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Abstract 

The conversion of light into electricity is at the heart of solar cells and photodetectors and in other 

optoelectronic devices used in telecommunication systems. In particular, near-infrared (NIR) 

photodetection is very relevant for applications in night vision, remote sensing, food inspection, 

and surveillance. Novel materials that enable broadband NIR photodetection are sought, and the 

emerging class of nanocarbon and other 2D materials hold promise for large device 

photoresponsivities, high-speed detection, spectral control of the photoresponse, ease of 

integration, and waferscale fabrication. 

 

In this thesis, two types of nanocarbon materials have been explored for broadband NIR 

photodetection: nanocrystalline graphene (NCG) and single-walled carbon nanotubes (SWCNTs) 

networks. Graphene is a gapless 2D semi-metal with wavelength-independent light absorption 

with only 2.3% of the incident photons in a wide wavelength range. The growth of multi-layer 

graphene with predefined thickness for increased absorption has not yet been realized. To this 

end, nanocrystalline graphite (NCG), synthesized with a defined thickness on a silicon wafer, is 

introduced as a material for near-infrared to short-wavelength infrared (SWIR) photodetection. A 

broadband spectrally flat photoresponse was obtained in the NIR-SWIR spectral region, and the 

detected photocurrents were attributed to a temperature-induced bolometric effect.  

 

The SWCNT networks with a diameter distribution tailored for the near-infrared photodetection 

are grown using chemical vapor deposition (CVD) process on SiO2/p-Si substrates. The SWCNT 

networks are complementarily characterized using multi-wavelength resonant Raman 

spectroscopy and scanning photocurrent spectroscopy. The photocurrent data confirms a 

broadband optical response to the near-infrared light indicating a large diameter distribution in 

the CNT network. Devices are fabricated in a transistor geometry to study the spatial 

photoresponse distribution under different biasing schemes in the 1100 nm – 1800 nm spectral 

region, and the resulting photoresponse is discussed in terms of the photodetection mechanisms.  

During the course of this thesis, the photocurrent data were obtained with an in-house developed 

aberration-corrected scanning photocurrent setup. In order to enhance light-matter interaction 

in nanocarbon materials, the so-called plasmonic-photonic (PPhC) structures with optical 

resonances in visible-nIR spectrum were fabricated and characterized to investigate Raman 

enhancement in graphene. The local enhancements in the PPhCs were understood from the 

complementary near-field and far-field simulations optical simulations. 
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Chapter 1 Introduction 
 

At the American Physical Society annual conference in 1959, Richard P. Feynmann delivered his 

lecture entitled There is plenty of room at the bottom where he hypothesized the possibility of 

controlling and manipulating matter at the atomic or molecular scale.[1] The idea of designing 

materials at the nanoscale has since inspired great interest in the scientific community leading to 

the development of transformative technological applications over the following decades, 

including solar cells, electronic chips, high-speed detectors, and diagnostic biosensing. In this 

context, carbon-based nanomaterials or so-called nanocarbon materials have attracted attention 

in almost every conceivable branch of science and engineering. Of main interest here are their 

optical and electrical properties, which through a rational design, has shown promise for the next 

generation of electronic and photonic circuitry.[2–4] However, some fundamental constraints like 

low light absorption (e.g., in single-layer graphene) and control of the electronic purity and 

alignment (e.g., in carbon nanotubes) limit their full potential for optoelectronic applications.  

 
Nanocarbon materials 

 
The nanoscale allotropes of carbon such as fullerenes, nanotubes, graphene, and nanocrystalline 

graphite are part of the nanocarbon family. In addition to the bulk-scale carbon allotropes like 

diamond and graphite, the nanocarbons have immensely changed the carbon materials landscape 

in the past two decades and now find applicability in many disciplines from biology to physics. 

