field assisted measurements were carried out by applying a gatageon the

split gatesand measuring the shortcircuit (source to drain) photocurrent signal. Based on the trends
observed in the results, it is possible to identify the mechanism behind the generated photocurrent signal
for a particular measuremerstcheme Also, the results indicatéhat the Schottky barrier ahe nanotube

and the metal electrodinterfacedominates the pfunction formed by the split gates. Nevertheless, the

(n, m) specific relativephotocurrentcontribution could be tailored witlthe electrostaticfield from the

split gates

Lastly transistors were fabricated with silicon contact with solution procedsedchiral andnonochiral
carbon nanotubes athe transport channel. otocurrent spectroscopwascarried out onthesetransis-
tors as well. Resul&howphotocurrentsignalsoriginatingfrom the substrate as wedls fromthe smaller
diameter tubeshowever,in opposite polaritybut not from the larger diameter tubes due to unfavorable
energy levelpositions primarily for the few ciral supensions. However, devices fabricatedth a
monochiral suspensiorrevealed that the photocurrent signatureesemblethe signatures of thdew
chiral suspensions, indicatitigat the signatures are rather an effect from the substrate and not ftben
nanotube channeitself.
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1 Introduction

1.1 Scope of Thesis

The entire progress in the state of the art electrories be credited to the success of one material, and
that is Silicon (Si}.It was made possible by improving the tBansistor over decades by increasing the
integration density of the integrated chips (ICs). The IC devedoprnas always followed th&amous
az22NBQa [ ¢ 2 OfshileditiaShen@draxidn bf nmiier @ transistors doubles every 18
months on a processor chip by reducing the transistor dimensions and increasing the operating frequency.
2Howevera 2 2 NBQa [l 6 Aa y2¢ OKFIfftSyaISR +ta GKS {A GNIyaa
all the factors like scaling down the dimension, increasing the charge carrier density and mobility, using
high k dielectrics algnpwith new geometrie$.On the contrary, due to the increasing demand of the inte-
gration density, transistors face problems like short channel effects such as tunnelling between source
and drain and high leakage currents. Due to sisttortcomingsit is of great importance anidterest for

the industry and eientists to find a capable material with superior electrical properties to replace silicon.

Over the years and since, many materials with such superior electrical properties are subjected to tests
and experiments to pinpointhe fix. One such promising material is the quasi-diveensional (1D) car-

bon nanotubegCNE) becausef their novel electrical and optical properti€€ CNTs are an allotrope of
carbon and their structure can be correlated to a rolled up graphene sheet. Similar to grapgi¢hiealso
possess sphybridized orbitals and these orbitals form the sigma bonds between the adjacent carbon
atoms andthe remaining p orbital forms a delocalisgdelectron cloudwhich depending on boundary
conditiondetermines the metallic or quasi metallic behaviour of thbe.”® Geometrically, afmndividual

CNT wall can be defined by the orientation of the wrapped up graphene lattice with respect to the tube
axis, known as the chiralftyBased orthe number of wallsCNTs can be classified as singédled carbon
nanotubes (SWCNTs) and multlled carbon nanotubegMWCNTSY Typically, the diameters of
SWCNTs and MWCNTSs range from 0.8nm to 2nm and 5nm to, 28spectively. Whereas, the length of

the tubes can vary from less than 100nm up till several centimetres.

Due to heir unique 1Dgeometry,CNTs show many attractive mechanical, thermal, electrical and optical
properties. They have very higf2 dzy 3Qa Y2 Rdzf dza o6dm¢t I 05 (SyairtsS aiaNg
elongation (up to 16 %yhichpotentiallymakes theninterestingas a strong reinforcement agent in com-

posite materialsright from Atomic Force Microscope (AFM) tips up till air crafts and space eleviidrs.

Also with its thermal stability and conductivitgNTsare ideal candidates to replace metah thermal

conductive applications such as heat sinks and heat exchangers in electronics. Typically, CNTs are stable

until 2800°Cin vacuum and 750 °C in aiith a thermal conductivity > 6000 W/mK at 300%R®

The nandubes exhibitattractive electricalproperties with their diameter and chirality dependent band
gap ranging from zero to 2 eV placing them in metallic or semiconducting behaWitnar. than the low
electronscattering within the 1D system and surface to volume ratio, electrical conduativity to 1¢

- 10’ S/m, charge mobility of &nm?/(Vs) and current capacity as high as 1 GA/ane observed for
SWCNTs whiamakes themmore than suitabléfor modern electronics and sensof&2° Over the years

it hasalso been verified that CNT based transistors can perform with sub threshold swing lower than
60mV/dec and are also compatible witMOSield effect transistor (FET) architectuie.
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The optical properties of SWCNTs emerge from thkeictronic transitios within the van Hoveiagulari-

ties (vHsY; the one dimensional density of states (DOS), which consists of chirality resolved peaks making
them spectroscopically distinguishaBBfeDue to theirnm- scalediameter, the Coulombinteraction be-

tween the optically excited electron arimble pair is strongvithin ananotube?? These strong interactian
resultin sharp band to band or excitonic transit®and also a strog photon- phonon coupling whin

the CNTs. Thisults in many optical features, like electron phonon side band or Raman scatteriffg etc.
Hence, CNTs have proven to be exceptional in various oppeéitations, such aght emitting diodes
(LEDs), solaetls, optoelectronic transducers, photonics and plasmofié8.

In order to probe these properties, material procurement and device integration are two essential factors.
To address tb material procurementpure semiconducting SWCNTsS@/CNTSs) separated from the me-
tallic SWCNTs (8WCNTsare needed. It is nogfficient to separateduringthe synthesis methods such

as chemical vapour deposition (CVD), arc discharge, laser ablation, plasma tofeH-&ceven with
selective mSWCNT etchint:®* This occurs due tthe possibility of multiple preferential species growth

in a synthesis process. Hence, further separatimtesss are required tesort the SWCNTs with respect

to their chirality after synthesis.

In practice, the post synthesis separation of CNTs can be categorized into solid substraterizhsel-
tion based methods® Using external heat or high curresto burn off or remove rSWCNTis knownas
substrate based purificatiorgommonly used in techniques like microwave purificatfaand electrical
breakdowr?’. The tube densityprepared by these techniquesdggiite lowdue to the limitation from the
substrate areamaking themdetrimental to the device performance. On the other hanthe solution
based techniques include selective chemi&t, ultracentrifugtion*!42 chromatograph$?#4and elec-
trophoretic separatiof®. Based orthese purification techniques, separation of specific SWCN3wéla
improved compared to theisynthesis techniques. Howevdtr still includes certain drawbaskike func-
tionalisation of the material andbw yield of the targeted SWCNTSs. In particuBEC performed with
organic solvents and peRuorene based polymer wrapping fishown to be one of the high yielding
specific sorting abilities towards generating dispersed SWCNTs with >>99% semicorchudéng in a
single sonication oultracentrifugation step®“8 Using such a method would yield ultr&igh purity s
SWCNT for large scale applications.

When it comes to the CNT integration, the major challenge is to assemble individual tubes rather bundles
with precision on to the chipalong with reproducibility and packing density optimization. Methods like
shear forceguided SWCNT alignmesb farlack control over orientation of alignment and positioning of
the SWCNT array$>° Also, LangmuirSchaefer method is a technique that has been widely used for
fabricating single molecule thick film with control over the packing density but has no control over forming
double layered CNT arrays, which can be detrimental to the elecbét@viour due tathe inter-tube
screening effect®>1On the contrarydielectrophoresis (DEP) has proven to be more versatile to sort and
deposit simultaneously?>3Unlike the regular electrophoresis proceBEP does not need its particles to

be charged. It is effectively driven by the dielectric properties (permittivity and conductivity) of both par-
ticle and solvent along Wi the sizeand geometry of the particle.HE technique makes use of induced
dipole moments on applying inhomogeneous field, giving precisgrol over deposition and coulde
scaled by optimization of electric field and electrode geométsy.

CNT integration was first demonstraténl Karlsruhé&® using (AC) DEP to assemble them on to devices
separating the individual tubes from the bundResThe technique has a potential to fabricate individual
devices, displaying potential for industrial fabricati§tdowever, SWCNT DEP at first was mainly concen-
trated on the metallic species rather than semiconducting ones due to theleatric properties as the
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former one is much larger, making them preferential for DEP. In order to achieve qu8IMCNT depo-
sition, a low dielectric media should be preferable in order to reduce the screening effects from the media
and increase the darizability of the nanotub&” The frequency window for achieving the conditions for
DEP for sSWCNT is limited by the electrolysis of the electrodes and formation of electrical double layers
(EDLsYue to the ions in the media at low frequency. Also the DEP parameters should be tuned down or
up according tahe decreaseor increase in the conductivity of the substr&f& method to characterize

such DEP deposited CNTSs istplaurrentspectroscopy

Due to the quasi 1D structure of SWCNTSs, the exdittertbandtransitions between the corresponding
vHsdominates the opticalransitionsof nanotubes. Generating an exciton and the probability of convert-
ing it to free chargedepends on the binding energwhich can be influenced by the external applied
electric field>® Thesefree chargs when collected athe nanotube endsn responseo the illuminaion
with light results in gphotocurrent. Typically photocurrent is strongly correlated witie optical absorp-
tion of the nanotube and dependm the polarization of the incideright.

The photocurrengeneraton mechanism in CNTcan be broken down into phonon assisted and electric
field assisted. The phonon assisted or thermal based photocurrent generation is independent of exciton
generation or relaxation process and daafurther classified into bametric as well as photothermoe-
lectric effect (PTEYhe bolometric effect dominates when a DC bias is applied across the nanotube chan-
nel and can efficiently dissociate the charge carriers across the entire nanotube cf&ffrialabsence

of a DC bigghe CNT dev¢ees generate either a PTE or laopovoltaic (PY /electric field assisteghoto-
current. Both of these mechanisms exist together with thelative dominance on theanotubetype

and electronic assembly of the CNT fitong with thedevice geometnf® PTEwvorks a the Seebeck
effect, where the temperature difference iisduced by absorption of light by two materigtgeneratinga
potentialgradientdueto the differencein the Seebeck coefficientsetweenthe metal electrodes and the
nanotubes. Whereas, the PV woris the electric field gradient generated along the namoe film or at

the contacts. Along the nanotube channitle electric fieldgradient is generated by aglectrostatic gat-

ing (split gate) andt the edge of the nanotubanetal contactelectric field gradient is generated due to

the formation of Schottkyarrier due to thedifference inwork-function between the nanotube film and

the metal contactBut the Schottky barriebased photocurrent generatiois moreprominentin smaller
diameter tubesdue toalarge differencein the fermi leveldetween the nanotubes and the metabn-

tact. To realise photocurrent through electrostatic dopiagargercontact length is desired between the
nanotube and the metal contact. Also, a larger diameter tube or a lower work function for a metal contact
shauld be considered, minimising the weflinction difference between the nanotube and metal contact.

Although, Riaz et.&reported a curious behawour, that when a few CNTwere contacted with a bulk
semiconductor creating aanotube semiconductor junctiont, wasobserved that there was a change in
the direction of the photocurrent generated along the spectrum, each attributed to the contribution from
the nanotube and the silicon electrode. The photocurrent observethemanotube active regionsas
proposed to befrom the PV effect and the rest of the oppite photocurrent signatureue to a photo-
gating effect in the bulk semiconductors. However, this was reported tougefor the smaler diameter
tubes and not for theslightly largerdiametertubes present irthe multi-chiral suspension used in the
experiment®® On continuing the work for better understanding with even smaller diameter tubes, a sim-
ilar signaturein the photocurrentwasobserved suggesting that treompeting polaritiegeneratedfrom

the photo-gating effectisoccurring at different layers of the substrate.
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1.2 Thesis Framework

In this thesis, the best possible condition for the photocurrent generatvasinvestigated in the near
infrared (nIR) region of the light spectrum alongiwihe influence of bulk silicon otle photocurrent
when in contact with nanotubes, aslisonis an ideal waveguidenaterialto channel light to nanotubes.

In Chapter 2, a detailed theoretical background is presented to comprehend all the experimental mea
urements and their interpretation in the following chapseiThe main focus of this chapter is driven to-
wards the introduction of the structure and geometry of the SWEMIong with their structure driven
optical and electrical properties.

The experimerdl methods on production or synthesis along with purification and length sorting are ex-
plained in Chapte8. It includeghe different synthesis techniques along with types of SWCNT dispersion
and their length sorting b§E@nda newlength analysis techiqueis introduced. The nevength analysis
technique is compared with the atomic forcaaroscopy (AFM) method as a referentegauge the new
technique using analyticallttacentrifugation(AUC). The statistical number distributions obtained from
each nethod are compared for a monochiral (7, 5) suspension. Chaptdodusedon the photocurrent
spectroscopy technique, where the concepts and working principles of the different instrumentations
used in the photocurrent spectroscopy are explained in detlang with their calibration.

In Chapter 5favorableconditions for the photocurrent gemation arediscussed in detailn comparison

to silicon the photocurrent spectrdrom the sapphire substrate on same type of devices showlear
CNT specifispectrumwithin the nIRregion. In addition different substrate geometries weravestigated

and discussed tmaximizethe photocurrent generationywith the main focus towards split gate geometry
to create an electrostatic pjunction. The devices werabricated byintegratingCNTsrom a toluene
based multichiral dispersion with a high concentration of (9, 8) SWCNTs using DC DEP. The devices were
then electricallycharacterizedand their photocurrent spectravere measured for different gate configu-
rations along with their photocurrengatevoltagemap.In conclusion it was found that the Schottky bar-
riers dominate the pnjunction for the given nanotube dispersion used. The photocurrent enhancement
from the pn junction can beealizedonlyif the Schotky barrier height can be reduced arlarger diam-
eter SWCNT can be used

As the SWCNTSs were targetedhtatentially besingle photon detectors, the light to be detected is coupled

on toa silicon waveguide. Hence, thehaviorof SWCN-Eilicon junction i$ocusedin detail in Chapter 6.

Here, differentnanotube to silicon junctions an@vestigatel with photocurrent spectroscopin detail.

Also, the photocurrent mechanism is deduced across these junctions by addressing different parts of the
photocurrent ectraandsubstrate effects. The photocurrent studies are mainly conductefibarchiral

and monochiral (65) suspensiosintegrated using DC DEP ailicon on msulator §O) and silicon on
sapphire (SOS) substratékhe fabricated devices were charatited electrically and their photocurrent
spectra were collected. The comparison of the photocurrent spectra collected concludes that the photo-
current observed is from the sstrate and nofrom the SWCNTSs bridging the electrical contacts.
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2 Theoretical Background

2.1 Single walled Carbon Nanotube

Singlewalled carbon nanotubes (SWCNTSs) constitute an allotrope of carbon with a two dimensional lat-
tice structure rolled up to a seamless cylindgince their discovery in 1991, carbon nanotubes (CNT) have
shown a great potential to replace other bulk material attributed to their quasi 1D nanostructure. They
exhibit unique optical, electrical and chemical properties making them ideal for variouisajmpls in-
cluding photonic$ Carbon has six electrons with orbital occupanci2€&p?. The atomic orbitals in car-

bon can mix with one anothdeading to sphybridization (wherédcan be 1, 2 or Bthat can define its
geometry as well as its electnic properties. For instancelkgnes (sp) and graphene &ran act as
conductors, whereas diamond @ps a wideband gap insulator. As rolled sngle layer graphee sheets,
SWCNTSs also possessiilar sg hybridized orbitals. These orbitals form thebonds between adjacent
carbon atoms in the graphene plane while the remaining unsaturated p orbital forms a deloCadileexd

tron cloud perpendialar to the graphene sheet. Since the electron cloud lies near the Fermi level, it de-
termines the metallic or quasimetallic behaviour of graphene and that of SWCNT as well.

Figure2.1(a) Schematiplot of the chiral vector@) in a graphene lattice. (b) The relationship between the integems)(and the
YSGFEtAO 2N aSYAO02yRdzOGAY3 yI (GdzNB 2F y I y2 i dzoofibie® Cap@ight ¢ KS & ( NHzO
2011 RST (d) Unit cell of graphene, along with the lattice vectors.

The structure of SWCNisdefined using thegraphenelattice vectors. The unit cell is spannedeo the
unit vectorsAp and Apin the shape of a rhombus containing two carbon atomshia centre A and B.
Geometricdly, the length of both the vectors is obtained usitige distance between the neidjouring

atomsA e p& ¢ where |$ABs As A MoA  ¢8 ¢ and form an angle of 602 The chiral vec-
tor #B, is perpendicular to the nanotube axis and is mathematically represented as,

40 1o 1 Ao 2.1)

where Apand Apare the basis vectsrof graphene and nand m are integegis  § s 99. (n,m) is
called the chiral index arhirality of the nanotube and is unique for a particular tube. Based onttigs

chiral vector#Pis the one along which the graphene sheet is rolled up to form a SWCNT, which means
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that #Pconnects two equivalent atomic siteatongcircumference of theube Figure2.1). Fromthe chiral
index, the nanotube diameter and chiral anflle; between#PandApcan be calculated through®®

PO A UCANE e @2
Y A

ATf o ApiP [ (S (2.3)
ABIR U T 1 |

The geometry of CNTs is relevant not only for understanding the physical properties of nanotulites but
also simplifieghe calculations as well. The electranproperties of CNTgary dramatically dr carbon
nanotubes with adjacenthiral indices. Takinito accountthe symmetry of rotation of the graphene
lattice for the SWCNT#e magnitude of each chiral angfe  is correlatedto the chirality of every
single tube (a statel above) and is restricted withmt J [ 5 o 1t Wheni T, indicating g

1 Jthe cicumference of the tube gives a Zgg mttern, hence defining them asgezag tubes. Wheih

I, meanind 5 o 1, the tubes are defined as armchair due to its armchair pattern along the circum-
ference. Other tubesl | 1 are known as thehiral tubes Figure2.1(c))° Accompanying thehiral
vector #b, atranslational vectorP which denotes the translational period in the tuaeis direction, is
needed to span thenit cell of the nanotubeRigure2.1(a)?).

2.2 Band structureof Graphee

In general,the electronic band structure of grapheris calculatedising ab- initio calculations or the
empirical tight- binding approximations. In the latter approximation, the valence electrons are confined
within atoms but interact with those of neighbouring atoms owing to the small interatomic dieg&arhe
electronic band structure is theref calculated by superimposing the constituent electronic wave func-
tions. The typical electronic band structure of graphene is representeéidare2.2. Thetight-binding
electronic dispersion model for graphetieat considers the third nearest ndigour interactionis in good
agreement withthe ab-initio calculation in the vicinity of the high symmetry poimgK and K". Conse-
quently, the energy dispersn relation in these regions gmplified tq

X ¢ Es (2.4)

.
#E p Q% Es

where the phasechange in electron wavéunction % E is described as follows E ¢ s

p 1 Al-m T ATYOE AT 6B where s is the value forthe overlag A& G KS St SOUNRYy Q2

onsite energy and is the hopping integral for graphersand are determined by theoretical calculations
asanempirical fitting parameters for experimental dataThe #denotesthe bonding state of the valence
band (+) and the antibonding stats the valence band-). Also, the® and™ * conduction and valence
band meet at the K points of the Brillouin zon¢BZ)and are almost liear in the vicinity of the &mi
level.
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Figure2.2: Band structure of gpheneg Electronic dispersion in the honeycomb lattie.

2.3 Band Structure of Single Walled Carboambtubes
(SWCNTSs)

With the 2D dispersiorelation of graphene, it is possible to deduce the energy dispersion in the SWCNTs

by imposing the periodic boundary conditions kimoas the zone foldingZF)approximation. The method
results in quantization of the continuous band in graphene to dissatebands.TheBZ in the reciprocal

space for SWCNTSs consist of equidistant lines matching the number of graphene hexagons in each cell of

the nanotube. Tie BZ islefine by two vectors EBrunning along the axis of the SWCNiRsl EPrunning
perpendicularto the tube axisFigure2.3 shows the first Band electronic band structure of (4) arm-
chair nanotubegoresented on top of the 2D repsentation d the first BZof graphengX o mir

C® . The plot is the resultant from tight binding calculatiasfselectronic band structure of S@NTs
using the ZRpproximation™ For an infinitely long SWCNFe wave vectorEgis continuougEquation

2.5)whereas, the wave vectdfPis quantized (Equation 2.6) along th@direction

ERO#P T (2.5)

EPXP AA E At (2.6)

Here,A is the nanotube diameter antl is anquantum numbermelated to the number of graphene
hexagons in a unit cell of ¢6SWCNT. The number oédagons. ¢1 11 [ TCAAI

i g1 1 (where gcdgreatest common divisodnd the integert is given by —H8 phriph8 h- re-
sulting in N lines of allowedstates separated by7A . The factog Acomes from the phase difference
of the electron wavefunction ahg the circumference of the SWCNT. [For morerinédion, Thomsen et

al’].
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Figure2.3: (a) First Brillouin zone and (b) Electronic band structure in for (4, 4) armchair narfjctibdated with wolfarm al-
pha']

Although the ZFapproachyieldsreliable descriptions for electrical properties of SWCNTSs, it fails for
smallerdiameter tubesA  Mp 1 I to consider a shifof the k- pointsdue tothe curvatureeffect of

the Fermi vectorEPfrom the BZ corners (K) of graphene. For those casks ab initio method is used to
calculate the band structure for larger diameter SWCNTSs.