 

 

Figure 1.1: Scientific publications from the year 2000 of different nanocarbon materials. The information 

was obtained by a keyword search using SCOPUS citation database. 
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The utility of the nanocarbon materials lies in their unique structure-dependent properties, and 

extensive research efforts have been made since the isolation of a single layer of graphene from 

graphite in 2004.[5] Figure 1.1 shows the published scientific reports since 2000 for the three 

nanocarbon materials discussed in this thesis. The different dimensionalities including the three-

dimensional (3D) fullerenes and one-dimensional (1D) carbon nanotubes in the nanocarbon family 

can be described by their “parent” two-dimensional (2D) structure of graphene. From a structural 

point of view, graphene forms the basis for understanding the properties of nanocarbon materials. 

Interestingly, however, graphene has been discovered only in the early 2000s after the discovery 

of fullerene C60 by Kroto et al. in 1985,[6] and single- and multi-walled nanotubes in early nineties 

by Sumio Iijima.[7] The carbon atoms in graphene have sp2 hybridization, where each carbon atom 

forms strong covalent bonds with the neighboring three other atoms to form a planar structure. 

The in-plane covalent bonds in graphene and carbon nanotubes give rise to the large tensile 

strength and high thermal conductivity.[8,9] On the other hand, the delocalized electrons in the 

weak pi bonds between the neighboring carbon atoms give rise to the large carrier mobility and 

unique electrical transport properties.[10]  

 
Nanocarbon materials for optoelectronics 

 
The prospects of nanocarbon materials for optoelectronic applications have become very evident 

in the recent years. The devices based on graphene and carbon nanotubes for optoelectronics 

have been demonstrated in the past, including quantum light emitters, photodetectors, 

transistors and optical modulators.[11–14] Light emission and detection using CNTs and graphene, 

in particular have gained prominence as exemplified by the number of review publications.[15–18] 

The active research on these topics is guided by the performance advantages that include wide-

band wavelength tunability, high speed of operation, and large-scale device integration.  

 

Graphene has no bandgap and can be used for broadband photodetection. However, the optical 

absorption of single-layer graphene is only 2.3 %, therefore, the corresponding photoresponsivity 

is also weak.[19] The integration of graphene with plasmonic or photonic structures has been 

shown to result in enhanced light absorption.[20–22] However, the absorption is modified only in a 

narrow spectral region and is dependent on the geometry and the optical properties of the 

plasmonic or photonic structure. Therefore, a wavelength-dependency in the absorption 

spectrum of graphene is inevitably introduced, which ideally is suitable for narrowband 

applications. Alternatively, a spectrally flat response could be tailored by having a predetermined 

number of graphene layers (graphite). However, despite the maturity in the waferscale growth of 



 

5 
 

graphene by the chemical vapor deposition (CVD) process, the controlled growth of graphene 

layers remains elusive.  

 

On the other hand, nanocrystalline graphite (NCG) can instead be grown with a predefined 

thickness directly on dielectric substrates and involves no post-synthesis transfer processes. 

Therefore, NCG could be substituted for multilayer graphene for photodetection applications to 

maximize light absorption. The light absorption in NCG in a targeted spectral region could be 

maximized by choosing the appropriate layer thicknesses of the substrate. In Chapter 4, the 

optimum layer thicknesses of the substrate and NCG required to maximize absorption in near- to 

the short-wavelength infrared spectral region were computed using transfer matrix simulations. 

The photodetection mechanism in the devices fabricated from the thickness-optimized NCG was 

understood from the electronic system driving the photocurrents under different voltage biasing 

conditions.  

 

The semiconducting-type single-walled carbon nanotubes (sc-SWCNTs) have a direct bandgap and 

can be employed for both narrowband and broadband photodetection from visible to near-

infrared spectral regions. The optical transition energies in SWCNTs have approximately an inverse 

relationship with the nanotube diameter.[23] The absorption spectrum of sc-SWCNTs consists of 

the characteristic narrow excitonic transitions, with the exciton binding energies on the order of 

several hundred meV.[24] On the other hand, the absorption spectrum of conventional 

semiconductors consists of absorption band edges. The SWCNTs, therefore, can selectively absorb 

light from the visible to the near-infrared depending on their diameter. Since the SWCNTs are 

quasi-1D materials, the interaction with the incident light is polarization-dependent, with the 

maximum light absorption in the direction parallel to the axis of the CNT.[25] Further, when 

integrated as a channel material for an optoelectronic device, the same CNT device can be 

operated as a light emitter, a light detector, and a transistor by modifying the applied bias and 

gate voltage.[12] The light-matter interaction in individual CNTs depends on their absolute 

absorption or absorption cross-section and is extremely low for single-tube devices, making them 

inefficient photodetectors for practical applications.[26] Therefore, devices with nanotube thin 

films or networks become important and should be explored from an application standpoint. The 

electrical transport, however, in single-tube devices and random networks can be very different 

due to the domination of the tube-tube junctions in the latter. In the former, the electrical 

transport is dominated by ballistic transport for channel lengths shorter than the carrier mean 
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free path. In Chapter 5, the near-infrared photodetection in SWCNT networks that are grown 

directly on the silicon substrates is described. 

 

The general goal of the thesis is to study the near-infrared photodetection in nanocarbon 

materials, specifically NCG and large-diameter distribution (1 nm -  2 nm) SWCNT networks. The 

near-infrared spatial photocurrent distribution in the device was investigated using scanning 

photocurrent spectroscopy, and the generated photocurrents are discussed in terms of the 

dominant photodetection mechanisms. The mechanisms responsible for the photocurrent 

generation originate either in the excess heat or the excess carriers generated due to the light 

absorption in the photoactive area of the device. The scanning photocurrent setup was redesigned 

and compensated for chromatic aberration for acquiring diffraction-limited spatial photocurrent 

maps in the near-infrared to short-wavelength infrared spectral region (setup description in 

Chapter 3). 

 

The plasmonic or photonic structures, referenced earlier, give rise to the local field enhancements. 

In this thesis, in Chapter 6, so-called plasmonic-photonic (PPhC) structures are described which 

have optical resonances resulting in field enhancements in visible and near-infrared spectral 

region. The light-matter interaction in graphene integrated with PPhC structures is probed via., 

Raman spectroscopy. The enhancements in the Raman signal could be observed when the 

incoming or the outgoing wavelengths exhibit a spectral matching with the PPhC resonances. By 

adjusting the structural parameters like air-hole diameter and lattice parameters, the PPhC 

resonances can be selectively tuned in the visible/near-infrared spectral region. 
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Thesis overview 

 

This thesis is organized into the following chapters: 

 

• Chapter 2 gives the overview of the electrical and optical properties of 

nanocarbon material materials. In the latter half of this chapter, discussion is 

dedicated to the concepts of photodetection and a review of different 

photocurrent generation mechanisms in nanocarbon materials.  

 

• Chapter 3 describes the experimental techniques employed for fabrication and 

characterization of the nanocarbon devices. In the second half of this chapter, the 

in-house scanning photocurrent setup is described that includes the setup design, 

supercontinuum light source calibration and chromatic aberration correction. 

 

• Chapter 4 describes the near-infrared photodetection in the thickness optimized 

nanocrystalline graphite (NCG). The thickness optimization in NCG is discussed in 

the context of simulations. The dominant photodetection mechanisms under the 

zero bias condition and an applied bias are discussed. 

 

• Chapter 5 describes the near-infrared photodetection in large-diameter single-

walled carbon nanotube networks (LD-SWCNTs). The SWCNT network was 

characterized using Raman spectroscopy. The wavelength-dependent scanning 

photocurrent imaging data is discussed for different biasing conditions. 

 

• Chapter 6 describes the light-matter enhancement in nanocarbon materials using 

plasmonic-photonic (PPhC) structures. The Raman enhancement studies of the 

graphene transferred onto the PPhC structure are reported. 