The density bstates (DOt higher energies comprises sevesalgularities called as the van Hove sin-
gularities (VHE %* pf1% In SWCNTshe DOS is given by

© 06 Age g T (2.7)

’ ¥ 3
with % for the E Eigervalues of the band energy of graphene under the tight binding model, biyét
% E 1 Due tothe high DOS at the vHs, physical properties like optical absorption/ enfi&gieso-
nant Raman scatterii’ etc. wil be pronounced at these energies

2.4  Optical Properties of Single Walled Carbon Nanotubes

The electronic statesf SWCNTvithin an energy intervagjive rise to manyptical properties As men-
tioned in the section abovyehe local symmetry of the SWCNTSs alavith their curvature effect gives rise

to these energy level® These energy levels can be probed by several optical spectroscopic techniques
like UV- Vis absorption spectroscopy, photolumiscence etcFigure2.4 shows the typical density of
states (DOS) q#,0) and (44) respectivelycalculated with Wolfarm alpha)fhepresence of DOS has
been verified byscanning tunneling microscopy (SThind have direct implications on charge transport
and optical properties of the SWCNTSs.
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Figure2.4: The plots showhe electronic density of states (DOS) computed from the ilghtling method for (ayemiconducting
nanotube (40) and (b) metallic nanotube (4).

2.4.1 Absorption

On illumination withlinearly polarized light parallel to the nanotube axis, the opttcahsition (Ei) be-
tween the two energy levels defined by the vHs silands with same angular momentum numbheis
allowed® These optical transitions in semiconductingpés are commonly denoted as1,SS» etc. and
Ma1, M2z etc. in metallic tubesFigure2.5 shows the possiblgptical transitionsn SWCNT#s the energy
levels are strongly dependent on the nanotube chiral properties,dptical absorptionmeasurement
techniques can be used to probe the energy levels and define the chirality of the SWENrisciple,
the photon of energy & or Sz is absorbed to excite the electrons to the correspondéxgited state
forming an electron hole paiiThe &, S2and dher similar higher order transitions are possible when the
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incident polarized light ialigned or parallel to the SWCIdXis in which the selection rud  Tmapplies.

On the other handthe transitions like § are allowedonly when the incident light ipolarized pergndic-

ular to the SWCNT axis wieethe selection rule it p. However, this crospolarizedexcitation is
suppressed by thantenna effect or the depolarization effééf?due to the geometricahnisotropyof

the SWCNTs.drarizationinducedin SWCNTSs by in@dt lightis opposite to the electricdld causing the
effect, nevetthelesscrosspolarizedphotoluminescence has been reported from several SWCNTSs despite

its low efficiency?®
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Figure2.5: The allowed tansitions are indicated withrrows. The 1 and Sz transitions are resultant of excitation with SWCNT
axis aligneadvith the polarized lightwhereas the §transtion is a resultant of cross polarized excitation with respect to the nano-
tube axis.

2.4.2 Photoluminescence

Photoluminescence excitation (PLE) is widely used to charactsimi&onducting SWCHT 1t is per-
formed by excitingSWCNTs over a wide range of wavelengthd detecting the emission from the
SWCNTSdTypically, the relativabundance of(n, m) specief the specimen could be deduced from the
relative emission intensityiFigure2.6 shavs the photoluminescence process that takes place after an
optical excitation In general, the electrons excited frotime valence band to theonduction band can
radiatively recombine emitting a photon with an energy equivalent 10*SElectrons from the higher
bands can also relax to the first conduction band neadiatively throughelectron-phonon relaxation
and thencontinue to recombine, to the ground state

However, this tehnique is not suitable fometallic tubes as the exed free carriers relax to theefmi
state in a phona assisted process leading tmn-radiative recombinatia. Hence light emission from
metallicSWCNT (RBWCNT) or bundles sémiconducting and metallic SWCNare strongly quenched
and not observed unddPLE characterizatiohi.
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Figure2.6: Schematic representation of absorption and emission from a semiconducting SWCK8laXdmonof the S2excited
electron to S10ccurs with gphononassisted relaxatioand the & relaxation is emitted as a photon

Bothabsorption and photoluminescence spectroscopy allow a comparison of different nanotube $pecies
density in a sample. An absolute value can be determined with the correspondimy ¢iependent opti-

cal absorption efficiencies and cross sectidfiiciencyand transition are strongly dependent on the di-
electric environnent surrounding the tub&® Also, relaxation lifetime of the excited carrignasbeen
addressed in literaturesing pump probe experiments. The timescaeges in femteseconds depending

up on type of transitions. Howevetransitions in bundlesare expectedup to a pico second due to tun-
neling into the neighboring metallic or langdiameter tubes%%

2.4.3 Excitons in Carbon Nanotubes

TheCQoulombinteraction between arelectronand ahole forming an excitorin a SWCNT is strongly en-
hanced compeed to the bulk semiconductorglthoughthe optical propertiedill the previous section

were explained using the single particle model, the single particle interband theory deviates substantially
from the expeimental observationsiue to enhanced electmohole pair interactiorf>**Herce, themany

body effects coménto play, where the electroi electron and electronchole interactions play a major

role in the exciton physics in a SWCHXperimentally, in absorption studigis was reported that the
energy transition ratios ¢@Si11) were inversely depatenton the diameter instead of the remaining con-
stant from the tigh binding calculationg* Also, the excitonic naturprobed bytwo photon absorption
spectroscopy indicated thexistenceof excitonic states just below or lower than the free particle contin-
uum states even at the room temperatuf&93.9%9
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Excitons in CNT constitutesaries of bound states am@nalogougo the Rydbergseries in an atom just
below the free particle continuunThe Rydberg seriés due tothe two particleinteraction withinatomic
hydrogen.Similarly,bound excitonic statesan be found irsemiconductos. The excitonic states areed
fined by the following equation

% 2.8
% % % (2.8)

where% is the band gap energy afd is the the Rydbergnergy.In CNTsthe electron density is con-
fined to the plane of the rolled graphene sheet. Excitonic wavefunctions are expected to be delocalized
along the circumference of the tube and extend along the tube #éfice the modified Rydbe®ex-
pressionfor the SWCNTSs is &ollows

z

p @A6

-8

‘|

% P 2.9
R

Here,{ * is the reduced effective mass of the excitbn, is the effective mass of the electron arés the
dielectric constantThe ability of the exain to be influenced by the external appdielectric feld is de-
termined bythe dielectric constantln some cases, the polarized medium can compensate an external
electric field, so that the internal electric field is smaller. This is known as dielectric screening and is the
reason for spectradhifts when characterizing CNTs in various solv&ht$2as well as embedded in com-
posite material$’3using photoluminescence spectroscofife repulsive forces between the electrons in
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a tubes leads to a blue shift of the continuum states knowthasand gap renormalization and is coun-
tered by the electron hole interactions that are responsible for the formation of the excifidres gptical
transition energies can be expressed as follows

% % % % (2.10)

where % is the free carriecontinuumstatesor the single particle band gago and% are the electron
¢ electron and electrofhole interaction energies respectively?
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Figure2.8: U\ Visible absorption speaim of (a) monochiral (75) and(b) multichiralCNTs with majority of (8) along with the
photoluminescence xcitation map in (c) and (d) respectively.

The electron hole interaction energyligtter known as the exciton binding energy % 8The binding
energies®% of excitons have been theoretically predicted and meaduoebe as large as sevefaindred
meVs for SWCNT$and tens of meVs fan-SWCNTBeing the reason afeducedscreening effect within
the nanotube'®* The dependence d¥o on the diameter, chirality and the ambient dielectric properties
wasstudied by Perebeinos et # and describeds

)
% é ; (2.11)
C

where Rris the delectric constant of the mediuni, * the effective massA the CNT diameter, anthe
parameters; p8&,! ¢ B A 6derived bysolving the Bethe Salpeter equationMost importantly,
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% is inversely related to the CNT diametsrd the surrounding dielectric environmert®In CNTs, the
binding energy wasdeterminedto be 0.4 eV to 1 e%,*’which isabouttwo order of magnitude larger
than bulk semiconductor material.

In SWCNTslue to the combination ofheir 1D structure and electronic property of graphernbe @u-
lomb interaction plays an important role in the band structure and the exciton effect in optical spectra.

The presence of two valleysda 82 OAF SR gAGK (GKS Y |yR YQ LRAYyGAE

and the electron spin, the exciton stateave a degeneracy of 16 in the lowest ordler apfiroximation®”
These 16 degenerate exciton stat® classified into four singlet states and twelve gttates, out of
which, onlyone singlet state with matched wavenumbaerdaspin is optically active ffight excitonstate),
and the remaining fifteen are optically inactiveefk excitorstates) Thesedarkexcitonstates have been
experimentallyobservedusing temperature- dependentphotoluminescencespectroscopy &t mag-
neto - optical spectroscopy, electroabsorption spectroscog{®and even photocurrent spectroscopi?
This is because a dark excitwith a nonzero momentuncanbecome visible through coupling to a pho-
non.

Figure2.8 shows an example of the optical absorption $pen and the PLE map of single § SWCNJ

and a multichiral suspension. Thes 8nd Sz regions are clearly visible as sharp peaks in the spectrum
indicating the dominance of excitoniiehaviorover continuum transitionsThe PLE maps are generated
by excitinghe CNT®ver the wide range of wavelength as showrFigure2.8. Such maps shospectral
features unique to different () species. Withthe PLEmap, tables havebeen generated and are used
for the assignment of the (nm), as a metric to sort the CNTBven wih certain shifts in the & and 32
peaksfrom the dielectric environment around the tubg¥it is still possible to deduce the different, (m)
species present. Although higher order transitions,(S4etc.) are difficult to observe and identify in the
absorption spectra due to an overlayth a strong - plasmonbackground'*they candistinctly appear
inthe PLE map&®

2.5 Electronic Properties oBingle WalledCarbon Nanotubes

The SWCNTs are more synonymous with the band structure of graphene. Especially the BW@NIS
have subbands intersecting at the symmetiftermi point. Since Fernpioints contribute a forward and
backwardwavevector, there are 4 forward and backward electraates considering thepin degeneracy
at absolute zero. #gsumingno scattering the quantum conductance from each state would be

A . (2.12)
I3 C ori

Including the elastic scatteriraf charge transport itSWCNTs based on thandauer theory'®the total
conductance of all four states is

C g (2.13)
On elaborat- T A Am % 4 %A % (2.14)
ing E A% E 4 AR
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where4 % isthe transmission probability of an electron at tifesub bandat the Fermi level andA j& %

is the energy derivative of theemmi function Foran ideaim-SWCN;Tlthe conductance is calculated to be
155 3 considering T=IThe electron phonon scattering is strongly suppresseldw biasin SWCNTSs un-
like the buk traditional metal due to their availability of fewer unoccupied electronic stateswhéeds
larger momentum transfet!” The scattering is reduced due to 1D structural confinement of nanotubes,
only forward and backward scattering is possible, such that phase space for scattering is rdggted.
caly, it has been dund that the mean free pathi ranges< T® { at the room temperaturefor

scattering
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Figure2.9: IV Characteristics of SWCNT device at different temperatlgywith the change in the resistance with respect to
the voltage as the insdgteproduced from!§).

Increasing thebias across the nanotubsignificantlyincreases the electrophonon scattering, which
leads tothe increase in the resistance of the SWCNTis applied bias, leads to a gain in kinetic energy
which eventually leads to the emission aftical phonors about 0.18 ey which have shown to couple
strongly to the electronic systenSWCNTs are capabledarry currents up to 20A (Current density of
10%A/cm?) without any degradation. ThdV characteristics of the SWCNTs aanstant tillthe optical
phonon emission startdyeyondwhich it saturates. Thus in order to increase the current capacthe
emissionhaveto be suppressed by scaling down the length of the nanotubes usgedh reduces the
scattering and has been experimentally provéh!2°

Compared to the metalliSWCNT,ghe semiconducting SWCNTs have a different band structure as dis-
cussed above. The best device configuration for putting them to test is the fielct &ff@sistor (FET)nl
sSWCNTthe band gap and the mobility is much higleempared to bulk semiconductors making them
suitable for high performance FETS.

2.6 Dielectrophoresis

The motion of dielectric particles under the presence ofrdtomogeneougxternal electric fieldscalled
dielectrophoresis (DEPYhe motion of the CNTsiisainly determined by théocal electric fields creating
imbalancedorces hduced from thanduceddipoles of the nanotubg Depending on thapplied electric
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field, a favorable environment is created for nanotutiepositionon targeted regionsOther than the
dielectrophoretic forcesother effects like gravitational forceend Brownian motion also inflence the
nanotube motion during DEPDEP was primarily introduced as a method for separation of metallic from
semionducting nanotube® but in recent timesits more prominently used for assembling the solvent
suspended nanotubes on device structupég122

2.6.1 Polarizability of SWCNT

In presence of a uniforralectric fiel % a dipole momen® | %is induced wherey is the polarizability
tensorof the nanotube. The tubular structure of the SWCIKa&sonly two nong zero tensorcomponens
exising out of the threeCartesian coordinatesThe two nogzero componentsare the parallelj- and
perpendicular] to the nanotube axis.

‘l.;X ﬁ{ X — (215

<

whereA  andY%denotethe diameter and the transition energy of the SWCNT electric field ori-
entation with respect to the nanotubes also determines the strength of the dipole moment. If the electric
field is perpendicula®®to the nanotube axis, surfadeound charges lead to a local depolarization field
thus opposing the adjed electric field® . When the electric fiel@®is parallelto the nanotube axis,
charges accumulate at the end of the nanotubes giveen%® However the resultant field is higHor a

nanotube with significantly largéength/diameter ratio.Hence, thdocal electric field experienced by the
nanotube is a net electric field

B B B (2.19

Theoretical studies show that the dipole moments are primarily induced along the nanotube axis as
1 compared toy- .1?3124This is due to the electronizavefunctionof the delocalized electronshichis

more concentrated along the nanotube axis, indicating that the polarizability of the nanotube is com-
pletely dependent on the electronic strture of the nanotubé?® (metallic tubes are more polarizable
compared to the semicondeting ones)

2.6.2 Dielectrophoretic Force

DEP forc&  of the particle arises from the interaction of the dipole with thenndhomogeneous elec-
tric field and carbe expressed as:

& B B (2.17)
B wy® (2.18)
1 R A j (2.19)
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AR (2.20)

& R 2AE; %
£q — RR RR ' (2.21)
R & R ¢ EAb—h (2.22)
wherel is the nanotube lengthrandA are the dielectric constants and conductivity of the nanotube

and medium (m) respectivelyE ; is known as the Clausiudvossotti factorwhichrepresents the fre-
guency dependence of the effective polarizability of the nanotube solutidh also determines the di-
rection or the sign of the DEP force. is the depolarization index. It is determined by @&l Tdevice
geometry and can be derived through an elliptizgegral which is in the order op 1 for p { long
tubes4%121DC DEP is mostly carried out for the nanotubes dispersed in organic soventiswjitblarity

or low ionic concentratios such asdluene. CNT depositn with DC DEP can be inased by increasing

the magnitude of DC electric field, but after a certain threshold the electrolysis of the electrodes starts
leading tothe removal of thefabricated contacts$?®

2.7 Carbon Nanotube Tansistors

As discussed aboyim order to probe the electrical properties of the&sS¥VCNT,shey have been integrated

to a three terminal tansistor geometrny?127.128The transistor channel ilie CNT connected with two
metallic electrodesnamely the source and dramt the endsDepending on the evicearchitecture the

gate electrodeis placed with a dielectric spaceks majority of the CNT transistors are built on silicon
platform, the substrate is the doped silicon with thermally grown oxide on the top acting as the spacer
between the substratasthe gate electode from the nanotubeThe desigmesemblego the metal oxide
semiconductor fiel@ffect transistor (MOSFET). Téwitchingbehavior of the trasistoris generally dom-
inated by the contat, the device acts as a Schattharrier (SB) transistor rather tha charge carrier
channel dependentransistor.As mentioned in the above sectiptihhe conductance of SWCNTs g@v-
ernedby[ | Y RI dzZ§ N & T2 Nydz | &

As stated, if the length of the nanotube is negligibleomparison to the mean free path of the electspn
the nanotubes can exhibit ballistic transport behavidowever the experimental reports state a conduc-
tive behaviordue tothe intrinsicand contact resistance Consequentlythe total resistance across the
channel from sourceatdrain is as follows®

E m (2.23

WhereEA a G KS t Iy @th@iumb@rofmiodds ii th&channel ( ¢ for a nanotube),

is the channel length, is the mean free path for phonon scattering, is the quantum resistance
limit ¢ @& Em), m is the contact resistivity, is the contact length and is the nanotube diameter. The
contact resistancel ——) is of particular importance as it cqmisesof resistances from thecBottky
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barrier as well as any other resistances emerging at the me@NT interfaces. It governs the electrical
transport across thelevice andalso imposes limits on scaling and device denslfies.

Vacuum

(a)

Pu

Ep

Metal

(b)

(c)

Metal

Figure2.10: Schematics of theefmi level of the metal, the ¢Eband gap of the nanotubes and tBehotky barrier height for
electrons and holes (b) Band alignment for p type contacts and (gpe contacts
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The barriers that contribte to the electrical behavior ar®hmic and Schottky barriers that are formed at
the metal nanotube interface. The Ohntdontactsare mainly causg from the metallic and contact re-
sistance. A Schottky barrier is formed when feemi level of the metal lies in between the valence and
conduction band of the-SWCNT. One such interface also giige to surface states and wavefunction
decayng exponentially into the tub&3' The Schottky barrier height for holes and electrons can be deter-
mined with the following expressions

% (2.24)
% (2.25)

Heren represents the work function of the metah,  isthe work function of the nanotube ant is

the energy gams represented ifrigure2.10,a visual represetation of equation 2.24and 225. On the
contrary, when there is an alignment with the hole band, the barrier for hole injection is reduced but in
contrast it increases for the electront can be seen frorfrigure2.10 (b)and (c) as well as Equation 2.24
and Equation 2.2fhat the Schottky barrier helg for holes or electrons for a particular CNT will depend
upon the work function of the metal contactd?

There is a critical nanotube diameter dependence below which a Schottky barrier height increases with
decreasing diameter for every met&f Dueto highwork function ofthe metaland absence of hybridiza-

tion between carbon and Pd atgrRalladium makes a Ohmictgpe contact with thelarge diameters-
SWCNTE® The consistency in the contact property motivates the use of Pd eledditodgrovide a me-

tallic contact to the nanotubesn our work

2.8 Photocurrent Gneration Mechanism in Single Walled
Carbon Nanotubes

The photocurrent gener&n mechanism in CNTcan be broken down into phonon assisted and electric
field assisted. The phonon assisted or thermal based photocurrent generation is independent of exciton
generation or relaxation process and damfurther classified into bolometric as well as photothee-

lectric effect (PTEYhe bolometric effect dominates when a DC bias is applied across the nanotube chan-
nel and can efficiently dissociate the charge carriers across the entire nanotube cK&ffriehe pho-
toresponse (change in resistance) is dependent on the change in temperature due to the incident
radiation. Bolometric effect can be differentiated from photovoltaic effemt electrostatic dopig.®?

In absence of a DC bj#éise CNT deeies generate either a PTE orteopovoltaic (PY/electric field assisted
photocurrent. Bothmechanismxist together andheir relativestrength dependsn the nanotube type

and electronic assembly of the CNT film along with the device geofthyY2TE works on the Seebeck
effect, where the temperature difference is induced by absorption of light by two materials, generating a
potential gradient due to the difference in the Seebeck coefficients between the metal electrodes and the
nanotubes.
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Figure2.11: Photocurrent map of pdoped (a) semiconducting nanotube and (d) metallic nanotubes at different gate biases
(® @ ). The laser is scanned along the left green dashed line on (b) and (e) to generate a photocurrent profile atepss the
semiconducting and (f) metallic nanotube channel as well. This is repeated at different gate voltages to observe tgpioal (b)

conducting and (e) metallic variations in the photocurré®eproduced fror#?)
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The generated photo voltage due to illumination can be expressed as

Y6 Y4 Y Y (2.26

where¥6,¥4,"Y and"Y is the generateghoto voltage the temperature gradient between the

metal electrode / CNinterfacealong with the Seebeatoefficient of the nanotube and metal electrode
respectively. The magnitude of thphoto voltagegenerated depends on the intensity of the incident ra-
diation and the device architecture or the geomet?/3In addition the presence of heat sinks or quench

sites suppresss phononaccumulation and redusghe photocurrent generated iturn.*3613" The ther-

mally generated photocurrent imore prominent in the sspended CNT devices, compared to the devices
with CNT channels in contact with the substrate. The substrate acts as a heat sink suppressing the phonon
population across theanotube channel

Whereas, the PV works on the electric field gradient generatedg the nanotube film or at the contacts.
Along the nanotube channel, the electric field gradient is generated by an electrostatic gating (split gate)
and at the edge of the nanotubenetal contact, electric field gradient is generated due to the foromati

of Schottky barrier due to the difference in weltinction between the nanotube film and the metal con-
tact. But the Schottky barrier based photocurrent generation is more prominent in smaller diameter
tubes, due to a larger difference in the fermi levdletween the nanotubes and the metal contact. To
realise photocurrent through electrostatic doping, a larger diameter tube or a different metal contact with
lower work function should be considered, minimizing wéufction difference between the nanotube

and metal contact.

It is difficult to differentiatewhetherthe photocurrentis due to thePTEor PV However, thee mecha-

nisms can belistinguished from one another by electrostatic dop#i$*€It is evident that the CNT tran-
sistor can exhibit two different signatusen homogenousloping of the channellhe photocurrent from

the difference in Seebeck coefficient of metallic nanotube and the metal electrode is observed when the
laser is positioned at the nanotube electrode interface (Figure 2.11 (e)). The line profile (Figu)2.11 (
along the left green line of Figure 2.11 (e) shows aquoronotonic dependence on gate voltage, a char-
acteristicof the Seebeck effecOncontrarywith semiconducting nanotulshomogeneous doping shows
photocurrent shifting towards the center of theanotube with decreasm electrostatic doping (Figure
2.11 (b)). This arises from the shift in maximum electric field at the Schottky barriers towards the centre
of the nanotube resulting from the extension of the depletion region with decreasing dopimgentra-

tion. A line profile of the photocurrent is presented in Figure 2.11 (c) taken along the left green line in
Figure 2.11 (b), the continuous increase in photocurrent with increasing gate voltage on both positive and
negative directhn is an effecof electric fietl at the Schottky barrier changing sign (a signature of photo-
voltaic effect).

On measuring the photocurrent profile as function of position along the nanotube axis, the photocurrent
from the semiconducting and metallic nanotubes across thejpnction are shown in blue and red in
figure 2.12, respectively. The photocurrent from themiconducting tube shows a Gausspanfile. The

data was fitted with Gaussian, divided by a factor four for clarity (Blue line). The tails come from the non
perfect laser spot due to diffraction limit. On contrast, the photocurrent from metallic naroeMiends

up to 2um on each side of the-p junction. The broad triangulahape is due to the photgenerated hot
carriers and follow a thermal distribution through the nanotube. At nanotube electrode interface, the sign
change in photoresponse for metialinanotube is due to difference in Seebeck coefficient between the
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nanotube and electrode or band bending at the contacts. This difference in photocurrent response con-
firms that photocurrent in semiconducting nanotubes results from an electric field ¢(Rbtiaic effect)
and in metallic nanotube is due the photothermal effect!34
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Figure2.12: Photocurrent response plotted as a function of laser spot position for semiconducting (blue) and metallic (red) carbon
nanotube pn junctions. The photocurrent from the semiconducting nanotube is fitted with a Gaussian and divided by a factor four
for clarity. The Gaussian profile originates from the laser spot profile and the electric field at the junction. The pbotoedr
sponse from the metallic nanotube shows a triangular profile, indicating hot carrier transport. Both measurements weredrecord
at 532 nm laser. (reproduced frotr)
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3 Materials andNanotube Dispersions:
Preparation and Length Analysis

3.1 Carbon Nanotube Synthesis éthods

Carbon nanotubes can be synthesized under various conditions. With the appropriate parameters, they
are synthesizedising several techniques likb@micalvapordeposition (CVD), ardstharge (AD}igh
pressure carbon wnoxidecarbon disproportionatiofHiPCO)aser dlation (LA) etc. All the methods are
majorly tailoredwith the requirement of the finaproductto be synthesized

3.1.1 ChemicaNapor Deposition (CVD)

The technigue involveshemicaldepositionunder appropriaé temperature and pressure. CVD is the most
versatile techniqudor synthesizing large quantity of CNTée technique enables various forms of CNT
growth right from thin films to entangled strandshe generahrchitecturefor the techniqueconsistsof
apressure controlled chambeaontaining a catalyst precursor owshich a nucleation takes plac€ata-
lystscan be placedvith the requirement on from a surface of a substratepiee patterned device geom-
etry.

CNTs are grown at a desired temperatwi@dow for aspecificmixture of the hydrocarbogases suchs
ethylene, carbon monoxidetc. and the carrier gasuch ashydrogen,nitrogen etc. is rected over the
catalyst for a calculated time of 15min to 90 min based on the desired output. SWCNas@ee to
grow at higher temperatures (typically 9U0- 2500°C)over MWCNTS® as shown irFigure3.1. At such
temperatures pyrolyis of the hydrocarbons results in amorphous carbon formatiases with high ther-
mal stability such as carbon monoxide (E03nd methane (Ckf4* are thereof widelyused ascarbon
source. For further enhancement, Franklin et al. also added hydroggmél to the mixture in order to
breakdown the excess carbon and increase the nanotube yield. Other hydrocarbonssshekamé*?
and benzen&?along with H have also been used for synthesipart from temperature, the preference
of SWCNTSs over other types can also be facilitated by adjusting the feedstock, catalyst composition and
size.

Hence transitionmetals such as Fe is an important catalyst to its catalytic activity for the decomposition
and formation of metastable carbides and because carbon is able to rapidly diffuse through and over its
surface.From a scalable standpoint, COMoCAT and HiPCO are twegses that are currently used for
producing SWCNTs in bakd are commercially availabléhe CoMoCAT process involves the dispropor-
tionation of CO at 700 350 °C in flow of pure CO at a total pressure that typically ranges from 1 to 10
atm.** The key ingredient in the process the presence of the CoMo catalyst hence the name Co-
MoCAT Separatelythey are either inactive (Mo alone) onselective (Co alone), howevarcombination

of the two can generate a significant amount SMTs (0.25 g SWNT/g catalyst). Althotigh,diameter
distribution of the synthesized nanotube bundle broadens with an increase in temperature, it is still lower
compared to the SWCNTSs synthesized using HiPCO pfétess.
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The HiPCO method involves decomposing anirased catalyst Fe(C£y allowing CO to flow over its
surface at high temperature (990G - 1100°C) and pressure (30atm50atm). A production rate of
10.8/dayis achievedy flowing a mixture ot.4lmin of Fe(CQ)and8.4L/min CO vapouy#nto a cham-
ber at 1050C temperature an®@0atm pressuré*® The field has further evolved over the years towards
monochiral growth for few (n, m) speci&s.

Furnance 500 - 1000 °C

Figure3.1: Schematic of Chemicapourdeposition (CVD) setup

3.1.2 Pulsed Laser Vaporization

Laser vaporization is a similar technique compared to the CVD technique, where the carbon source is now
a solid feed stoclstead of ggaseousource. Also, the feed stock is now heated with a pulsed laser inside
the furnace Variables sch as laser wavelength, energgd duty cycle, temperature, gagpe, flow rate

and pressure, target morphology and position, and reactoingetoy can be adjusted, and each have been
shown to influence the production of SWCNBat the influence on the (nm)-distribution is notconsid-

erably large The diameter distributiorcan be influenced little by changing gas pressure or oven tem-
perature Detailed reviews can be found in the literatuf€4°

Figure3.2: Schematics of Pulsed Lasaporizationsetup

Uniform strands of SWNTs of diameter rangirfppm 1 nm to 20nm were synthesized by heating ¥
cobalt/nickel with 98.8% graphite and a Nd : YiA&er inside a furnace at 02°C. The atmosphere was
inert argon and helium and the gssure was kept constant at 5&@ orr. This method igapable of pro-
ducing SWCNTSs at a large scaledag), a purity of 70%90% was repded using this method* The first
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use of a sub picosecond pulsed laser (74.8Mk&petition rate, 400fs pulse width, and 3B0average
power) for the production of high quality SWGNWas reported by Eklund et iP.yields up to 1.8/hr
were possible with such a system, whicbuld be further improved to 4%hr.

3.2 Dispersions of Single Walled Carbon Nanotgbe

While CNTare dipersed in different forms, thiquid dispersed SWCNTSs are easienandle compared

to their solid counterparts where transferringorting and purifying isdifficult. The liquid dispersed
SWCNTSs argromising candidatefor integratingin complexdevicegeometryandfor studying the optical
and electrical propertiesf the nanotubes. In order to obtain a liquid based suspension, either in water
or in organic solventthe tubes have to undergo a proper functionalization eitbevalently or non co-
valently. Noncovalent functionalization is often used for water based dispersions and results in a surfac-
tant based functionalizion leaving the tubegphysicallyunaffected however, covalent functionalization
does exist to create water based suspensic@imilarly, bothcovalentand norrcovalent functionalization
existsfor organic solventgesultingin introducingfunctional graups on the tube ends and tredewals,
enabling them to be dispersed in a specdiganicsolvent While all this methods helps in sorting indi-
vidual tubeswith respect to the diameteand the electronic types, it aldowersthe SWCN& perfor-
mance due to the disruption of thebond conjugation bgp® hybridization.

3.2.1 Surfactant coating

Surfactant coating comes under tledéass of norcovalent approaches as explained abdeading toan
aqueous suspension of SWCHEN adding the surfactant to the watghe surfactant molecules just form
arandom layer around the matubes upto a certain concentration called the criticaleellar concentra-

tion. Above thecritical micellar concentratiarthe surfactant molecules wrap the entire nanotube with a
uniform coating forming a hemi micelle or a complete micelle based on the structure or the diameter of
the nanotube This also depersion the surfactant itself. SDS forms different micelles than Sodium Cho-
late. The correlation between the nanotube to the surfactant wrapping efficiency is dependetiteon
differences in the surface electron states due to the SWCNT curvatures deterngjrthre interaction
between the nanotubes and the surfactant molecutedn order for Sodium dodecyl sulphide (SDS) mol-
ecule to surround amaller diameter tubeit requires a large energgue to large curvature bond on
smaller diameter tubes. Thus, the SDS molecule prefers coating a larger diameter tube wigh sovall
vature*>152Besides the curvatugghe SDS wrappinglsodepends on the electronic characterisdiof the
SWCNTs anfiDSavorswrapping a mSWCNT rather than aS3WCNT due to the higher polarizability of
the former one?#2153

Thetype and concentration ofhe surfactant determines the hydration layer and consequently deter-
minesthe buoyant densitywhichmakes them critically important. For instance, sodium chotatéactant
can be used to separate semiconducting nanotubes accordinigetbandgap and diameté®* Adding
NaCl to the surfactant allows the isolation of CNTs with average diameter ~1.4nmitgti@els close to
99%?1%° On the other hand, using DOC segagathe mixture according to lengti®In general, bile salts
(sodium cholate, sodium deocholate, sodium taurodeocycholate) were found to be much more effec-
tive in suspending CNTs thére linear surfactants (sodium dodecylsulfate, sodidodecylbenzenesul-
fonate) 157
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3.2.2 Polymer Wrapping

Dispersing SWCNTs by wrapping them witbmatic polymersproducesstable SWCNTBuspensionsn
organic solvents. Thaolymerwrapped SWCNT suspensi@re gaining more attendin over the years as

it demonstrates the sorting selectivity greater than 99% 4&WCNTdn this processthe SWCNT raw
materials aredispersed in organic solvenss first using ultra sonication in presence of the suitable poly-
mer for the desiredoroduct, namelysemiconducting, monochiratc., followed by ultracentrifugation
Ultimately, just the CNTs which possess preferential interaction with polymer can suspend in the solvent.

Different polymers likgoly ©,9-dioctylfluorenyt 2,7-diyl) commonly PFQpoly ©,9-dioctylfluorenyt 2,7-
diyl}co-(9, 10 anthracene) commonly PFAletc. have been used for isolatings$VCNTs. The mechanism
is commonly attributed to thg-p aromatic stacking between the SWCNT and thevaatic backbone of
the polymer, therebysuspendinghe nanotubein the solventThere are several factors tie determined
for a polymer sortedsuspension, howevebeyond a certain concentration of the polgmbundling of
metallic CNTs isbserved in the dispersiolt®

Small changes in the structure can yield highlyr() selective dispersions. For instance, disperpoly
(9,9-dioctylfluorenyt 2,7-diyl) (PFO) with CoMoCAT materiahgield suspensions high in 6§,SWCNTSs.

On the other hand, () SWCNTs can be extracted from the same starting material when wrapped with
poly[(9,9- dioctylfluorenyl- 2,7 - diyl) - alt - co-(6,60- {2,20- bipyridine})] (PFGBPY). Different parae-

ters such as the type of solvent, temperature and molecular weight play a role in the selectivity process.
For instance, replacing tolne with other solvents such asttahydrofuran (THF) or chloroform reduces

the selectivity of polymers such as PFhémotubes. Wang et ahttributed this tothe bundling of the
nanotubes remaining in the solution after centrifugation becaustnebuoyant forces:> Hennrichet al.
reported that dispersing PFO with CoMoCAT material prosioanochiral (75) suspension&® Under-
standing the mechanism behind polymer wrapping remains a challenge. Theoretical studies have been
carried out in order to understand nanotubgolymer interactions. Mlecular dynamics (M) simulations

have been used to investigate the surface coveragevell as the conformation of polymers on different
diameters and (nm) species of CNTSs.

Figure3.3: MD simulations of polymer wrapping of PFO reproduced from Gao ACS Nanéf2011
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3.3 Size Exclusion Chromatography

Size exlasion chromatography (SEC) or gefmpeation chromatography (GPiS)the process of separat-
ing the CN3 according to their length3his techniques used to yield unmodifiedndimpurity free CNT

dispersion by passing thenotubesthrough the column packed with porous dét-*62Fractions of dier-

ent length distributions arebtained by adjusting the persize. The raw CNT materiaiiially wrapped
with sodum dodecy! sulphate (SDS) anst% SDSsiused a the eluent. Typically, with the right combi-

nation of eluent and packing material or stationary phase, it is possible to sort CNT dispersions according
to length and electronic typ&? For instance, the use of agarose gel for packing material and sodium
deoxydolate (DOC) as the eluent, stpossible to perform metallic/semiconducting separattétThis $
due tothe weak interaction of the metallic nanotubes with the gel resulting in rapid migration through
the column. Alternatively, sephacryl gel has been reported to be more selective. Studies have shown that
semiconductinghanotubes are more interactive and in order to elute them, SDS of increasing concentra-
tion can be employed®*

Hennrich etal usedthe sametechniquefor the first time fororganic solvent based polymetrapped tube

to separate them with respedb their length The technige also improves the purity ofSWCNTB&Nd
reducesthe excess polymer wrapping conteti. The CNFaw material wasvrappedwith poly(9, 9di-n-

dodecylflureny2, 7diyl) PODO}as mentioned in the section above attduenewasused as eluent. The
SEQractionation column was madey using Toyopearl HW 75, and was used fothedlmaterials in this

work. Figure3.4shows the chromatogram d¢iie PODOF wrapped starting suspension. The chromatogram

can roughly be divided ia two regions: (i) elution time betweeB®20L35 min during which only the pol-
ymerwrapped SWCNTSs elytand (i) elution time between D35645 min during which both polymer

NI LILISR (dzo S&e YR &fF e Sa aniliged sdqudndalfy ollehti&romp themirst
ONRIFIR oFyR SftfdziAy3da FTNRBY G(G(KS O2fdzyy yR $SNB
troscopy These spectra show mainliye first (S11), second (S22)d third (S33) inteband transitions of
SSWCNTSs.
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Figure3.4: (a) Chromatogram of PODOF wrapped PLV SWGHKWines indicate fractions collected for analysis. (b) Absorption
spectra of SEC fractions of PODOF wrapped PLV SWCNTSs in toluene, fedetithtse indicated ifa). $art indicates the start-

ing suspension (diluted 5X for a better comparisopyoeluced from [ Hennrich et.al A@8no 201§
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3.4 Length analysi®f monochiral SWCNTSs in toluene with
Analytical Ultracentrifugation

The length of a CN$ an important dimension that has to be adjusted to the requirements of an experi-
ment or application, e.g., through sorting methods. Herbe length analysis of the sorted and dispersed
CNTs becoss of crucial importanceTechniques like scanning eleat microscopy(SEM)and atomic
force microscopy (AFM) are widely usesla comparisoto gauge the nanotube length. In particular, the
AFM method has evolvealver the yearsas the standard method to measure thanotube length distri-
butions %> despite requiring specific substrates atediouspreparation tehnigues along with associated
uncertainties like bundling on surfaces or selective adsorption and time consuming data colt&ctfén.
On the other handthere isa range of irsitu methodsthat have been explored,ush as dynamic light
scattering*¢%17! electrospray differential mobility analysi& shearalignedphotoluminescence anisot-
ropy*”®and length analysis by nanotube diffusianalysis method’#and more recently analidal ultra-
centrifugation (AUCGY°and electriefield induced diferential absorption (EFIDAS§Most of these meth-
ods have been applied to aqueous SWCNT dispersions, whereas ultrapure semiconducting SWCNTSs (>99%
purity) can nowadays be obtained through wrapping ofGWW's with polymers in toluert€ Thesenon-
aqueousdispersions are of greatdvantage to integrate nanotubes inttevice apfications®®*’7and
methods to measure in sitiength distribution of SWCNTSs in toluene aeguired. Recently, EFIDAS was
introduced as a method giving access to the average length of $¥i@Moraqueous dispersionséin

this part of the thesiswe explorea method for length analysis usidd)C for noraqueous dispersionfer

the first time, specifically opolyfluorene (PFGWrapped (75) SWCNTSs in toluersdong withthe AFM
technique togauge the AUC derived length distributions

3.4.1 Atomic Force Microscopy

Atomic force microscopis widely used to determine thkength distribution ina nanotube dispersian
AFMis a scanning probe microscopy technigurelhas aresolution in the order of fewens of Angstroms,
enabling itto a wide use to characterize the geometry of materiald armoleculestypicallythe diameter
and lengthin case of the CNTs

3.4.1.1 SamplePreparation

In order todetermine the average lengttlistribution of the sorted nanotubessamples were prepared by
dropping0.5 [ 27F {2/ b¢ RI2nR slicon Bafer aBdysgirecoating at @8rpm for 6&ec The
silicon wafers were firssurface treatedby oxygen plasm&eatment for 2 minsusing a table todow
pressure plasma clean&TT@from Diener Electronid-ollowing the plasm&reatment, the wafers were
treated with @rbon-di-oxide snow jet using Bomemadeheated vacuum chuck.