 

• In the summary, the main results from this thesis are highlighted followed by the 

discussion on outlook and future work on nanocarbon materials for 

optoelectronic applications. 
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Chapter 2 Optoelectronic properties of nanocarbon materials 

2.1 Graphene 

Diamond and graphite are well-known allotropes of carbon. Diamond is a three-dimensional (3D) 

insulator with an indirect bandgap of 5.5 eV and has optical gap excitations in the ultraviolet 

spectral range. In contrast, graphite is a quasi two-dimensional (2D) material, a semi-metal with 

no bandgap. The graphite structure consists of individual layers of carbon atoms with pi and sigma 

bonding. Carbon has a valency of four, and each carbon atom forms three sigma bonds (sp2) with 

the three nearest neighbours and the fourth bond is a pi bond oriented perpendicular to the plane 

of graphite layers. The motion of the delocalized pi electrons in the carbon lattice gives rise to the 

graphite’s electrical conductivity. The individual layers of graphite or a single layer of carbon atoms 

are called graphene. A single layer of graphene was isolated in 2004, and since then, there has 

been an ever-growing interest, especially in its optoelectronic properties.[27] The carbon atoms in 

graphene have a hexagonal arrangement as shown in Figure 2.1a. 

 

 

Figure 2.1: (a) Real lattice representation of graphene with the lattice vectors a1 and a2 spanning the unit 

cell. The atoms from different sublattices are represented in different colors. (b) Reciprocal lattice notation 

with high symmetry points (Γ, Κ, and Μ). (c) Enlarged Brillouin zone near the K-point or the Dirac point. The 

full band structure is shown in Figure 2.2. 

The unit cell of graphene consists of two non-equivalent atoms in the real space and is spanned 

by the lattice vectors a1 and a2. The carbon atoms in the hexagonal lattice are separated by an 

interatomic distance of ac-c = 0.142 nm.[28] The reciprocal lattice consists of three high symmetry 

points of the Brillouin zone (Γ, Κ and Μ).[29] The Brillouin zone is constructed from the hexagonal 



 

10 
 

reciprocal lattice of graphene, and it is the area enclosed by the bisectors to the line joining the 

nearest neighbours. The full electronic band structure of graphene is shown in Figure 2.2. At the 

K point, the peak of the valence band (π) intersects with the conduction band dip (π*), resulting 

in the absence of an energy gap to the states in the conduction band. Further, the bands are linear 

at the K point. The Fermi level energy is indicated as EF and represented by a dashed line. The 

linear bands of graphene at the K point result in many note-worthy properties. For instance, 

independent of their energy, the conduction electrons have the same velocity (≈ c/300).[30] Due to 

this relativistic nature of the conduction electrons, the K point is also called the Dirac point 

(indicated by an arrow in Figure 2.2). As the energy gap at the Dirac point is zero, optical 

transitions are independent of the photon frequency. Further, the absorption in graphene is 

wavelength-independent at optical frequencies and has a constant value of 2.3 %.[19] 

 

 

          Figure 2.2:Full band structure of graphene. Adapted from [[31]] 
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2.2 Graphite 

The optical transparency of graphene is governed by the fine structure constant α (α = е2/ℏc = 

1/137), that dictates the strength of light coupling with the relativistic electrons in graphene. A 

single layer graphene absorbs about 2.3% (πα) of incident photons in a wide wavelength range 

from visible to infrared, and its transmittance was first measured by Nair. et al.[19] (Figure 2.3a). 

 

 

Figure 2.3:(a) Measured transmittance of single layer graphene and the dashed red line represents the 

expected transmittance for the theoretical absorptance of πα. (b) Transmittance as a function of number of 

graphene layers. Adapted from reference [19] 

It was predicted that the transmittance of multilayer graphene will be then equal to 1 – παN where 

N is the number of graphene layers.[19] The measured transmittance as a function of a few 

graphene layers is shown in Figure 2.3b. Interestingly, however as will see below the simple 

relation for transmittance will not hold when the reflectance from the graphene layers is no longer 

negligible, which is the case for large N (N > 20). The increasing reflectivity with the layer number 

also explains why the natural graphite gleams. 