3.4.1.2 Atomic Force Microscop®leasurement

The AFM measurements were performedaimosphericenvironment with a multimode head and Nano-
scope |l controller (Digital Instrumentsperated in tapping modé’® Commercially available silicon can-
tilevers with fundamentatesonancerequency of 320kHz were used. 10 @ (seeFigure3.5 (a))or 5

X 5um? topographic and amplitude images were collected @ianeously at a scan rate oHt with the
parameters set point, amplitude and feedback control optimized for each sample.
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3.4.1.3 StatisticalLength Analysis of AFM idrograph with SIMAGIS

The collected AFM miograpts were analyzed using a SIMAGIS image analysis softiMagesoftware
detects the topographic gradients and plots the existence of the nanotube on a given field of the obtained
micrograph. Tie SIMAGIS marked plotgere then manuallycorrectedto remove the errors caused by
bundles and agglomeration due to the excpstymersetc. generating the final statistics for the length
distribution. The generated statistics is then plotted a histogram (seEigure3.5 (b))where typically
200-300nanotubesareanalyzed per fraction for the basis of length distributaord fitted with a Gaussian
curve to obtain a distributiofirom each fraction of a single synthesized batelgure3.5 (c)shows the
peak value of the length distribution from each fraction dfidure3.5 (d) shows the height versus length
correlation of theanalyzedubes from the AFM micrograpproving that thereare no bundles of more
than three tubes in thedispersionor on the surfaceAll the dat represented below are from the
monochiralCoMoCAT PODOF wrappé&dY) samples as shown in ChapBesection 2.4.3.
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Figure3.5: (a) AFM micrograph and its correspondjtite scale bar equals 2(f)) Length distribution histogram. The data pre-
sentedhere ae obtained for a monochiral (B) suspensiofferroduced 79 (¢) shows the length correlation with fraction number
and (d) shows the length versus height correlation from (a)

3.4.2 Analytical Ultracentrifuge (AUC)

Analytical ultracentrifugation (AUC) is a versatile and powerful method for the quantitative analysis of
macromolecules in solution. AUC has broad applications for the stuthyoahacromoleculesn a wide
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range of solvents and solute concentratiossze distributions of materials can be extracted from sedi-
mentation velocity distributions, provided appropriateodels for the friction coefficient are available

The fundamental requiremestfor the sampleto be analyzedare that (i) it has an optical property #it
distinguishes it fom the other solution componentsii) it sediments or floats at a reasonabiate at an
experimentally akievable gravitational field, and (iit)is chemically compatible with the sample c&le

fundamental solvent requirements are its chemical compatibility with the sample cell and its compatibility
with the optical systems.

3.4.2.1 Working principle

AUCcombines an ultracentrifuge witthe optical monitoring systems. lAUC |

al YLt sqa

ASRAYSY QL (

profile is monitored in real time by an optical detection system. The sammgentinuously monitored or
detected using UVVvisiblelight absorption and/or interference optical refractive index sensitive system.
Thesystem plotghe evolution of sample concentration versus the axis of the rotation profile as a result
of the applied centrifugal field. With modern instrumentation, these evations are electronically digit-
ized and stored for further mathematical analysis.
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Figure3.6 shows the schematics of thdJCtechnique. The rtor is capable to rotatat 50,000pm. The

2nm slit underneath the rotor scans the sample and reference perpendicular to the rotational axis. Rest
of the optical components are designated ¢@ecuteabsorbance UWis measurements. Thepllected
absorbancedata across the cels plotted as shown ifrigure3.7 (b) tagged witha time stamp.These
absorbance curves aflater processed talerivethe sedimenétion behavior of the suspended particles

in terms of sedimentation coefficients (s)

3.4.2.2 Analytical Ultracentrifuge Data Aalysisusing SEDFIT

The obtined absorbane curves are themeproduced using numerical iteration technique with the
[FYYQa Sljdz2r GA2yd . | aSR 2y, theK Sy YWRER SS |j20F (RALASYNI AGEA 2Yy2 RRATT
to the absorbance data using a software package SEPRIB CL ¢ a2t @dSa [ YYQa Sljdz a7
tration profiles of each scan by numerical iterationtbé sedimentation coefficients®® The software

identifies s values, their relative weight and performs a regularization to obtain the distribution of sedi-
mentation coefficiens c(s), yielding the best fit to the timalependent concentration profileAlsg

SWCNTSs in aqueous surfadtaolutions @ organic solvent solutions areharacterized with AC and

length distributions areletermined by nodeling nanotubes as rigid rod®
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Figure3.7: (a) shavs the sector shaped cuvetfdled with blank and sample for 4 different times showing the depletion of the
particles in thesample due to the centrifugal force (b) shows the corresponding absorbance curves collected by the spectrometer
(c) detailed layout of the centrifugation cell

3.4.2.3 Length Analysi®f Toluene Dispersed(7, 5) SWCNTssing AUC

As mentioned aboveAUC is widelysed to measure the sedimentation velocity of materglsh as bio-

molecules, polymerand nanoparticle$®%8 Size distributions of materials can be extracted from sedi-

mentation velocity distributions, provided appropriate modetsating it tod KS FNA OG A2y 02SVYO
available Here,a method tocharacterize and deterime the length distribution of polymer wrappeadlt

uene dispersed monochiral (3) SWCNis shown for the first time
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The two compartments of the AUC caleUf f SR avikappkd (Z5CSWCNT dispersioand the
other with toluene as a referengeand centrifuged at 4000pm- creating a centrifugal force df16480g

at the cell center. Iside theAUC, the concentration variation space and timean be followed by ab-
A2ND I yOSS b dz2 NB & Oftigs,@&pEndidghd theysampiphl B dNisyudéntatton How-
ever,azNJ ! !/ &SGdzd R2Sa y2id |tf2¢ YSI dRzagmémr doedzz NSa OSy OS
the interference optics providedgY OA Sy (i & S ysmdil but ydtainatid, likelp Bedressurein-
duced shiftavere observedn the S2 peak position during centrifugation, which in combination with the
narrowness of the S2peak gives erratic results when the 2S2bsorption of (75) SWCNT is directly
probed in the visibleegimeand S11 beig as well out of the detection limit of the spectrometer of AUC
Hence the absorbance from the PFO was used to follow the sedimentation of the nanottiel, is
rather broad. The sedimentation wescorded every 10 miat an absorbance wavelength480nm along
the radial positionto follow the temporal and spatial evolutigrhenceleading toa series of absorbance
scans
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Figure3.8:. (a) Temporal and spatial evolution of the absorbance of-REPped(7,5) SWCNTs duriregntrifugation in toluene.
The radial position marks the distance from the AUC rogmtrealong the centrifugal field. Absorbea scans were measured
every 10min at 400m wavelength. (b) Sedimentation coefficient distribution obtairieom SEDFIT analysis based on the absorb-
ance scans from ()All data are of same sampfeeproduced fromi7g

Asabsorbance is directly proportional to ttoencentration of the SWCNTRgure3.8 (a) shows the tem-
poral and spatial evolution of the concentratiofis time progressesanotubes move along the centrifu-
gal field and a depletion regiosppearson the top d the centrifugation cell, forming houndary. The
formed boundary gradually shifts to the larger radial positions. As the experiment proceeds witthéme
boundarybroadensdue to the difference in the sedimentation or diffusion with different lengththod
nanotubes. In general, broadening will be dominated by the velocity distribution at longer times owing to
its linear time dependence, whereas at short times, diffusive broadening with its sqoatrd¢ime de-
pendence will be dominanf’ This crossover shifts toshorte time scales withincreasingsedimentation
velocity. The analysis of the datagreatly simplifiedvhen the diffusion is neglected, aritdwas evident
that this is the caseThereforethe data recorded within the first 50 miwere discardedafter reaching
the targeted rofition speed. It has also beawnfirmed that PFO will not sediment under tpessent
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conditions even after 6h at 40 0fim, which otherwise could modify the results if residiiree PFO
would be present. fie upper limit of absorbance decreases with timeda radial dilution caused by the
sector shaped centrifuge cell. For such a cell, a partial differential equedited the Lamm équation
describeghe transient transport of the species along the cell. On omittingghgs describing the diffu-
sion, it leadsto a simplified Lamr @quationas follows
RO ph . .. ...
5 5R O Ol 0 n
where n is the concentration at the radial positiortimet,. A& GKS |y 3dzZ | NJ @St 20AG¢
mentation coefficient UsingEquation 31, the c(swere determinedfrom the absorbance/concentration
scansacross the centrifugation cellith the software package SEDFIT (ver.15.01b) using tugs)s
model1® This model considers only ballistic motion and is appropriate when diffusion is neglagble
discussed above&SEDFIT2st @S a [ YYQa SljdzZr G6A2y F2NJ 0KS 02y OSy i NI (
iteration of sedimentatiorcoefficients!®

(31)

The software identifies s values along with their relative weight and performs a regularization to obtain
the c(s), yieldinghe best fit to the timedependent concentration profileFigure3.8(a) shows typically
obtained excellent fits to the data, and the corresponding sedimentation coefficient distributionks(s) o
tained via SEDFIT is shown in FiguBb). InFigure3.8(b) a prominent peak of ¢(s) at 12can be as-
signed to the individual tubes, drthe small or minor peak at 22v ofunknown origin can beelated to
nanotube agglomeates possibly dimersp3 O p 1 O.To extract the length distribution c(L), which is
encoced in the AU&Ierived c(s) distribution, an appropriate model is required that correlates the sedi-
mentation coefficients with the length L of th@FGwrapped (75) SWCNTs (See Figure 3.9).
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Figure3.9: Schematic illustrating the data processing proced (fpgroduced fromi7g
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It has to be considered that the absorixze of a particle scales with its volume and hence, AUC measures
a volume distributiorNy, unlike with AFMwhichyields a number distributionsiNIn order to compare
both, the AFMobtained length distributioniave to weigh the AUGerived c(L) with theolume of the
CNT. Since ithe experiment most CNTs have the same diameterasto be convertednto N by divi-

sion with L.

P (32)

Otherwise,an overestimation from theresence of long CNTsould occur, since longer tubes absorb
more light. The effect can be clearly observiedFigure3.10 (a), wherea comparison oAUCderived
length distributions c(Land c(L)/L with the reference AFM dasashown

In orderto obtaina goodfit between the AU&Ierived length distribution c(L)/L anle AFM length dis-
tribution, the challenge is to find a function that maps the sedimentation coefficient, s, onto the nanotube
length, L. Such a function critically depends on the friction coefficient, f.
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Figure3.10: (a) Comparison oflifferent length distributions. The AUC derived volume distribution c(L), converted number distribu-
tion c(L)/Lalong with AFM reference data, a number distributiéfi.data are of the same sample) Dersity determination of
PFQ; wrapped (7, 5) SWCNTSs via AUC measurements in mixtures of toluene/tal@gdrfgroduced from7q

In AUC under steadstate conditions (reached within 2 min), the centrifugal foreg,is-balanced by the
friction force, I, and these forces are defined as

& D (33)

& 1 50 (34)
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where O is the terminal velocity (her®100>m/min), [ is the effective mass of the particlg, is the
angular velocity, an@®is the distance of the object from the center of rotatiohhe sedimentation coef-
ficient Ois defined as the ratio dhe terminal velocity to centrifugal acceleration

5 9 (35)
° 39
Equation3.5 canbe rewritten using equation 3.3 and4and i i 8p — .We obtain
5 6 M Mm A2, M M (36)
£ £

with 6 beingthe volume of the particle, angh , mandm beingthe density of the particle, solvent, and
nanotube, respectively. For a CNis expressed in terms ofand the effective nanotube radiug, |,
which includes the polymer shellhe density of PF@rapped (75) SWCNTs in tolueme = 1308 +
74kg/m® was determined experimentallyFigure3.10 (b), which lies within the range of buoyant and
anhydrous densities, reported for iorsurfactantwrapped SWCNTSs in aqueous dispersighys?:189.190
Furthermore, pressureand temperaturecorrected valuesvere usedor the toluene density and the te
uene dynamiwiscositym = 87&g/m3 ands = 0.622nPa s, respectivel§t (details in theappendiy. Then

2 andAemain as unknowns

Modeling of sedimention experiments is simplified in the case when the fluid flow around the SWCNT

is laminar.Since the Reynolds number of the system give2 by m O, Ts is calculated to bdess than

10*, a laminar flowis assume for such a conditionTherigid-rod modelswere first usedo calculate f

and to find the desired functios(L) Rigidrod models that are appropriate for smooth objects with a large
aspect ratio have been successfully used in previous AUC works to describe the hydrodynamic behavior
of ionicsurfactant-wrapped CNTs in watéf® Thesame slender body theoriesere appliedin this work

(see appendix) These theorieshave in commonthat As proportional to a logarithmic function

of, 72 ,1¥%1%%and here one of the hydrodynamic rod modeldiscissed called the Masfield Doug-

las®® modelfor the friction, &£

LT ! (3.7)
£ QAB Pl X o)
P TR Yo 0o mpc@® mp@
p TXX 0D QY T XA
withO 1 1! and! ,7¢2  .Using Equation 3.6 and73theA, ¥, from A O for fractions with

different lengthshave been calculated and compared with the AFM reference diatais approach, the
only free parameter i2 , which wasvaried to obtain the best fit to the data by using the methof
least squares2 in Equation 3 is the radius of an effective cylinder, whereads  in equation 37
describes the location of the apparent radial plane of she@hese two radii mst not share the same
valueas per the definition but sinc2  is usedas an effective free parameter, its precise value does not
matter as long as we can find &n value to fit the dataFigure3.11 shows that suchne2  value does
not exist. TheMansfield Douglas model systematically overestimatespiygulation for the longe CNTs
(Figure3.11¢ blue line)and thisis observedor all fractions andalso for all the rod modelsientionedin

the appendix.
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Figure3.11: AFM reference data represented in histogram compared with AUC derived length distribution from the rigid rod
model(blue linesind flexible chain modgbrange lines)Four different samples are compared here of different length distribu-
tions and their corresponding AFM micrographs are shown below each distributions. Scale bars in the AFM micrographs equals 2
ti forfraction 1,3, 4 and fli for fraction 2.[Reproducediom 179
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Beside® |, the fixed parametersa, m, ands were also varied nominallyut any combinatiorcould not
yield a good fit. The problem can be traced back to the shape oOthecurve, which for rigid rods is
unsuitable to properly mapA O onto A, 7,. Varying all the above mentioned parameters merely
changes the offsetfahe O, curve and changing to ber rigid rod moded donot change the overall
shape of thed, curve aswvell. Eventually, a conclusion was drafted that the logarithmic length depend-
ence of the friction coefficient is not an appropriatescription for PF@rapped (75) SWCNsandO,
functions were explored empirically teolve the problemSurprisinglyasquare root length dependence

of the frictional coefficient fixes the problemsmentionedbelow.

o A1 (38)

Using the above equatiaalowsmapping of the AUC length distribution very well onto the AEMrence
data for all fractions of (B) SWCNT&igure3.11- orange line) The coefficient b, which is the only free
fit parameter, was found to be very similar in all datasets, With p& @& pm3@ 7.

If both Equation 3.6 andEquation 3.8 were equated

A2 , M M ~ 39
— A=
A W,

It is clear thatA has to depend omfm Fis, and2 . Since these parameters are identical for all fractions
of PFOwrapped (75) SWCNT#, is reasonable thasimilar A valueswere observedor all datasets. For
other CNTs with{n, m)s, however different values ofA are expectedandwe look forward togeneratean
empirical b versus (m) calibration table for the futuréo make this method viable for all the chirality to
the polymer combinations
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Figure3.12: i 0 for (a) different rigid rod models (blue lines) for a fixed diameter and (b) for a single modeliffétent diame-
ters compared tdhe flexible model.

Unfortunately, a microscopic explanation for the squaset length dependence of the friction coefficient
cannot be providedFigure3.12 (a) shows the comparison of different rod models with the squaoé
model andFigure3.12(b) shows the comparison of different fit radius for a rod motiewever, the
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flexible long chain molecules also exhibisianilar relation of OD 1, dependence®®!®’ This raises a
questionwhetherthermal fluctuationsof PFGwrapped (7,5) SWCNTSs could playade here on long AUC
time scales, although thaanotubes are smaller than fm and are assumedo be straight'®” At the
moment, the origin of the observed length depemde is not clear, buhe influence of the polymer side
chains of the attached polyfluorene molecules has to be taken into congideras welland might be
resolved by MBimulations in the futureA concern that interaction betweenanotubes could influence

the sedimentation velocithas been addresse®uch an interaction will conmieto play once the concen-
tration of thenanotubesper unit volume exceeds the critical concentration. A concentration above which
the cdlective motion might set itan be estimated by the inverse swept volume sAswn inTable 3.1

and Table 3.2below, critical concentratioris not exceededaindwe concllRS G KI G yFy2Gdzo Sby I y 2
interactions are not significant. In agreement, dependence of the prefactor b on the mean length of a
fractionwasnot observed

Fraction Average length (nm} | concentration (mol/l)- | Concentration (nol/l)
from AFM using S11 peak value| - using area under

curve

1 367 6.5E9 1.2E7

2 270 2.0E8 3.5E7

3 554 5.9E10 1.2E8

4 370 7.5E9 1.5E7

Table3.1: The concentratin and the swept volume watetermined from the absorption and AFM measurements for various frac-
tions. The analysis of the concentration is based on the absorption-sexti®ns from [Streit et al. (Nano Lett. 14, 1530;
10.1021/nl404791y)] and we have used the S11 peak absorpsioved as the integrated absorption under the S11 peak:

Length (nm) Critical concentration (mol/l)
200 4.0E7
300 1.2E7
400 5.0E8
500 2.5E8
600 1.5E8

Table3.2: Calculating the criticaloncentrations corresponding to one tube per swept volume 4/3*pi*(length/2)"3 (J.K.G. Dhont et
al., Colloids and Surfaces A: Physicochem. Eng. Aspects 213, 131; 10.1016/808P2)00508) yields:

To conclude, the length distributions of monochiBWN®ITin an organic solvenvere measuredor the

first time usinganalytical ultracentrifugationFor PF@vrapped (7,5) SWCNTs in tolueran unexpectedly
simple correlation between the sedimentation coefficient amite nanotube length @ p&o

p 3 ®i T 1) has been found empiricallyvhich enables calculating the length distribution from

the sedimentation coefficient distribution. The underlying squeset length dependence of the friction
coefficient suggests that shape fluctuations might come in&y pluring the centrifugation process; how-
ever, a microsgpic model taking into accoutite attached polyfluorene polymer has yet to be developed.
The results have been benchmarked with AFM reference measurements by converting volume to number
distributions. The approach has the potential for routine in situ length characterization ofnP&iped
SWNTSs in organic solutions as is required during nanotube solution processing.
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3.5 Nanotube Device Fabrication

Over the years, photocurrent studiésve beercarriedout on CNTs deposited on silicon substrates and
contacted with metal electrodefsom the top.On the othethand,the CNTs argrown from one electrode

to the other using CVD or laser ablation teirfue and the metallic tubes areurned electrically after
metalizingthe contact on the top of th@anotubes However, it isignificanthow the orientation of the
contact is i.e. either from the top or bottonthe behaviorof the devices differs on @nd are fabricated
depending on the convenience of the faciliysolution processed single (m) CNTs have been incorpo-
rated into devices as stated above fhe investigation in this thesi&® 19200

3.5.1 Fabrication of Metal Electrodes

In order to generate th electrode structures for theanotube devices, electrobeamlithography (EBL
was used to pattern the chips. In this thesis work, four different wafer matasiate usednamely silicon
wafers with o Ttiti and ¢ tin i oxide, sapphire substrates andlicon on insulator substrates with
250nm silicon ontop af { oxide thik siliconwafer.Each of these wafers were cutinp  p A I chips
and were thoroughly rinsed with acetorend isepropanol (IPA) followed by oxygetasmatreatment
using a table top plasma cleaner from Dieter Electronicsgat A AWWTO A Adl 1 7t RF for 2 minA few
mLof poly- methyl methacrylate (PMMAS50K A4.5;positive phobresist) dissolved in Anisol wdgen
spin coatedatu 1 TO® for 3 min, which formed a ¢ 1t Tt Tthick layer.

Then the spin coated sample was gixaked at 160 °C for 30 min in order to remove the residual solvent,
andthe samples were placed inside a scanning electron microscope (Zeiss LE@ABI) Gr ebeam
lithography?®! The electrode structurevas designed using CAD ElpB® software and consisted of a
common drain electsde and 12 floating source electrodes positioned in a 2 x 6 array Witit at Isdurce

- drain gap in between as a standard structure. Therefore, each structure yielded 12 CNTFETSs after nano-
tube deposition. Additionally, 2 pads were also included in thecstre, which were used to probe the
bottom gate from the topof the wafer The designs were optimized and changed for every substrate
material usedalong with the device geometyy

Spincoating E — Beam Exposure

— —>

P
Lift-off Metallization
TS

Figure3.13: Fabricatio of Metal Electrodes

An electron beam with an exposudeseof o @ T G & at o TiQawas then used to pattern thdesired
layout. On collision with high energy electrons inside the SEM, the PMMA breaks into smaller chains of
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lower molecular weightvhich could be dissolved away with the right solvent. In this thesis, a mixture of
methyl isobutyl ketone (MIBK) and IPA (1:3 ratio) was used to dissolve away the exposed PhMA.
sample was immersed MIBK: IPA solution for 30 sec to dissolve the exgsnaterial and generate a
mask for metallization.