 

Sasaki et al. recently calculated using the transfer matrix methods the absorptance in graphite as 

a function of layer number, considering the reflectivity.[32] The transfer matrix methods are 

described in the Appendix A1. Figure 2.4a shows the calculated absorptance as a function of layer 

number (N) at three different wavelengths. The plot in open circles (in orange) corresponds to the 

absorptance for the simpler model where the reflectivity is neglected. For the values of N up to 

~20, the calculated absorptance is identical in both cases (with and without reflectivity), beyond 

which there is a significant deviation. However, at N ~ 87, the absorptance is independent of the 

wavelength (lump-like behaviour) and is about 50 %. The identical absorption at different 
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wavelengths corresponds to a universal number of layers in graphite for light absorption. The 

meaning of the universal layer number can be understood from the Figure 2.4b, where the 

calculated reflectance, absorptance, and transmittance are plotted as a function of layer number 

for the 1550 nm wavelength. As a function of the layer number, the reflectance (RN) increases, 

and simultaneously, the transmission (TN) decreases. The RN+TN takes a minimum value 

corresponding to the cross-over point where the condition RN = TN is satisfied. The cross-over point 

is precisely given by the universal layer number, N = 2/πα (or 87) where each layer efficiently 

absorbs the same amount of light independent of the wavelength since there is no decay in the 

electric field.[32] 

 

Figure 2.4: (a) Calculated absorptance from the transfer matrix method as a function of layer number at 

three different wavelengths (532 nm, 785 nm and 1550 nm) and the plot in open circles represents the 

expected absorptance without taking reflectivity into account. (b) Reflectance RN and transmittance TN for 

1550 nm as a function of layer number. Adapted from reference [[32]] 

 

The theoretical reflectivity of graphite can be estimated using the relation 2.1 when the dynamical 

conductivity of graphite is known.[33]  

 
(𝑛 + 𝑖𝜅)2 = 1 +

𝑖𝜎graphite

𝜖0𝜔
 

(2.1) 

 

 
𝑅graphite = 

(𝑛 − 1)2 + (𝜅)2

(𝑛 + 1)2 + (𝜅)2
 

(2.2) 

 

Further, the reflectivity of graphite can be reliably reproduced for the condition of very large N 

using the TMM. This then leads to the analytical expression for the optical constants (n, k) of 

graphite in terms of the fundamental constant (α), interlayer spacing (d) and, frequency (ω).[32] 
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 𝜎graphite =
𝜎graphene

𝑑
 (2.3) 

 

 

n(ω) = √

{
 

 1 + √{1 + {(
παc
ωd

)}
2
}

2

}
 

 

, κ(ω) =
1

2n(ω)

παc

ωd
 

(2.4) 

2.3 Nanocrystalline graphite (NCG) 

The domain or crystallite size is typically several micrometers in exfoliated graphene or the 

graphene synthesized by chemical vapor deposition (CVD).[34] Reducing the domain size to the 

nanometer regime would result in so-called nanocrystalline graphite (NCG).[35] In this thesis in 

Chapter 4, the near-infrared photoresponse of thickness optimized NCG as an alternative to 

multilayer graphene is investigated. The various bottom-up chemical routes for synthesizing NCG 

are presented in Chapter 2, Section 2.8. Due to the ease of waferscale fabrication and low-cost 

synthesis, NCG was shown to be a suitable candidate to substitute graphene for some 

optoelectronic applications.[36],[37] A nanometer-thick NCG has similar optical transparency as 

single-layer graphene. However, the electrical transport characteristics in NCG are significantly 

different compared to graphene due to nanometer-scale grain-grain boundary effects.[38] The 

following section discusses the grain size effects on the electrical properties of polycrystalline 

graphite. The global transport in polycrystalline graphitic sample is dependent on the grain and 

grain boundary resistance. The overall electrical resistance is the sum of these two 

contributions.[38] 