Figure3.14: SEM micrograph ohe fabricated source (S) andaih (D)electrodesof the standard structure

Depending on the substrate usdtie back gatef the substrate has to be electritalconnected. For this
purpose,the oxide layer wascratchedfrom the silicon substrates using a diamond scribérile for the
sapphire substratesa metallic back gate wazre-fabricatedusing the same process mentioned above
and then overed with a dielectric usingtomic layer deposition (ALD)he metallization process was
carried outusingmagnetron sputtering and moleculaebm epitaxy (MBE).

Magnetron sputtering is carried out witthe DC or RF powagiven in table 3where a target plate is
bombarded by a energetic ions generated in a glow dischptgema generatedunder the pressure
ofu p 1T & @ @The plasma is situated in front of the target and the bombardment process sahise
removal of target atoms (sputtering), which then condenses on a substtafe thin wetting layer of
chromium ok o®& ¢ dwas deposited initiallyfollowed by palladiunt ® & @ ® Aadepending orthe
substrate desigand used as the contact electrode for the nanotube devices

Metal Power fr ] Rate p 0 i }
Chromium 100 W (RF) 7
Palladium 70 W (DC) 27

Table3.3: Parameters for metal depositiamsingmagnetron sputtering
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MBE wagarried outby heatingthe material of interest in a closesffusion cell THs develops a pressure
inside the effusion cell due tthe heatingof the metal beyond théoiling point. The sample waslaced
in a cooled stage atp ¢ o imside an ultra high vacuum chamber maintainecbat p Tt & @ ¢ Once
the effusion cell is operihe difference in the vapour pressure causes the metaleposit on the cooled
subdrate. A thin wetting layer ofitanium* v & & was deposited initilly, andfollowed by duminum
x | & afor the sapphire substrate® generate back gates.

Metal Shutter open tempera-| Deposition tempera- Rate f /0
ture 3 ture 3
Titanium 1200 1640 0.5
Aluminium 1000 1200 6.5

Table3.4: Parameter for metal depaton for the Molecular Beam Epitaxy (MBE)

3.5.2 Dielectrophoresis

In orderto make thenanotube deposition by dielectrophoresis from solution work wle suspensions
were sonicated for 2 to 3 minutesnd diluted in order tolower the nanotube concentration to
~1 CNTum?3to ensure individual CNT deposition and to avoid aggregation prior to touch ddiution

also reduces the amount of polymer content for the higher fractions as explained in the previous chapter,
as well aghe metallic nanotube concentrations if preseiithe samplswere then contactedon aprobe
station (Cascade Microtech GmbH), wa&0 pL of the CNT suspension was dropped onDoe. to the
negligibleion concentrationin the polymer wrapped suspension®CDielectrophoresis is used for all the
suspensionn this thesis. Th®C bias iapplied between the gate ancommonelectrodefor the global

back gate samplesind betweenthe source and drain fosapphire and SOI samplegpically, a voltage

bias upto 6 V wasapplied for silicon with natural oxidauibstrateqSi/SiQ¢ Drain| Gate Bas) and the SOI
substrates (Source Drain Bias). The DC bias was appf@d5 min using aDC sourcemeter (Keithley
2400) when depositing nanotubesdm toluene- based dispersions.

Figure3.15: lllustraton of dielectrophoretic deposition of CNTs by applying DC or AC bias based on toluene or water based disper-
sion respectively [Depicted frod. Vijayaraghavaet al.Nano. Lett. 200]?®
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The sample werethenrinsed three to four tineswith toluene to remove the excegolymer,while keep-

ing the bias turned on. Finally to ensure the removal of the solvent comp]dheysamples were then
annealed atp 1t 1T for 90 minutes.This reduces hysteresis and also increases the amnrent dueto
suspected change in metal work function and hence the Schottky bafgically, 10 15 tubes were
deposited across theource todrain electrode gaps, which was sufficient to generate a detectable pho-
tocurrent signal intie systemasdescribed in Chapter.5

SuchCNT devices showtppe characteristics when in contact with palladiunnedto the close positioning
of the Fermi level ofpalladium to the valence vl of the nanotube, thereby reducirige Schottky barrier
for holes?® In addition, hesecharacteristicxanalso arise from the trap states due to the adsorbates
near the conduction band which inhibit the electron flé% Theseadsorbatesare generally environmen-
tally adsorbed oxygean the surface of the nanotubes®

3.5.3 ElectricalCharacterization

The devices were initially characterized electrichjlysing transconductance measurements before con-
ducting the photocurrent measurement$o obtain the transistor characteristics (on/off ratio). All the
measurements presented in this thesigre obtained after sample wele wire ¢ bonded onto a ceramic
package Figure3.16 (a, b)). The samples were bonded usingnaversal Wedge BonderModel 4123,
equipped withAl - Si 1% wiresandutilizing minimum stress on the metal pads and the oxide underneath

Figure 3.16 (c) displays the holder, where the chip was placed for charaatienz Its internal circuitry
(Figure3.16(d)) consistsf individual switches corresponding to the 16 pins of the pacliageh electrode
was wire- bonded onto a pin labelled otl6. Furthermore, the groupkto 12, 13 to 14 and 15 to 16
were electrically connectedhus yielding three coaxial outputs corresponding to the source, deaid
gate as a standard configuration to measure samples on silicon substrates. Using figisratinh,single

or multiple devices cahe characterized at a time. However, the holder was réigomed for the fpphire
sampleslater shown in this thesjss its device configuration had two gates to be controlled individually.

Themeasurements were performed in ambient conditions using an Agilent 4155C semiconductor param-
eter analyzer. Individual devices were connected via triaxial probes having a detection limit less than 40
fA. The Desktop Analyzer software was used to operateAlgilent 4155C. Measurements were carried

out at 3 different sources drain biases. The sweeping range of the gate voltage depended upon the
thickness of the dielectric in order to avoid breakdown or charging up. For a thick oxide spah&Esy,

the device was biased with gate voltages up to Tat¢ 1 dt Qintervals. With a large dielectric strength

( p TTWI® 9, the applied voltages are insufficient to initiate electrical breakdown of the oxide Per.

On the other hand for thinner oxides suchwast ¢, this was reduced to o wat ¢ T fw intervals.All

the measurements were carried out with 5 power line cycles (N&idC)vith no delay time between the
measurement steps
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Figure3.16: (a) Rbricated sanplewire - bondedon to a chip carrier. (Joomedin top view of (a)(c) Chip carrier holder for the
electrical measurements. (d) Internal circuit diagram of the chip holder.
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4  Photocurrent Spectroscopy:
Experimental Methods

Carbonnanotubes(CNTshave different optical tansitions over a very large range of the spectrdea
fined by their chirality,. CNT dispersiongreparedwith previously discussetéchniquescontain various
types of SWCNTSs withiStranstions ranging from 800m to 150m. In orderto perform spectroscopy
measurementsatunable quasimonochromatic lightsourcewith high spectral resolutiorlarge enough
to resolvethe collected photocurrent signal from the devidssrequired In this thesis, a commercially
available supercontinuuright source (SuperK Extreme, NKT Photonics) was used to illuminate the fabri-
cated deviceslt consists of gpulsedmonochromatics psseed laseof 1064nm, feeding the pulsed light
alonga solidcore plotonic crystal fiber (PCF) atepetition rate of 80MHz. The electric field confinement
inside the fiber leads to non linear effects and consequéy to spectral broadening®”2?%® The
unpolarized light emerging from the supercontinuum source is then collimated imtacauste optic
tunable filter (AOTFjSuperK SELECT, NKT photomicsglect the wavelengtiior conducing spectral
studies

There are other light sources availabbbat could be used for illumination purposes, such as
superluminescentlight-emitting diodes (SLED)malified spontaeous emssion (ASE) sourceand
incandescat or thermal sourcesAlthough the incandescent source has a broad spectrum as a PCF
superontinuum light source, its intesity is quitelow compared to the other. The SLED and the ASE
sources daot have a wide range apectrum compared tthe former two, as shown iRigure4.1below.
Hence, the PCF basedpgucontinuum source is the prefred optionfor the broad wavelength range of
interest (500nm ¢ 2100nm).

0 1 1 T T T 1
ASE source
il —— Incandescent lamp |
—— PCF-based supercontinuum source
r —— Four SLEDs

-20

-30

40

Single-mode power [dB]

-50

-60

1 M 1 " 1 1 " 1 " 1

400 600 800 1000 1200 1400 1600

Wavelength [nm]

Figure4.1: Comparison of different ligtgpectrd sources (reproduced from NKhotonics application note)
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4.1 Supercontinuum Light Source

Supercontinuum laser technologpmbines conventional broadbaright sources with the properties of
singlemode lasers. They are capable to cover a broad range framm ftd ¢ T 1 1t éniitted as a con-
tinuum with an ntegrated power of ugo severalwatts. As mentioned above upercontinuumgeneration
is the formation othe continuous spectim by the propagation é high power pulses througiinon-linear
media first reported in 1970 by Alfamand Shapirg®21°

Supercotinuum refers to a plethora afionlineareffects which in combination, lead to a spectral broad-
eningof optical pulses andhereby potentially octavespanning outputThenonlineareffects involved
dependon the nonlinear material, effects likeselfphasemodulation (SPM), Raman Scattering, phase
matching along with soliton dynamicstc With enough power, gpercontinuumgeneration can be ob-
served even ithe air and a drop of waterWith a clever dispeiien design power requirementsan be
significantly reducedThe widest spectrum is obtained when the pump pulses are closer to the-disro
persion wavelengths of theonlinearmedia.In this regardthe nonlinearphotonic crystafiber with zero
dispersion wavelengths close to the pump laser wavelengths were the pioneer combination leading to a
boom for the supercontinuum experimentslowever, the nonlinear effects have a significant effect on
the pulse duration.

Figured.2: Streak camera plot of EX¥2 SuperK Extreme light sourceaXs (Wavelength)775nm-420nm, Yaxis (Time): 4L ns
(Source: NKT Photonics)

Figure 42 shows the streak camera measuremeifithe NKT SuperK Extreme EX®/source output used
in this thesis workwith wavelength on thesaxis(~775nm (Left)¢ 420nm (Right)andtime on the yaxis

(~0 ns(bottom) ¢ 1 ns(top)), the figure shows pronounced curvature towards shorter wavelengths, indi-

cating longer pulse duten. The pulses of the laser are chirped due to the dispersion from the PCF. The
wavelengths near the seed laser (108#) have a shorter pulse duration and the pulse duration in-
creases, as we get farther away from the seed laser wavelength in bothidite¢tR region not shown).

The pulse duration of the total spectrum from the seed laser at 0640 400nm or 2400nm is about
700ps for the supercontinuum laser source used. The vertical line profiles show the pulse duration at
fixed wavelengths, rangg from~ 10 ps-100ps as tabulated in Table 4.1.
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Wavelength Pulse Duration Line profile colors
470nm 81ps Darl blue
500nm 45ps Green
550nm 22ps Yellow
600nm 19ps Pink
650nm 16ps Cyan
700nm 14ps Red
750nm 13ps Dark green

Table4.1: List of line profiles from Figure 4.2, with corresponding wavelengths and pulse duration (Source: NKT Photonics).

In the green line profile at 500m displays a shoulder in the time domain, a-prdse ispresent along
with the main pulse at 4ps FWHM. Depending on the measurement technique different pulse duration
is observed, but with singlghoton detectors, the pulses can also be wider.

4.1.1 Nonlinear Photonic Crystdtiber(PCF)

The efficiency o& superontinuum source relies on the nonlinear medium with tailored dispersion and
nonlinearity. Every commercially available supercontinuum source csméiatpulsed pump laser and a
customdesignednmicro-structuredfiber called the nonlinear photonic crystfiber that serves athe non-

linear mediaA standad fiber guides light from one end to the other end by total internal reflection with
ahigh refractive index core and a low refractive index cladding. The term photonic crystal arises from the
unique cladéhg structure used in the fibers. In PCiRe refractive index variation is achieved by forming

a matrix of different materials with high and low refractive indiceferred as a hybrid material. The hy-

brid cladding is thus cdigured according to the regjrements.

Thefibersare generally fabricated using a combination of high purity fused silica and air aotbsot

any crystalline material as the name indicat®ut of the two fundamental classes of PCFs, namely the
index guiding and light confinirfipers, e supercontinuum generation relies on the index guiding PCFs
An index guiding PCF comprises a solid glassifigix core embedded in an dilled cladding structure
where severalair holes are arranged in a pattern that runs along the lendtthe fiber, thus creating a
hybrid airsilica material with a refractive index lower than the core.

Nonlinear fibers are typically designed with a pitffpz o i and the microstructured regiois about
20 to 50 % of the fiber crossection. Unlike the standard fiber, the triangular PCFs dexbibita second
order mode cutoff, which is unique to them. Hence, they ealted endlesslginglemode fibersand such
condition can be realized by Iseting sufficiently small holes in the claddif@n the otherhand,larger
holes make tk fiber likely to be multimoded budue to the larger holeshe gaps between the holes
become narrower makinthe silicacorefurther isolated from the cladding/Vhile the smaller holes make
them singlemoded, the decrease itheir effective refractive index makes thresusceptible to bending
losses The condition of bending radius for low loss is as follows

s m (4.1)

21 2
B 17

69



70

where W is the dimensionlessodal parametermis the core radiuss
core,l isthe wavelengthand 2
comes large.

is therefractive index of the
is the critical bend radius before the bending loss in a waveguide be-

Refractive index

Coating
Cladding
L]
®ooannanss.. "
000008 -000se- Core
L

Figured.3: Shematic of a classical triangular cladding single core photonic cfistalThe light is transmittethroughthe cen-

tral core embedded in the air holes. Helkés the diameter of the hole armd is the hole pitch.The layer denoted in grey is the high
refractive index polymer coating for protectidpproduced fron211,

4.2  Acousto Optic Tunable Filter (AOTF)
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Figured.4: (a) Schematic layout of AOTFepView of two NKT Select boxes with 3 AOTFs for ranges®25nm (Visible),
825nm-1420nm (nIR) and 1100m-2100nm(nIR2).110@ém (b) Long pass filter added to the beam path of nIR2 AOTF to remove
high energy leakage light. 8thematic of a collie AOTF configuration in crystalline Qud#pplication note Olympus life sci-
ence]



On combining a supercontinuum source with a tunable spectral filter, the white light source is trans-
formed into a tunable lasel he spectral filteconsist of an anisotropic crystahttached to a piezoelectric
transducer.On applying a radio frequency (RF) electrical signal, the transducer generates a high vibra-
tional frequency (acoustic) wave that propagates into the crystal. The alternating ultrasonic av@usdic
induces a periodic redistribution of the refractive index through the crystal that acts as a transmission
diffraction grating or Bragg diffractor to deviate a portion of incident laser light into adidstr beam.
When an acoustic wave propagatdésdaugh the anisotropic crystal, it produces a periodic modulation of
the refractive indexvia the elasteoptical effect. This provides a spatial modulation to an incident light
beam.The so driverspatial modulation is then divided into twewmponentsthe transverse and longitu-
dinal components The transverse spatial modulation deflects the incident light beam with an angular
distribution according to the frequency spectrum of the acoustiwes. Thiphenomenorconstitutes the

basis ¢ acouwsto optic deflectorsor Braggeell ¢ used for processing electronic signdllbe spectral band-
pass of the filter can be quickly tuned over the speatgionsby ctanging the RF signal frequen8ased

on the direction of the interaction between the acoustics and thadent light, the AOTFs cdre cate-
gorized & collinear?? and noncollinear?'® Typically the RF signals applied are in the MHz range and it
decreases witlthe increase in thevavelength. Also, the amplide of the monochronatic light is directly
proportional to the RF poweAOTF does not have any influence on the pulse duration, it only affects how
narrow is the cut out from the white light pulsa.long pass filter from 110@m and below from Thorlab

is added to the beanpath (Figure 4.4b)) of the second NKT select bercasing thenIR2 AOTF crystal
(1100nm-2100nm) to avoid any lower wavelengtlof light leakng from the AOTF.

4.2.1 Fiber Coupling
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Figured.5: Spectrum of thenlIR2 AOTF/FDGPM fiber output measured witiNeospectréFTIR spectrometer
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The combination of the supereginuum and AOTF constitutestunable light source. The monochromatic
light emanating from such a systamthen coupled on to a broadband singtemode fiber This coupling

is achéved using commercially available SuperK Conaedtafiber delivery systenfrom NKTphotonics.
The coupling process fime-tuned by manipulating twoparallelaligned mirrors to couple the light on to
the fiber delivery system. In order to gauge the coupling, a spectrometer is used to ¢hatithe best
light intensityis achievedand the chosenwavelength is coupléon to the optic fiber on the other end.
Three optic fibertypes FD7, FD9 and &rom NKT photonics were used for wavelength rangesrs@0
825nm, 825m-1420nm and1100nm-2100nm respectively where FD7 and FD9 are endlessly single
moded and FD6 is a polarization maintaining filgmically two spectrometers weraisedto calibrate
the source indifferent spectral range HR400 spectrometdrom Ocean Qticswasused for a range from
v T izip p T Hilebeyondp p T mdpiil ¢ ¢ Tt T, Fdurier transform infraredRTIRspectrometer

¢ SWS62222.1 from Neospectravas usedFigure4.5 shows the output spectra froomIRZAOTF/FD6
PMfiber measured with NeospectrBTIR spectrometeThe pwer spectral density is the Fourier trans-
form of the interfeogram generated inside the spectrometer

4.3 FTIRSpectromeer Intensity Calibration

In order to calibratehe FTIR spectrometea standardvith known characteristigisrequired, such as the
calibrated light source fromdcean Qtic - HL-3PINT-CALEXT. The source is calibrated for absolute radi-
ance from NIST Hgure4.6 shows the calibrated datd he source emits over a diffusefrdiameter 6mm
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Figured.6:Power spectral density reference data of tReST Calibration data for $3P-INFCALEXTsource

On modellinghe HL-3RINT-CALEXT light source as aaitar Lambertiarsource the radiationtransfer
between circular aperturesvhose centers are located along the same optical axis and are set apart over
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a fixed distance s.HE ratio of the light that isletectedby the detector is given by A O& 1 —, where
% and%are the intensity at the source and the detector ceritér

¢0 4.2

2 AOGI _

O 0O 6 0 0 06 1TXDX

The approximation showbelow in Equation 4.3 is obtained by assuming that the radii are completely
negligible compared to the distance s between the source and the detector.

... O (4.3)

2 A MEJ 6)

where, O is the radius of the sourc@is the detector radiusand Ois the distance between the source
and thecenter of thedetector. Equation 4.3 is same as the relation that would be obtained from a point
to point approximationTaking the absolute valuésrO o i ;0 ™ | fandO 1 Aj2 AOE |
v® waop T and2 A OBI W® ¢ v p T werecalculatedlt is clear that the difference is in order of
10% on considering the point to point approximation.

In order to match power spectral density data points from the NIST reference data (Figure 4.6) for the
source with the powespectral density spectra from the FTIR spectrometer. The NIST reference data was
interpolated and fitted with a @ order polynomial fit to remove any artefact from the NIST reference
data as shown in Figure 4.7.
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Figured.7: Interpolated NIST calibrated power spectral density data (Black) fitted vidnd&r polynomial fit (red).
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Figure4.8: Calculated power spectral density of tB& order polynomial fitof NIST calibrated source transmitted the detector
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As intensity is the power transferred per unit area, the ratio of intensity in Equation 4.2 and Equation 4.3
can be rewritten ashe ratio of the intensities at the detector and sourasfollows

0 (4.4)
%

— 0 !
_ 7 —

% 0 0 |
!

Where Ris the intensity of light at the detectors 5 the intensity of light at the sourcBs is the detected
power of light at the detector, Hs the emittedpower of light at the source, Ais the activearea of the
detector and Ais the surface areof the Lambertian source or an emitter. On rearranging Equation 4.4
the powerratio is calculated to b® 70 ¢& p 1, which should the correction factor for the inten-
sity of light arriving at a detector wtth is placed 4m apart from the source~igure4.8 shows the calcu-
lated power spectral density of thé®rder polynomial fitto the NIST calibrated sourcgansmitted to

the detector aperture ¢ 400um) when centresymmetrically placed dm apart fromthe source Meas-

ured power spectral @nsity (PSD) from the spectrometer at source@étector distance of 4 cm is shown
in Figure4.9. Thecalibrationcurve ishen given by the ratio ofhe curves in Figure 4.8 and Figure 4.9 and
shown in Figure 4.1@hearbitrary units of the FTIR spectrometer can now be converted|iliténm by
multiplying with the calibration curve.
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Figure4.10: Calibration calculated power spectral density at the position ofdéector (data in Figure 4.8) and the measured
power spectral density (data in Figure 4.9).
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4.4  Experimental Setup

The wavelength tuning range of an AOTF is limited for a single crystal by the piezo electric transducer. The
SuperK SELECT from the NKT phadcaicommodates ufp two crystals, each designed with a specific
spectral bandwidthThe beam from the light sourcesglit according to the bandwidth of theppropriate
filters. With two AOTFs accommodating in total 3 crystals, three wavelength rangeseessiblevisible

vmml igpgul,thenRycgul fpt mmiaddniR pprnlidpnml i
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Figure4.11: Schematic of the experimental setup

TheFigure4.11shows the schematic of the experimental setup used to carry out the photocurrent exper-
iments. The linearly polarized monochromatic light from #@TE is fiber coupled and delivered to a
collimator on to a standard optical microscope (ZEISS Axiotech) \leeich wavelength ranges are cou-
pled on to the microscope using specific NKT photonic fiber delivery optic fibers:\klenIFED9 and
nIR2FD6.The microscope houses amfinity corrected broadband microscope objectiy®0X MPLAN,
Mitutoyo), a canera (Moticam Pro 252A, Moticarapd aphotodetector (PC5®, First SensorA custom-
ized modile wasadded separatelyhich houseswo reflective collimators antivo 90:10 beam splitters
(Thorlabg to guide the fiber coupled light towards the samplée eflective collimator contains an off
axis parabolic silver mirror that can reflect over 95% of the beam over the ainge 11 | ¢ ™A The
collimated beam diametecould be calculatethty$ ¢ . ! Awhere NA is the numerical aperture
of the single moddiber and f is the focal length of the parabolic mirrdihe reflective collimator on an
averageprovides a 2 mnibeam diameteffor a fiber NA of 0.18nd thecollimatorfocal length ofg 1 I.

The two 90:10beam splitterfor visible (BS028, Thorlabs) and nIR (BS030, Thorlabs), nefietdts the
90% of the collimated beaimtensitytowards the objective to focus on the sample. Theemaining 10%
beamintensityis transmitted on to a calibrated photodio@®phir Photonis)PCB00 andPD300IRr RM9
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for visible and IRespectively As the beanrsplitters have a specified range, a custom made module was
built to accommodate two bearsplitters of desired rangei.e, v T t1 | Y ¢ v Tfdr the visibleand
gcul ig p mmiorithe nIR/IR regiorof the spectum. Both the beamsplitters aremounted on to a

DC motorized stage, which allowsprecise alignment and switching between them.

Thequastmonochromatic collimatedight from the bearssplitters isthen focused on to the device under
test byan infinity correctedbjective(Mitutoyo Plan Apo NIR 100x, NA=0.Bhe focused beam diameter
Alis estimatedby

N ]
A og ¢ (43)

wherel is the selected wavelength from AOTF and N# tise numerical aperturef the objective. For a
wavelength range ob i1 i¢ p 1 1, lthe spot diameter ranges from& cit ¢& oit. The laser
spot was focusednd positionedon the sample with the help of a camera from Motic 1SP and th¥ X
translation stge - 8MTF- 102LS05 from Stand@he positioning of the laser spot over the fabricated
devices is achieved using the stepper motor control@BMCLx, USB from Standa for the spectroscopic
measurement or as the start point for the photocurrent 2D mapping.

In order to obtainthe 2D mapping photocurrent is recorded whila focused laseis scanned across the
surface of the sample over a defined area with a minimum step size)ofu 1 The reflectedor back
scattered light from the sample duririge mapping is detected by photodetector(PC566, First Sensor)

The generated current output from the photodetectisrrecorded with a DC source metétgithley 240D

and recordedwith respect to thestage positionBoth the photocurent and the backscatted light, are
recorded simultaneously to deterine the exacposition ofthe photocurrent generatiorfrom the device.

As PC 50 is a silicon based detector, the detection range is lifrotedy 7t 7t 1 ip ¢ 1t 11, arldl therefore,

an InGasS PIN Femto Watt phetecever ¢ FWPR2O-IN from Femtowvas used in the rangefp ¢ ol |

p x 1t 1. Fdr spectroscopic measurements, the laser spot is focused on to the CNT device and the excita-
tion wavelengthis scanned across the specific range of the AOTF crystal sellectegps of 5 nmit is to

be noted that selecting a step size less than 5nm would not make a difference owing to the finite spectral
resolution of the AOTF cryst#ll the measurements werexecuted and the data weracquiredusing a
custom built pythomprogram.During the course of this thesis the stage controller-Of éanslation stage
(8BMTF102LS05, Standa) was upgraded, due to the incompatibilityeofiew controller (8SMGBHSBBS

2, Standa) with the existing codihe entire stage controller codeas rewritten.

The photocurrent signatasmeasured and recorded using a leiokamplifier, as thdéock-in is capable to
detecteven very weakignas buried inthe noise The incident light was modulated at the reference sync
frequency of the lockn generated from a externalsignal generatofAgilent 33210A The modulation

of the light source is achieved by tuning the amplitude of the RF signal that drives the B@iT he
photocurrent signal and the reference signal amaltiplied by the lockin and integratedover aspecified
time generating the DC signal.

Eventually, due to the modulated incident liglain alternating photocurrent is generated in the device.

The generated alternating photocurrent is then amplified with a low noise cuterbltage amplifier
(DLCPA 20Femt9. At the maximum transimpedance gain factor of 10pA/V, the DLCPA generates a low
input noise of 0.1297fA. The maximum high gain factor was selected since the photocurrent signals are in
the picoampere range. To minimizef hoise the light source was modulated at the cutoff frequency at
1.1kHz, tolerating an attenuation of 3dB. By feeding the output of the preamplifier to the SR836 lock
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amplifier (Stanford Research Systems), the photocurrent signal is multiplied witeférence signal and
integrated over time. The SR830 output is a DC signal that is proportional to the alternating photocurrent
signal of the same reference frequency. Contribution from any signal that is not at the same frequency as
the reference signék attenuated close to zero
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Figure4.12: Intensity spectrum of the three AOTF crystals (a) Visible, (b) nIR1 and (c) nIR2
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The SR830 generated DC signal can be recorded airephase signal Zndout of phasesignalY oras
magnitude R and phage The photocurrent measurements reported in this thesis are recorded in two
different ways, which are described in the subsequent chapfirs.time constant was set 1t 1t lar@d

the slope at 16dB/Octaveéetermining theacquisition time by measuringver a single wavelengthvhich

in this casel0 times of the tine constant

Figure4.12 shows the measured intensity usieglibrated photodetectors from ghir (PD300, PD300IR
and RM9)The seed laser drivindpé¢ source is visible at 1064 nm evidently as a sharp peak as shown in
Figure 4.12b). The AOTF is always operated at the optimum mode as the overdrive mode opeIties
maximum RF power and shows non linearity beyond a threshold. In this,thiétie measurements were
obtainedat 100%RF in the optimum mode.
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5 NIR Photocurrent Spectroscopy on
(9,8) Single- Walled Carbon
Nanotubes

5.1 Introduction

Semiconducting single walled carbon nanotubeS\WCNT grea materialof interest due to theiunique
electrical,optical propertiesand their processabilitywith their narrowband absorption aneémission,
they have a tremendus potential in the field of optoelectroni$® and arepromisingbuilding blocksn
nanoscale light emissicsadvanced electraptical transduces?®26215for quantum communicatioft’ as
single photon emitters and asphotoactive materiafor photovoltaicg®2®2%and photodetectors?2%222
As the technological relevance of the telecommunication band lies between 126D8t0nm, probing
the selecteds-SWCNT witlspecifc chiral indexis of great importancedue to diameter and chiral angle
dependentoptical transitionof SWCNTY:3 The optical absorptioroefficientof CNTsit theiroptical tran-
sition isnominally one otwo orders of magnitud&?largerthan the conventional semiconductof&<?26
Hence, theirintegration on to an optical microcavities would enhance thef@enance of thephotode-
tection, alsotheir integration on to a complex photonics circuit can be achieiéé’In order to develop
anon chip photodetectothat works hand in hand withthe waveguide integrated CNT driven light emit-
ters,ssSWCNThave tobe apt photoactive materiain the nearinfrared (nIR) regin. In this chapterthe
steps towardscreatingappropriateconditionsfor CNTs aan efficientnIR photodetetor are discussed
For thisreasonwe targeted(9, 8) CNTsas theopticalat 1450nm absorption matchesvell with the tech-
nologicaly relevanttelecom band

Photocurrent spectroscopy studies were performed on devfabsicatedfrom solution processefew

chiralssSWCNTSs dispersedtoluene. The devices were probed &hort circuit mode with n@xternal bias
applied. The objectiveof these measurements were to understand the photocurrent generatieaha-

nism, electrostati¢unability along with the substrate effects1 the photocurrent

5.2 Material & Methods

Device fabrication as carried out aseabcribed in Gapter 3 section 3.5The SWCNT raw materiahs
preparedby Wang et.alsing# | 3%3 E /asa catalystand CO as the daon source?® The catalysbf

¢ minQoadedin g E 1 Aililar reactor was reduced under 1 O A Aflow under a pressure g A A O
while the reactor temperature was increased to 540 °C. Then, the reactor temperature was further in-
creased to 780 °C undeér Glow of v T© A Auhder a pressure gb A A @fterward, the catalyst was ex-
posed to# /| @A A®m @ A Ato initiate SWCNT growtfor p E. Raw SWCNT soot was obtained after
dissolving3 E /in the catalyst loaded with SWCNTspin . A/ golution. For the SWCN3uspensions

100 mg of the raw SWAI sootand 100 mg of the polymer, poly(9¢8-n-octylfluorenyt2,7-diyl) ¢(PFO

from SigmaAldrich, were mixed in 100 mL of toluene and subjected to a sonication treatment for 2 h
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using a titanium sonotrod&om Bandelin. During sonication, the suspension was placed in a \witer
lation bath to aid cooling. After sonication, the suspension wasrifaged for¢ Eat¢ m nmm C
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Figure5.1: Photoluminescencexcitation Map of the toluene dispersed sample containing mainly CGN\8)s
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Figure5.2: U\VisnlRabsorptionspectra of toluene dispersed polymer wrapped sample containing mainly (9,8) CNTs

To generate the starting suspsions for SEC separation (sdwfiter 4), the supernatant was concen-
tratedtoD p 1i , by evaporating) w 1t , of toluene. Seni-preparative sizeexclusion chromatography
was performed using Toyopearl HY8 resin from Tash Bioscience filled into a glass column having
p ¢ | inner diameter and; TA i length. For the separationy i , of SWONT starting suspension was
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applied to the bp of the column, and toluene was used as the eluent run by gravity dloavrate of
~¢ | 71 E.lFractions were collected m 11 , portions.First fractions collected, consists nanotubes
of length 1-2 um. Photoluminescencenaps of SEC purified suspensionere recordedusinga Bruker
FTIR Spectrometer IFS66 in 3nm steps of excitation frammw v 1t Tahd emission in the range of
w T Ttp X T T Hetected with a liquid nitrogen cooled Ge photodiode. -Mi¢NIR absorptiorspectra
were recorded on the SEC sorted samples using Varian Cary 500 spectrophotometer.

The toluene based suspension contdi@s-chiral semiconducting nanotubes of diameters tppg 1 |

with higher concentration of (9,8) tubelndividual tubes were thesimultaneously deposited on multiple
device structured®y DC dielectrophoresis probing the source and the drain electrodes as described in the
previous chapterson device structurepreparedwith e-beam lithographyasin section 3.5 Thestock
suspensionsvere dilutedup toa factor ofp 1in orderto deposit few tubedetween the electrodesADC

bias ofc 6 v 6 was appliedor the silicon substrates witty 1t 7t T7 iy 1t 10 ToXide andrg 6  p 6 for
sapphire substratesTo confirm the deposition of CNTs, transport characteristics of the devices were
measured at ambient conditions in a probe station with TRIAX probes using an Agilent 4155C semicon-
ductor parameter analyzdyefore and after annealing (sesection3.5). The samples were then mounted

on to a chip carrier and were wire bonded for the photocurrent measuremgsgs section 3.5.3)

Figure5.3: SEM micrograph polymer (9,8) sorted tstdeposited ora devicewith 800nm gap sizafter DC dielectrophoresis (BC
DEP)

5.3 Photocurrent Spectroscopy

Photocurrent measurements were carried out usagLCPA 20@w noise current to voltagpre-ampli-
fier from Femtoin combinationwith a SRS80 Lockn amplifierto record magnitudeRand phasé of
the photocurrent modulatedat p8t w w EGp® p o Eky the AOTF (See chapter 4Fhe modulation
waskept atp& p o Efgr &ll the measurementis this chaptemand the preamplifier was set to 10x unless
noted other otherwise A high modulaton frequency were used to get a reducedise averaged photo-
current signal obtained ipiccampere rangeThe datavere collected using custom python program. All
the measurenents reported in this chapter wemgbtained in short circuit configut@n, suchthat no ex-
ternal bias were appliecind thephotocurrentgeneratedby the tubewasmeasuredbetweenthe source
and drainelectrodes The dain and the gate electrodes weendterminated with a 5K terminator. The
incident light generatethermal carriers as described in section Z€citons generatedin the nanotubes
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on absorbing the incident light (see section 2.4.3), undergo separation by therbalkctric field from
the Schottky barrier formed at the metal/nanotube junction or irflce generating a photocurrent.
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The photocurrent spectravere recorded in steps dbnm stepson devices fabricate@n standard silicon
substrates of two different thermal oxidicknessesto determinethe influence ofthe substrates on the
genaated photocurrent. Thesubstrateswere Boron doped silicon wafers with resistivity less than
T8t 11 VArf) from Active Business Comparpvered witho 1t 1t Tamdy 1t 11 Tofithermal silicon ide.
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Figure5.5: Photocurrent spectrum of a PFO sorted (9,8) devicBafinm Si@Si stackn comparson with the absorption spec-
trum in toluene suspension.

The photocurrentspectrum obtained from &FOsorted (9,8) SWCNIsshown in comparison wh the
nIR absorption spectrurm Figure5.4 (a) along with the transonductance measurement of the silicon
silicondioxide (300nm) substta with incident light ashown inFigure5.4(b). Tle fabricated devicelsave
achannel length 0800nm The measured photocurrent spectra are plotsiesponsivity. The Respon-
sivity Ris calculateeis?2 ) 1) 1 ,where) is the photocurrent generated from the device and}

is the wavelength dependent source intensisgéFigure4.10 in section 4.4).

For each SWCNT integrated on to a devégehotocurrent peakirom nanotube alonds expected. How-
ever, a linear backgroundf unknown originis observed(1100nm-1325nm) along with theexpected
single peakrom the tube a 1465nm. This linear background that is observed can be correlated to the
photocurrent generated from the underlying siliconthe substrate due to photogating effect. From the
Xray photoelectron spectroscopy (XPS) measurements it is known that ddke p-Si/SiQ surface, a
significant downward bending of the bands-6f4eV is observed?®23This is due to the process of ac-
cumulation minority charge carriers ptSi/SiQinterface from the silicon side undewithination is called
photogating effect, making the oxide side of the interface positively chargedb@hisbending acts as a
trap to produce a significant photovoltagé-23?

The peak at 146Bm of the photocurrent spectra is assigned to the S11 transition of th@) (®anotubes
by correlating with the absorption spectra (blUgeeFigure5.4 (a). Such correlation of the photocurrent
spectra associated to the absorption spectra have been reported ifitdrature.55198233A|s0, thevaria-
tion in the linewidth and central peak wavelength is due to thelectric environmensurrounding the
nanotube. For our measurements reported in this thedig photocurrent peak®bservedare dlightly
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broader and red shifted in comparison to the absorptipectra We have assigned the peaks in the pho-
tocurrent spectra to the (nm) species present in the dispersion. Which is challenging since the changes
in the dielectric enviroment (toluene versus substrate) causes red or blue shifts in the transition energy
depending on whether a CNT belongs to riodr mod-2 family2**Also, asimilar photocurrent response

was observed for several devices from two different 800 SiQ/ Si stack substrates, but their data is not
preserted hereto avoid deviation from focus
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Figureb.6: Simulatedelectric fieldon theon the surface of Si5i stackwith respect to theincident beanfor 300nm and 800nm
oxide thickness with respect to thveavelength

To verify ifthe linear background is from the substrate (silicguotocurrent spectrummeasurements
were repeatedwith 800nm (thicker oxide) thermally grown oxide wa#erd sapphire wafersThe photo-
current spectrum of PFO wrapped (9j8jegrated devices in silicon with 800nm thick oxide wafer is
shown in Figure 5.5 comparison with absorption spectm. It is evident that the linear background from
the substrateis presentirrespective to the changm the oxide thickness. Alswe do not se a distinct
peakfrom the (9, 8) nanotube S11 transition arrelated in Figure5.4(a)

To understand the light intensity distribution with respect to the wavelength on the surface of the sub-
strate, electric field simulations weldso calculated usmtransfer matrix method. The electric fields on
oxide surface for different wavelengttese shownfor two different oxide thicknessefor the layered
substrate stacks with respect to perpendicular incident lightigure 5.6. The variation in the lightén-

sity with respect to wavelength is caused due to multiple iftns from the interface of differerayers

of the substrate.The electric fiedl intensity is favorable witimaximum light intensity with respect to the

S transition of (9,8) nanotubeat 1450nm.

Similarly the photocurrent measuremente&ere carried oubn sapphire waferswhich are transparenh

the target wavelength rang€l100nm-2100nm). The photocurrent spectroscopy measurements were
performed on devicewith same geometry The naotubes were integratedy fine-tuning DC DEPfor
sapphire substrateThe photocurrent spectum of PFOwrapped (9,8) nanotubes integratedieviceson
sapphire subsate is shown in Figure 5.7 along with the absorption spectra of the nanotubes in toluene
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suspension A singlepeakwith a shoulderis observedcorresponding to the S11 transiti of (9,8) at
1455nm andshoulder on the left from S11 transition of (9,7) at 1390nm. Compared to the photocurrent
spectrum obtained on the SH3i stacks inKigure5.4(a) &Figure5.5), we do not see anjinear back-
ground photocurrentin the photocurrent spectra. This confirms our assumptidhinear photocurrent
backgroundarisingfrom the silicon On contrary,Sapphire yields photocurrent responsely from the
tubes makingsapphire a preferablsubstrate material for potocurrent measurements
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Figure5.7: Photocurrent spectrum of a PFO sorted (9,8) device on sapphire substrate in emmpaith the absorptiorspectrum
in toluene suspension.

5.4 Photocurrent Spectroscopy of Cash Nanotube Split
Gate Devices

As sipphire isan insulating substratea conducting gatés desirableto tune the photocurrent spectra.
The generation of photocurrent is entirely dependent the Schottky barrie$%23” formed between the
metal and the nanotubesplittingthe generated excitons. ¢t a device we have two such junctiomkich
generate photocurrents of opmite sign Due to fabricationimprecision(electrode roughness, nanotube
/electrode overlap)and by non-symmetric illumination weneverthelesscollect photocurrentfrom the
devices In order to improve the efficienayf photocurrent generationa split gag¢ wasfabricated witha
gap of 50nm to create a pjuinction along the tubes by electrostatic dopjmghichhas been poven to be
100 times more efficient3® Quch a junction would creatthe necessar field to split the excitog whic
increases the&onversion oexcitons to photocurrent.