 

 𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑔𝑟𝑎𝑖𝑛𝑠 + 𝑅𝑔𝑏 (2.5) 

 

The resistance of the grain-boundary 𝑅𝑔𝑏 is given by 𝑅𝑔𝑏 = 
𝜌𝑔𝑏

𝑊
, where 𝜌𝑔𝑏 is grain boundary 

resistivity and W is the width of the device or the equivalent length of the grain boundary.[39] The 

averaged sheet resistance of a polycrystalline sample as function of grain size using the scaling 

law, 𝑅𝑠 = 𝑅𝑠
0 +

𝜌𝑔𝑏

𝑙𝑔
.[40] In the relation, 𝑅𝑠 is the sheet resistance of the polycrystalline sample with 

the contribution from grain and grain boundaries. 𝑅𝑠
0 is the sheet resistance in the grain interior, 

and 𝑙𝑔 is the grain size. The charge transport in polycrystalline sample is dictated by two factors; 

scattering due to grain boundaries and scattering within the grain interior. The relative 

contributions to the overall resistance is given by the above described scaling law. For large grain 



 

14 
 

size (> 10 μm), the contribution from the 𝑅𝑠
0 is dominating the overall resistance 𝑅𝑠, and 𝑅𝑠 is 

independent of the grain size. For grain size less than ≈0.1 μm, the grain boundary resistivity 𝜌𝑔𝑏, 

dominates the overall resistance, and 𝑅𝑠 scales inversely as a function grain size. The transition 

from the grain- to grain boundary dominated behavior occurs at 𝑙𝑔 ≈
𝜌𝑔𝑏

𝑅𝑠
0  . 

 

 

Figure 2.5: Dependence of sheet resistance as a function of grain size in polycrystalline graphene. The solid 

colored and open symbols correspond to the measured and the calculated values, and the solid line is 

according to the scaling law behavior described in the text. The parameters used in the scaling law are: 𝑹𝒔
𝟎 

= 300 Ohm/Sq. and 𝝆𝒈𝒃 = 𝟎. 𝟑 kOhm μm. Reproduced from [[38]]. 

In the region where the grain size is in the nanometre-range, the electrical transport is governed 

by the thermally activated variable range hoping (VRH) model. In nanograined systems, the 

electrical transport is governed by ratio of the tunnelling conductance between the adjoining 

grains 𝜎𝑡 and quantum conductance, 𝜎𝑞 = 𝑒
2/ℎ. When 

𝜎𝑡

𝜎𝑞
< 1, the charge carriers are strongly 

localized within the grain and the electrical transport follows the thermally activated VRH 

process.[41] For systems with negligible Coulomb interactions between the carriers in the adjoining 

grains, the temperature dependent electrical conductivity, 𝜎(𝑇) is described by the Mott law.[42] 

In the 2D case, it is given by the relation 

 

 
𝜎(𝑇) =  𝜎0𝑒𝑥𝑝 [(−

𝑇1
𝑇
)
1/3

] 
(2.6) 

 

Where the parameter T1 depends on the localized density of states at the Fermi level, spatial 

extent of the wavefunctions spread determined by the tunnelling conductance between the 

adjoining grains. 
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2.4 Carbon nanotubes 

Carbon nanotubes can be visualized as a rolled-up graphene sheet. As there are numerous ways 

of rolling-up a graphene sheet into a nanotube, a vast number of single-walled carbon nanotubes 

(SWCNTs) can be realized with varying diameters and electronic properties.[23] In SWCNTs, the 

delocalized pi electrons can now propagate along the length of the tube, but have their motion 

constrained in the direction perpendicular to the nanotube axis due to the tube diameter. 

Nanotubes are hence regarded as one-dimensional (1D) materials.  