A schematic ofa device onsapphireand SEM micrograplare shownin Figure5.8. The structure was
formed by a3-step lithography processirst, the split gates are fabricated with T ¥u 1t 1 d Ti/Al using
an ultrag high vacuum (UHYfolecular beam epitaxyMBE)to obtain smooth gate electrodesThena

v 1t 1 dluminum oxide (Atomic layer depositi ¢ALD) was grown on top dgelectric spacer between th
back gate ad the sourcedrain electrodes.rl the final sepu T Tx 11 {Cr/Pdsourcedrain electrodes
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were sputtered. The SEM micrograph shows the fabricated strucfline. channel length between the
source and drain ig it 1 |

(a)

Aluminium

(b)

Figure5.8: (a)Split gate @viceschematic (b)Top viewSEM micrograph of split gatedevice on sapphirsubstrates
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Figure5.9: Transconductance map of dual gated device on sapghistrates measured at a constasource drain voltage of 1V
and the gates tuned at steps of 750mV
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The devices were then subjectednianotubedielectrophoresi¢gDCGDEP at 0.5V, 5Sminahdsubsequently
annealed(200°C, 4 hours)The devices were then wire bonded and their transconductance map were
measured to understand the device characteristigigure5.9 shows the transconductance map of the
device under testAt constantsourcedrain voltage of6 v 1t 1T htee gate potentidss 6 and 6

were tuned with a step size of v Tt [ IBis clearly seen that the device shoahigherconductancein
the B Begion than in thd Tregion similar to thetransconductance curvef the single gatg9, 8) device

in Figure 5.4However, we do at see any sign of a pn or np junction formation on the pp or np region in
the left upper quadrant or the right lower quadrant of the transconductance map. In order to form a pn
or np junction across the nanotube channel by electrostatic doping, highengétages would have been
favorable. But theyate bias values were limited too &o avoid the breakdown of the dielectrio (t T |
).
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Figure5.10: Photocurrent spectra plotted in comparison with Wig ¢nIR absorbance spectra in toluene from two devices on the
same sapphire chip.
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The photocurrent generated from nanotubes in a device coulthbered by applying a gate bias. In pres-
ence of such a gateias, the Schottky barrier is tuned to favor the transport of holes or electrons across
the tube channelThe devics demonstrate a distinctivgate dependent increase or decrease in photo-
current generation due to the effect of the electric field on theh&ttky barrier'®* The influence of elec-
trostatic field on a nanotube is diameter dependeBiectrostatically, larger diameter tubes ardlu-
enced firstfor a given gate bia®©Ona multichiralnanotube integrated device as presentedthis study
(Figureb.2), the electrostatic gating plays a major role on relativer(r),specific contribution to the pho-
tocurrent.

Figure5.10 shows the pen circuit photocurrent for tweplit gate deviceonthe samesapphiresubstrate

chip atzerogate bias 6 6 1T 6. On the sare chip, he photocurrentspectra of the two devices

are not identical although fabricated on the same chip and same nanotube dispanégohave assigned

the peaks in the photocurrent spectra to the (n) species present in the dispersion. Which is chaileg

as mentioned earliersince the changes in the dielectric environment (toluene versus sapphire) causes
red or blue shifts in the transition energy depending on whether a CNT belongs td wrodod-2 family,

as stated abové® Figure5.10 (a) shows photocurrent contributionofm (8,7) and(9,8) where as in
Figure5.10(b), a contribution from (86) and (9) is observed. As there is no control over the chirality
of the tube being deposited, the relative contribution of photocurrent from different tubes differ

every device.

As transconductance shows no evidence of pn / np junction formalioacder toexamine if pn junction
appearsin photocurrent measurementphotocurrent was measured as a function of the two gate volt-
ages6 and6 to find the exact conditionfor forming apn junction Thedevices were subjected to a
different gate potential combination over a range o6 6 with steps ofp 6. Also,as exact pposte po-
larities on the gates might not generate thight conditions forforminga pn junction, due to fabri¢eon
dissimilarities like nanotube placement, variation in dielectric thicknessTéte Figure5.11 (a) shows
photocurrent responsivity map of a device illuminated with a wavelength of 1450nm (S11 transition of
(9,8) tubes) with respect to the gate poteals & and @ varied atp 6 step. Figure5.11 (b) shows the
photocurrent spectum of the same device & ¢ 66 o 6 which is also marked with a black
square on the photocurrent responsivity map.

The photocurrent spectrum showsw@aximum close tthe S transition of the (9,8) tubewith additional
contribution from other (n, m) species in the solutigrunlike the photocurrent spectrum shown Figure
5.1Qb) is of the same devicét is clear that the photocurrent contributions from individuabe types
can betuned bythe applied gate potentials Alsq the photocurrent responsivity map showthat the
highest photeresponse is achieved the B Begion not inthe B TorT Begion of the map, whicimplies
that the photocurrentgenerated at theéd Tjunction snegligible compared tthe photocurrentgenerated
by the Schottky barrieldominating in the pp region
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Figure5.11: (a) Photocurrent responsivity map excited at 1450 nm ((9,8) S11 transition) (b) Photocurrent spectrum measured at
6 ¢ Gand6 o6

For further analysishie device was subjected to a constant current maging Agilent semiconaor
parameter analyzed4155C. fie measurement setup maintains a constauotrent across the entirdual
gatemap (Figure5.12)irrespective of changein deviceresistance. This avoids the exponential suppres-
sion of the current as observed in the transconductance ffrdgure5.9). Figure5.12 shows the constant
current mapmeasured at 1nA source drain currenith the probedvoltage converted taesistance. fie
resistancemap showsthe least resistance in th€ rregion andthe highest resistance in the &region,

the resigance in ther) &region is exactly hathe valueof the ¢ ¢region
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Figure 5.4 (b) shows that (8)-pd devices are low resistive for hole conductiprrégion) and high resis-
tive for electron conductionntregion), a consequence of a low Schottky barrier for holes and a high
Schottky barrier for electrons. For the resistance map in Figure 5.12, this means thapjmrégion, the

two low resistive junctions limit the current, whereas in thieregion thetwo high resistive junction limit

the current. In thepn and np region one high and one low resistive junctions are active which explains
why the resistance on then andnpis half of the resistance in then region.

R/
3.0x10°
1.5x10°

3
S
>
2.0x107
Ve /'V lsp=1nA

Figure5.12: Constant current map recordext p¢ dagainst the gate bias voltagearied in steps of vat® The voltage color
scale is converted to a resistance scale for a better understanding.

Similar results were observed for foother devicesimplying that the pn junction formed by the electro-
static doping from the gates is dominated by the competing Schottky barriers. Hence, the photocurrent
collected from the device is generated at the Schottky barriers and not from the ptiganNonetheless,

even if the pn junction generated a photocurrent it could not be coidaicross the highly resistive
Schottky junctionsHowever, the relative contribution of the (m) specific photocurrent could beon-
trolled with the local split gtes¢ constituting atunable photedetectors in the near infrared regime of

the spectrumFigure5.13 shows relative (n,m) specific contributidoghe photocurrentfor variouscom-
binations of gate voltageso and . Although, on chip integrated-SNCNTSs as photodetectors have
been reported:®313423%ut with few chiral (nm) resolved photocurrent spectroscopy in telecommunica-
tion bandhas not been reportedin the past, M.Engel et &8 reported chirality resolved photocurrent

for smaller diametetubes in the wavelength range 6060nm to 900nm. And recently, McCulley et #P
reported an efficient method for photocurrent generation in larger diameter SWCNTSs with optical absorp-
tion beyond the telecom band, with&Sn the telecom band. But all the measurements reported were
measured under a source drain bias, unlikecurrent measurements in this study
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5.5 Conclusion

In this thapter, photocurrent measurements from solution proces$§&adTs integrated into transistor ge-
ometrywere discussedlhe background contributiodue toSilicon substrateom surface photo voltage
were unavoidable, thus moving to a sapphire substrate yigfdgocurrent responses from the nanotubes
only. The resulting photocurrent spectrurasembleghe absorption spectrum of the nanotube dispersion
and could be used asqualitative method to determine the different (m) species present in the fabri-
cateddevice.

The transistor like geometry with the local split gates enatile devices to tune the relative contribution
of (n,m) specific photocurrent on applyirgpecificcombinatiors of the gate voltagethere by constitut-
ing potentially, a tunable photedetector in the nIR regime of the spectruMeasuring the constant cur-
rent map eliminates the exponential suppression of the current observed in the-t@mductance map,
giving a clarity on theompeting electrostatically formed pn junction and the Sckypbarrier. It is clear
that the Schottky barriers dominate the electrostatically formedjpnction. Ultimately, the exciton dis-
sociation originates from the electric field provideg the Schottky barrier across the nanotube metal
junctions and not fronthe pnjunction. Schottky barrier could be overcome by increasing the contact
length at the nanotube and metal interface, which requir@ggration oflonger nanotubesAlso, a better
dielectric film quality between the gates and the electrodes wouldviate a larger window for applied
gate potential assisting in generation of a strongefymction along the nanotube channel
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6 Photocurrert Sudy of Carbon
Nanotube Silicon junction

6.1 Introduction

Single walled carbon nanotubéSWCNT4d)ave been integrated into optical waveguides amere oper-
ated as on chip electroptical transducersWhile carbon nanotubesave already proven toeopromising
light emitting single photon sourcégr quantum communication, they are also aetimaterials in photo-
voltaics and photodetector¥:?8.218222 Also, s discussedn chapter5, nanotubescanalsoserve &acom-
plementary optoelectronic transduceover a specific wavelength rangean harvestlight across
metal/CNT junctionA challenge for using CNT as an optoelectronic transducer thautie small geo-
metrical crosssection for light absorption, which would be difficult to operate at single tube level. Hence,
onintegrating them on to a phionic micro cavitywould enhance the photaletection by orders of mag-
nitude due to increase in light matter interacticd® and dso monolithic integration of nanotubes onto
compkex Nano photonic structure has been achied&ef?’Photonic components on SOI are preferred for
operation in the optical communication band due tolitss lossand high refractive indexalong with the
compatibility with silicon technolog¥! However, to harvest waveide coupled light with a nanotube
efficiently, exciton splitting should occur at the siliocwaveguide / nanotube junctiorso fartCNT/Si junc-
tions have been studied in solar cétfe*3and for photodetection in thin film&32244.24%owever, chirality
resolved photocurrent contribution of CNT in contact witfspwas not reportedResponsivity of photo-
detectorswere recently measured by Salvato ef#l.based on rdoped silicon in contact with CNT film
in the wavelength rage of 3061000nm and An et af** measured with CNTs anddopedsilicon sub-
strate showing similar results. Als@czgelski et &2 used larger diameter CNTs and observed positive
and negative photocurrent contribution from silicon and CNT, respectively.

We have performedspatial and spectral photocurrent measurementsranlti-chiral CNTsabsorbing in
the telecomband,integratedon to a silicon waveguidsith silicon electrodes, forming a hanotube silicon
junction for the first time.The results show that the small diameteanotubessuch as (75) and (76)
can produce photocurrents when in contact withSp, whereadarger diameters nanotube@, 7), (9,7)
and (9,8) do notdue to unfavorable HOMO and LUMO positiéhidowever, notocurrent measurements
were further continuedon monochiral (65) toluene based-SWCNT/gsiliconjunctions to gain better
understandingon photocurrentgenerationmechanism Surprisinglywe observe a similar photocurrent
spectralresponse as repded earlierdespite using different monochiral suspensiarin this chapteyour
first published results and new unpublishegsults are discussed in detail.

6.2 Material & Methods

Device fabrication as carried out as described ih&@pter 3 section 5. The SWCN3uspensions100 mg

of the raw SWCNT$oot (HIPCO material an@oMoCAT Sigma Aldrichpnd 100 mg of the polymer,
poly(9,9di-n-octylfluorenyt2, 7-diyl) cPFOfrom SigmaAldrich, were mixed in 100 mL of toluene and sub-
jected to a sonication treatment for 2 h using a titanium sonotrode from Bandelin. During sonication, the
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suspension was placed in a watgrculation bah to aid cooling. After sonication, the suspension was
centrifuged for¢ E at ¢ Tt 1t mADrthe starting suspensions,hptoluminesence maps and absorption
spectra were obtained as mentioned in section 5.1.

Two dispersios, one containing several chiralify, 5), (7, 6), (8,7), (9,7), (9, 8) and one containing only
(6,5) CNTs were used. From each dispersion, @&f€ simultaneously deposited on multiple device
structures by DC dielectrophoresis probing the source and the drain electrodes as desctheegdrevi-
ous chaptersA250 nm pSi/ 0 > Y2/ §-Si 8Ol substrate (totél K A O1 y S & an¥ a G0rp p-Sk/Y 0
460um sapphire SOS substrates from University wafer was employsdbatrates. It was cleaned wi
acetone andsopropanol (IPA), blown gmwith nitrogen and spincoatedwith poly (nethyl methacylate)
(PMMA). Eectrodeswere then patterned bysingaluminumas anetch mask (20 nnfor SOl and 8&m

for SO¥via ebeam lithography and metal evaporaticSubsequenly, reactive ion etching waserformed
with amixture of CHE(20 sccm), SK5 scecm), and £X5 scecm)formingthe sourceand drain electrodes
underneath the aluminunetch mask The distance between the grecdrain electrodesvas kept at
800nm Theetching rate was determined by ftectance measurements using a tHifm analyzer F20
from Filmetrics. Finall the aluminum layer was removeay exposureto 3% metal ion fregetrame-
thylammonium hydroxide (MIF 72&r about 50sFigure6.1 (a) shows the schematics of the fabricated
SOl substrate along withe SEM micrograph of the 12 device layout

(a)

Silicon
Si0p

Silicon

Figure6.1: (a) Schematic of one device orS®lsubstrate(b) SEM narograph ofl2 devieson the SOI substratéS denotes source
electrodes)
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Figure6.3: U\VisnIR absoption spectra of toluene dispersed polymer wrappezhochiral (65) CNTs

Thetoluene based monochiral suspensiomere diluted upto a factor ofp 1in order to deposit-10tubes
(0.16 CNTsim?®), with a DC bias of 6 @6. Figure6.4 shows the typical SEM micrograph of polymer
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sorted monochiral (65) CNT9ridging the source and drain electrode of the 800gapon the SOI sub-
strate. To confirm the deposition of CNTSs, transport characteristith@flevices were measured at am-
bient conditions in a probe station with TRIAX probes using an Agilent 4155C semiconductor parameter
analyzer before and after annealing (see section 3tg.samples were then mounted on to a chip carrier

and were wire bondd for the photocurrent measurements (see section 3.5.3).

Figure6.4: SEM micrograph polymeprtedmono-chiral (6,5) integratedon to adevicestructureafter DC dielectrophoresis (BC
DEP)

6.3 PhotocurrentSpectroscopy

Photocurrent measurements were carried out using a DCPLA 200 low noieatdorroltage preampli-
fier(Fento), in combination with SRS 380 leckamplifier to record magnitude R and phasef the pho-
tocurrent modulated at 1.098Hz as described in Chapter 5. The photocurrent spectra were recorded in
steps of 5nm on devics, fabricated on silicon on insulator (SOI) substrates and silicon on saspltire
strates (SOS$)o determine the photoarrent generation mechanism orSWCNT/gSIi junction To eval-

uate the photocurrent generatin in the entire telecom bandgpectrally well separated optical transitions

in the nIRare required For thatpurpose,the few chiralitydispersion comprising of (B), (7,6), (8,5),

(8,6), (8,7), (9,7) and (109) CNTs have been prepared and integrated into the devices on SOI substrate
with waveguide structure (inset: Figure 6.5).
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Figure6.5: IV characteristicef waveguide integrated nanotube Qilicao junction. Inset: Schematic of the waveguide device geom-
etry on SOJreproduced from 6&

ThelV characteristics 08iCNTCNTSI junctions in serieis shown in Figure 6.5he curve represents
diode like heterojunctions, the turn on voltagesboth the positive and the negativdirectionsare de-
termined by the breakdown voltages of the junction operated in reverse. dias measurements re-
ported in this chapter are obtained in short circuit configuratiaiith no externalbias wasapplied and
the photocurrent generated wsmeasured across the tube along the source and de&otrodes

The nIR photocurrent spectrum of tHew-chiral suspension on the SOI substregeshown in Figure 6.6

(a). Theresponsivitywascalculated as described thapter5. The photocurrent is plotted in comparison
with the absorption spectum and absorption coefficient of silicon. The spectrshows a large positive
photocurrent in the shorter wavelengthegion which weakens non monotonically fronp ¢ v Ttd

p 1t ¢ T.1THe photocurrent the switches signindicating the change in direction from 1t ¢ 1 tol

p ¢ 1 1, lamd no photocurrent beyong ¢ 1t .1The negative photocurrent betweep 1t ¢ Tt Brid

p ¢ Tt Tt kdrresponds very well with theiStransitions of (75) CNT atp mt v farid (7,6) CNT

atp p ¢ v.Hbwevercontributionsfrom the larger diameter tubsare not observedthough (8,7) (9,7)

and (9,8) ae present in the dispersion. Ghe contrary, a positive photocurrent is observeat shater
wavelengths, where there ameo CNEpresent to contribute to it. Evidently, it is the silicon that is photo-
active in the shorter wavelength regioand on compang the absorption coefficient of silicothe wave-
length dependence is very simildihe modulation in th@ositivephotocurrent response is caused due to
the interference effect in the Si/S¥5i stack, is understood from the reflectivity measurementgyfe

6.6 (b)).From the light field intensity simulations in such a stack, we can understand if the reflectance is
at a minimum, then the light field intensity at the surface (location of the junction) has a maximum. Hence,
the photocurrent maximum is exgeted where the reflectance has a minimum and vice versa. This ex-
plains the noAmonotonic decrease of the positive photocurrent with increasing wavelength.

The positive, negative and the diameter deplent photocurrentareunderstood by considering the ben
structure of the pdoped silicon in contact witthe CNT sidewall in presence of a natural oxiiee energy
of the p-doped silicon conduction band edge ig%at 1® WA @nd of the valence band edge %t

vg YA Gbandgap E=1.12 eV); the Fermi energy is&tl’ b n ®dpy Sz+zd ¢KS G f dzS &
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resistivity m p ¢ T mA .26 From Xray photoelectron spectroscopy (XPS) measuremeintis
known that close to the {8i/SiQ surface, a sigficant downward bending of the bands about 18 A 6

is presenf?>2¥*Such a bending is caubeue to the charge build upn the oxide e of the interface
causingelectron injection to the silicon. Although the bandraling would be compensated by the exces-
sive electron hole pair gemation due to illuminationsuch a condition is not possible with the intensities
of incident light employed in this experiment. The eriesmpf the moleculaorbitals of the nanotubes can
be calculatedas given here.fie energy of thehighest occupied molecular orbital (HOMQOgsealculated
from the work function 7 & and the optical gap using / - / 7 & p¥¢ %, andfor the lowest
unoccupied molecular orbital (LUDB), it can bedeterminedas, 5- / % %, where% and% are
the optical gap and exciton binding energgspectively% wasobtainedfrom the optical spectrumand
the calculated® were obtained from Capaz et al. and scaled with the dielectric constant of the8iO2 (
o8 .
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Figure6.6: Photocurrent responsivity spectrua)in comparison with the absorption speatn of a muti-chiral suspensiorglong
with the absorption coefficientfodoped silico#” and (b)reflectance spectra of the Si/g€ stack [Reproduced fron§?]

For a (75) CNT the HOMO is ab8t YA @and the LUMQOsat o®p WA 6with%  p® YA and%

& T & 8Indeed, in a previous study the &), HOMO was nasured by photoelectron yield spectros-
copy in air and is located a8t ¢ 6on glass® Although hese energy levels shift byr@ A &ue to the
above discussed band bending at th&{SiGinterface, he LUMO of the smaller diameter &), CNT is
higher than the conduction band of the Silickn Therefore, under excitation of a () CNT, an injection
of electrons to the silicon frorthe CNT takes place on the high terminahile holes are injected at the
low terminal This becomes ineffective forlarger diameter tubs with lower LUMO position than the
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Silicon% , and evidently on illuminationSi is excited causing the electrons to flow towards the lew t
minal. The datauggests thasuch configuration is not favorable for photodetection despite the presence
of the photoactive CNTSs in the wavel¢éhgange of interest. Figure 6Shows the energy scheme of (a)
small diameter (75) and (b) large diameter (10) CNT junctins with pSi. Note that using a n-doped
silicon wouldchange the energy leveds the LUMO level will not be down shiftettthe interface?32

(@)0r Eync (b)0 Eyac
-0.4eV -0.4eV
-2F p-Si/l (7, 5) CNT -2 p-Si// (10, 9) CNT
e
YY) {({
W -3.63eV (LUMO) W
4| 415eV(E) a4l 415V (E) 14 -3.90eV (LUMO)
4.98eV (E,) Bl . -4.98eV (E,) ¥ e ATV (WF)
-4.90€e .Joe
5 - 5,076V (HOMO) Ee) ... —-4.86eV (HOMO)
527V (E) ‘i -5.276V (E )1 11 4
6L -6

Figure6.7: Energylevelsschemes of (a){8i/(7,5)cCNT ad (b) pSi/(10,9)cCNT junction under photoexcitation of CNT and Si
(green arrows), respectively. The Si conduction band and valemekdugesO andO , and the HOMO and LUMO levels of the
CNTs are given. In contact wittSSiQ(natural Si oxide layer not shown), the CNT LUMO and HOMO levels (red lines) are shifted
by m& 'Q dlue to band bending at the-Bi/SiQinterface (red dotted line). Propagation of electrons (red circles) and holes (blue
circles) isndicated. [reproduced frorf¥]

To gain further understanding on the photocurrent generatam CNT/pSi junction, potocurrent stud-
ies were continue@n devices fabrated withPFO sortednonochiral (65) suspensionsn SOl substrates.
Figure 6.8 (a) shows thghotocurrent response of the monochiral @), CNTs in comparison withe
absorption spectuimin solution and the intensity speatm from the sourceand(b) sfows the Figure 6.6
for adirect comparison.

Surprisingly the photocurrent spectm measured from a monochiral (6) suspensions does not show a
negative photocurrent at the S11 transition of &,at996 nmasonewould expect fronthe modelabove
Instead,the photocurrent spectum shows a negative photocurrent matching the S11 transition db),7,
resemblingthe photocurrent spectum obtained from few chiral suspensiorss shown in Figure 6.6
Hence, theenergy band profilanodel proposedails tofit the photocurrent generation mechanism for
devices integrated with monochiral (6) tubes and has to beeevaluated

In order to rule out any substrate induced effedbetphotocurrent spectroscopy measurements were
initially carried out on SOI devistructure without any nanotube bridging the 800nm channel width. The
photocurrent measurementsshowed no photeresponse in absence of a nanotubdadging across the
channel as expected. To gain further understandpigptocurrent measurements were contied onde-
vices integrated with monochiral (6) tubes on silicon on sapphire (SOS) substrates. The photocurrent
spectrum measured shows no negative photocurrent as observed in SOI substrates acroem 1025
1200nm, shown in Figure 6.9.
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Figure6.8: Photocurrent responsivitgpectrum of a second device) fa comparison with absorption speatn of monochiral
(6,5) suspension and the intensity spectrafithe incident light source. jdimage 6.6a)repeated for comparison.
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Figure6.9: Photocurrent Spectrum of Monochiral @nhanotubes on silicon on sapphire substarte. Inset: The schematic of a de-
vice on SOS substrate

Considering the devices dioth SOS and SOI substrates, we have two photoactive material present for
the targeted wavelength range (82Bn- 1420nm), namely nanotube and silicon. As monochira5{6,
nanotubeshave been integratedn bothof these deviceshe photoresponse from the nariobes should
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be the sameOn the other hand, forikcon we have two layers of silicon in the SOI substrate and one
layer in the SOS substrate. The silicon layers in the SOI substrate are separated from one angtiner by 3
SiQ(Figure 6.1a)), which acts s a dielectric spacer between the silicon layers emdsembles garallel
platecapacitor Butafter ebeam patterning and etching, thereated sourcéplate-1)-drain(plate-2) elec-
trodes are separated from one anothen the top silicon layefor the nanotubes to bridge across. Now,
the two electrodes formwo isolated capacitor ptes on the same plane butith different surface ares
(Figure 6.1 (b)Bothof theseelectrodes are separated from the bottom silicfpiate-3) by SiQlayer See
Figure6.10)

Case 1

Silicon ——»
S5i02 —— 3um

3um

Silicon —y

Figure6.10:Schematic to explajmparallel plate capacitor model.

On illumiration, the top pSi(figure 6.10- casel)(source and dhin electrodes) absorbshorter wave-
lengths from 8251m to 1025nm generating electron hole pairdhis results in charge accumulation on
the oxide side foboth source(plate-1) and drain(plate-2) contacts across the nanotube. The extent of
charging is controlled by théimensionalarea of the electrods, and as thesurface areaof the common
drainelectrode is twice as that of theurceelectrode(see Figure 6.1(h)apotential differenceds created
across them. fis potential difference leads to a flow of charge in the positive direqsonirce to drain)
Beyondl1025 nmtill 1200nm, the (figure 6.10c case 2)pottom silicon(plate-3) becomes active abe top
silicon is too thirto absorblonger wavelengths. A similaurfacecharging effecat the oxide interface
occurs with the bottonsilicon(plate-3), being acommon parallel plate to the sourdplate-1) and drain
(plate-2) electrodesit charges them witta complement charg dueto the capacitance effectlhis caugs

a reverse flow of cuent or a negative photocurren(drain to source)Such a model explaitise photo-
response from the monochiral (6) tube on contact with the fype siliconon SOl Thisalsoagrees with

the photoresponse from the SOS substrates, showing no negative photocurrent due to absence of a bot-
tom siliconin SOS substrateslowever this mechanism would not stand true for CNTs forming a large
Schottky barrier with psilicon Assplitting of excitors generatedrom nanotubewould be possibleAlso,
asthe bottom silicon on SOI substrate is at floating potential for all the photoctimeasurements re-
ported in this chapterthe exact potential of the bottom silicon would be questionable at any given time

6.4 Conclusion

The photocurrent measurements were carried out in similar fash@mthat described in Chapter 5. The
photocurrent signalvasmeasured across the-i/CNT junctiongo explore CNTs as on chip photodetec-
tors in silicon photonics in the near infrared region. On integrating a few chiral tubes on to the silicon
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platform, the relative chirality specific contribution to the phetarent generation were unetstood with

an energy schemenodel, where the smaller diameter (B) and (76) tubes could contribute due to a
favorable energy difference between the LUMO of the £aid the conduction band ofison.However,
the larger dameter (8,6) (8,7) and (9,7) CNTgo not contribute due to the unfavorable energy condi-
tions. In order to gain furtheclarity, the experiments wereontinuedwith monochiral (65) suspensions
on two different substratesThe experimental data revealed that the initially proposeergy band pro-
file model has to beeconsidereddue tocloseresemblance of the photocurrent spectra from two differ-
ent dispersionon SOI substratesThissuggess a possibility ofsubstrate imluced effect which is sup-
ported by thephotocurrent data obtained monochiral (B) integrated devices 080Substrate

It is to be noted thathe substrate induced effect is still speculative. Herfigeher photocurrent studies
with other bulk semicondctors like grmanium and rsilicon could providex better insight on nano-
tube/semiconductor junctionsAlsq larger diameter SWCT$ like (97) and (98) on nsilicon are ex-
pected toshow a similar negative photoresponse on their respective S11 tramsiicording to the en-
ergy band profile model
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7 Conclusion and Future Work

7.1 Conclusion

In this thesisthe length distribution of polymer wrapped monochiraB8/CNTs in organic solvemas
measuredby analytical ultracentrifugatiofAUCYechnique. For the PFO wrapped $J,SWCNTSs in tolu-

ene, we have found empirically simple correlation between the sedimentation coefficient and the nano-
tube length i p& p wYFa T 0 , whichenablesus tocalalate the length distribution from the
sedimenation coefficient distribution,in contrary, to the rod model that worked for aqueous suspen-
sions. The underlying square root length dependence of the friction coefficient suggests that there could
be shape fictuations due to polymer wrapping of the nanotubdse results have been bench marked
with the AFM measurements by converting the volume distribution to nundigributions. The method
haspotential forhasslefree insitu length characterization of PR@apped SWCNTS.

Also, photocurrent spectroscopyas performedon a variety of solution processed carbon nanotubes in-
tegrated into devicedn atransistor configuration. The unique (m) dependent intetbandoptical tran-
sitionwasdisplayed distinctly ungr photocurrent spectroscopy, enabling them to be an ideal tool for on
chip characterization of the nanotubes. Eventuatlyyas shown thahanotubes can be narrow band op-
tical detectors. Th@hotocurrent spectrum itself wafined from substraténfluencesby using sapphire

as a substrateAlsq the device geometry wadesigned with the consideratidior anappropriate electric

field environmenton the device surface. The electrostatic pn junction created by electrostatic gating from
the splitgates to enhance the photocurrent generation were dominated by the Schottky barriers formed
at the nanotubecmetal contact interface However, the photocurrent spectra could be tailored with
external gating by tuning the relative (m) specific contributionHencemaking thefew chiral tubes in-
tegrated with the split gate devis®n a sapphire platforma broadbandtunable optical detector in the

nIR region fronp ¢ ® ™to p @ ® T

Finally, photocurrent spectroscopy was also performsedoluene procesed SWCNT integratedevices
on siliconplatform. Thenegative photocurrenbbservedcorrelated to S11 transition of (B) nanotubes
could be explained weilith the energy band profile modeHowever, successivaeasurements with
monochiral (65) nanotubeoverruled the energy band profilmodel dueto compellingresultstowards
the substrate induced effects.

7.2 Future Work

This thesis has highlighted thesitu length analysisf polymer(7, 5) wrapped singlevalled carbon nano-
tubes ugng AUCwith a simple square root expression relating the length of the nanotube to the sedimen-
tation coefficient distribution. Further research is requiiadrder to develop an index for the pfactor

for different combinations of polymer to nanotub&hiswould m&e AUC a viable replacement fitve

time consumingAFMtechnique Alsqg a microscopic model taking account of thigaahed polymer with

its density and change in viscosity due to the branched arms has to be developed.

105



In addition, his thesis has highligatl that sapphire is the right platform fgphoto detectionalong with

the possibility oEnhancing the photocurrent generation by creating an electrosgtigunction fornano-
tubes in thenIR spectral rangdHowever, it was found that the Schottky barriers formed at the nano-
tube/metal contact interface dominated over the electrostatically formed fuanctions suggesting that
further research has to be done dimding thesuitable contact for the nanotube ohoice to realize the
pn-junction. Typicallyjncreasing the contact length between the nanotube and the metal contact inter-
facewould suffice the need for the few chiralispspensionstudiedin Chapter 5Also, a better dielectric
film quality between tle gates and the electrodes would improve the generation of stronggupations
along the nanotube channel.

Finally, the thesis highlightee peculiar photoresponse ablution processed few chiral and monochiral
(6, 5) nanotube/p-silicon junction. Theealices fabricated with the nanotubes initially showed a change in
photocurrent direction which dacidentally matched with the S11 transition of the dhlaadiameter
tubes and not fothe larger diametetubes,whichwasnot been reported before. Howevenn continuing

the work with a monochiral () suspensiorit rather seemed a substrate effettstead of the photore-
sponse from the tubedAs this is still speculatiya scope to further continue thiwork with larger diam-
eter tube and n siliconalong wth other bulk semiconductors like germanium and switching between
smaller and larger diameter tubgsould answer the argument
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Appendix

A1l Density of PFQvrapped(7,5) SWCNTs in toluene

The density of PFR@rapped SWCNTs was determined by measuring the sedimentation coefficient of
nanotubes in toluene/deuteratedoluene mixtures of different density. The density was varied by mixing
toluene with toluened8 (Sigma Wrich) in volume ratios of 0 %, 20 %, 40 %, 60 % and 80 % and the
effective density and viscosityh of the mixtures were determined from their volumetric ratios. For the
density and viscosity of toluene and tolued8 we have used the pressure dependgatues reported by

Harris (J. Chem. Eng. Data, 45, 893 (2000); 10.1021/je000024Il) and Wilbur et al. (The Journal of Chemical
Physics 62, 2800 (1975); 10.1063/1.430815). We have interpolated the values to T=20°C and the pressure
in the measurement cell. Ehpressure in the cell has been calculated based on the expression cited by
Schuck (Biophysical Chemistry 108, 201 (2004); 10.1016/j.bpc.2003.10.017)

p(r) = pow?(ri—m?)/2

with r o, the ambient pressure density of the solvent at the meniscus, the position of the meniscus m, th
position of interest r, and the angular frequenay

With ro (toluene, 20°C, 0.1MPa) = 867 kd/mm = 5.90.1cm andw = 40krpn@p/60s we obtain
p =6.3MPa at the cell center m6.5cm.FigureS2 has then been composed using

Interpolated fromDOI:10.1021/je000024l
r (toluene, 20°C, 0.1 MPa) = 8k@/m?3

r (toluene, 20°C, 6.3 MPa) = 8H@/m?

h (toluene, 20°C, 0.1 MPa) = 0.58Pa.s

h (toluene, 20°C, 6.3 MPa) = 0.62Pa.s

Interpolated from DOI10.1063/1.430815
r (toluened8, 20°C, 0.1 MPa) 39 kg/n?
r (toluened8, 20°C, 6.3 MPa) = 9kg/m3
h (toluene-d8, 20°C, 0.1 MPa) = 0.666°a.s

h (toluene-d8, 20°C, 6.3 MPa) = 0.695 mPa.s
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By extrapolating the product of sedimentation coefficient s and the viscbgiiys =0 we obtainr; = 1308
° 74 kgm? for the density of PF@rapped SWCNTs. The s values are the mean ofsigiw Gaussian
fits to the s distributions of the respective dispersion mixtures.
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A2 Rigid-rod models

A 2.1 Mansfield - Douglas (Cylinders)
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A 2.4 Broersma
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A 3 Best fitsobtained for rod and flexible chain model

Mansfield DouglaRod model,

' Flexible chai I t fit
Fraction best fit of exible chain model, best fit o
Prefactor b
Reff
Frac 1 0.795nm 1.93B4
Frac 2 0.78nm 2.12B4
Frac 3 0.79nm 1.74E4
Frac 4 0.825nm 1.80&4
Table Al: Fitting values of the fits iRigure3.11.
A 4 Dielectrophoresis Deposition parameters
DEP Type Substrate Bias Electrodes DEP Voltage Time
DC 300nm oxide - Gate / Drain 2V -3V 5 min
SiOz/Si
DC 800nm oxide - Gate / Drain 3V-5V 5 min
Si02/Si
DC Sapphire Source / Drain 0.1V - 0.6V 5 min
DC Silicon on Insula- Source / Drain 2V -6V 5 min
tor (SOI)
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A 5 Fitting code Examples for Hydrodynamic Theanyd

Square Root Function

A 5.1 Matlab Fitting

A5.1.1 Mansfield & Douglas Model

eta=0.5753€3; rhop=1129.67; rhol=867;
L=10%9:10"9:1.2*10"6;

r=1*10"-9;
%r=1*1079:0.3*10"9:1.6*10/9;

A=zeros(length(L), length(r));

t=zeros(length(L), length(r));

s=zeros(length(L), length(r));

f=zeros(length(L)ength(r));

R=zeros(length(L), length(r));

absS=zeros(length(L), length(r));

%le=zeros(length(S), length(r));

%for k=1:length(S)

for i=1: length(L)
for j=1: length(r)

A(1L))=L0)/(2*r());

t(i.))=(log(A(i.j))*1);

R(1.1)=(r()*A(.))*((log((4*A(i.))Exp(1)))*1)*...
((1-(0.782*(i,j))+(0.691*t(i,j)"1.67)+(0.622*t(i,j)"1.77)+(0.418*1(i,j)"2.16))/...
(2-(0.677*t(i,j))+(1.601*t(i,j)"2.07)+(0.178*t(i,j)"2.26))));

f(i.))=(6"pi*eta*R(i,j));

s(i.j)=(pi*(r(j)"2)*L(i)*(rhoprhol))/f(i,j);

absS(i,j)=abs(s(i,j))*10"13;

%if abs(absS(i-§(k))<=0.43
%le(k,j)=L();
% le(k,j)=le(k,j)*10"9;
%end
end
end
%end

plot(L,absS);
%s=s_r(30:40);

%A=L/2%r;

%t=log(A)"1;
%R=r*(log((4*A)/exp(1))*(D.782*t+0.691*t"1.67+0.622*t"1.77+0.418*t"2.3R1
1.601*t72.07 + 0.178*t"2.26));

%f=6*pi*eta*R;

%le=zeros(1,length(s));

%for i=1: length(s)

%z=(solve(s(i)==(pi*r*2*L)*(rheghol)/f,L));
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%le(i)=abs(subs(z));
%end
%end

A5.1.2  Flexible chain Model (Square root Model)

L=1079:1*107-9:1.8*10"6; b=1.9*10"4,%:0.5*10"4:2*10"4;
s=zeros(length(L), length(b));
for i=1: length(L)
for j=1: length(b)
s(i.J)=b()*sart(L(0));
end
end

A 5.2 Python Fitting

A5.2.1 Mansfield & Douglas Model and Square root Model

def convert_auc_data(df, b, interpolation=False):
lower_lim, upper_lim = auc_data_range(df)
df = df.query('@lower_lim < s_exp < @upper_lim").copy()
if interpolation:
df = interp(df, stepsize=0.1)
df['L'] = np.power(df.s_exp, 2)/b**2
dff'cl'] = df.cs/(df.s_exp*2/b**2)
dff'cl_div_I"] = df.cl/df.L

return df
from matplotlib.ticker import AutoMinorLocator

df_auc_sqrt = convert_auc_data(df_auc_interp, b=...)
df_auc_mansdoug = best_fit['mans_doug']['data]

x_afm,y_afm = df_afm.L*1e9, df_afm.counts_norm
Xx_auc, y_auc =df _auc_sqgrt.L*1e9, df auc_sqrt.cl_div_I/df_auc_sqrt.cl_div_l.max()
X_auc_mansdoug, y_auc_mansdoug = df_auc_mansdoug.L*1e9, df auc_mansdoug.cL_div_L norm

fig, ax = plt.subplots(figsize=(8.5/2.54, %/4))

delta_xafm = abs(x_afm[6] afm[1])*0.9

ax.bar(x_afm, y_afm, width=delta_xafm, color="r', label='"AFM")
ax.plot(x_auc, y_auc, color="b'", label="AUGHB$")

ax.plot(x_auc_mansdoug, y_auc_mansdoug, color='g', label="AtLC). M

ax.set_titlgsample)
ax.set_xlabel(r'Length (nm)")
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ax.set_ylabel(r'norm. counts $N_N$")

ax.legend(loc="upper right")

#ax.text(0.95, 0.65, r'$h={:.2f}e&4Sv$sqrt{}$'.format(b/1e4, {m}),
# verticalalignment="top', horizontalalignment="right',

# trangfrm=ax.transAxes, fontsize=8)

xmin, xmax, xstep = 0, 1200, 200

ax.set_xlim(xmin, xmax)
ax.xaxis.set_ticks(np.arange(xmin, xmax+xstep/2., xstep))
ax.xaxis.set_minor_locator(AutoMinorLocator(2))

ymin, ymax, ystep =0, 1.08, 0.2

ax.set_ylim(ymin, yix)

ax.yaxis.set_ticks(np.arange(ymin, ymax+ystep/2., ystep))
ax.yaxis.set_minor_locator(AutoMinorLocator(2))

fig.savefig(‘plots/'+sample+'_final.png', bbox_inches='tight', dpi=1000)

plt.show()
plt.close()
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A 6 Number ofExcitons Generated per Incident Pulse for a
Foecific Nanotube

SiWavelength)) = 1045nm,
Average power@ ) =5.19x 10*W,
Repetition Rate = 80 MHz,

Pulse Width = 6 ps

Area of the laser spotsize () = 8 8 pg W pm I h

Absorption crossection per carbon of (7,5) af1% 11) = 1.8x102t m%Carbon,

Diameter of (7,5) = 0.83nrhength of a CNF 800 nm,

Peak poweb P8t Y B
Number of photon per semd . 5 8
v P pmt O .
Number of carbon atoms per unit length 7, = — 8 = R di 8
Total number of carbon atoms in 800 nm  w® g | gl Xxowo
Total absorption crossection A p& p 1 i AOT IXX 0BT I
p& pm |
Generated number of excitons perpulsej —— DOIxGEAAOE
v P pmt O p8 pm |

@ pmm O oxcAWAEDI 1T O

pg Y p i
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