 

The graphene honeycomb lattice is shown in the Figure 2.3. Indicated in the lattice are the 

fundamental translation vectors a1 and a2. The rolling-up of the graphene sheet results in the 

conversion of one of the translation lattice vectors into the nanotube circumference. The 

circumferential vector is given by the relation[23]  

 

 𝐶ℎ =  𝑛𝒂𝟏 +𝑚𝒂𝟐 (2.7) 
 

In the above relation, n and m are integers with the axis of the tube perpendicular to Ch. The 

circumferential vector is also called as the chiral vector.  

 

Figure 2.6: Sheet of graphene with lattice vectors a1 and a2. The chiral vector and chiral angle for a nanotube 

are also indicated. 

The nanotube diameter can be described using the chiral indices (n, m) as following.[28] 
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𝑑 =  √𝑛2 +𝑚2 + 𝑛 ∙ 𝑚  ∙ 𝑎𝐶−𝐶 ∙

√3

𝜋
 

(2.8) 

 

The circumferential vectors can be classified into three types, those with m = 0, m = n and m ≠ n. 

These classifications of nanotubes are known as ‘zigzag’, ‘armchair’ and ‘chiral’, respectively. The 

chiral angle is defined as the angle between a1 (zigzag direction) and the chiral vector. 

 
𝜃 = tan−1

√3𝑚

2𝑛 +𝑚
 

(2.9) 

 

Due to the zero gap at the K point in the Brillouin zone, graphene is a semimetal. On the other 

hand, the CNTs can be either metallic or semiconducting. The condition for metallic CNTs is: 

 

    n –  m =  3p   (2.10) 
 

where p is an integer and can be either negative, zero or positive. Outside of this condition, the 

nanotubes are semiconducting with a finite energy gap. In the above relation, for the condition n 

= m (armchair), the SWCNTs are metallic type. Further, zigzag tubes are also metallic when m = 0 

and n is multiples of 3. For 1D system like nanotubes, the energy levels around the circumference 

are quantized,[23] and the energy levels are given by the relation below.[43] 

 

 
𝐸𝑞 = 

2𝑞

𝑑𝑡
∙ 𝑎𝐶−𝐶 ∙ 𝛾0 

(2.11) 

 

In the equation 2.11, the index q denotes the transition number. For instance, the first transition 

(S11) is represented by the index q = 1. The second transition (S22) has an index value of 2 and so 

on. In the equation 2.11, 𝛾0 represents a value that takes curvature effects into account.[43],[44]   

 

The density of states (D.O.S) defined as the available energy states per unit length for a given 

band, and has an inverse square root dependence in energy 
|𝐸|

√𝐸2−𝐸𝑞
2
 for the condition |𝐸| >  |𝐸𝑞|, 

and zero for |𝐸| <  |𝐸𝑞|.
[23] Here, Eq is the quantized energy as defined in the equation 2.5. At 

|𝐸| = |𝐸𝑞|, there is an extremely large density of states and this manifests as spikes in the E versus 

D.O.S plot. These spikes are known as van Hove singularities.[45] Figure 2.4 shows the band 

structure and density of states scheme for metallic and semiconducting carbon nanotubes. 

Semiconducting tubes have a distinct gap between the top of the valence band and the bottom of 

the conduction band, on the other hand, metallic tubes have a zero gap as there is an additional 
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linear band passing through the origin. The density of states is non-zero around the Fermi energy 

level, EF for the metallic tubes. However, for semiconducting tubes it is zero.   

 

 
Figure 2.7: Energy band scheme and density of states dependence for (a) (10, 10) metallic type (b) (20, 0) 

semiconducting type. The Fermi level EF is located at zero energy. The sharp transition energies indicate the 

van Hove singularities. Reproduced from [[46]] 

Electrical transport in carbon nanotubes 

 
The electrical resistance in the single-walled CNTs is governed by the scattering mechanisms 

involved in the carrier transport. The ballistic transport in CNT field effect transistors (CNTFETs) 

becomes important when the device channel length is smaller than the mean free path of the 

carriers. The mean free path length is determined by the inelastic carrier scattering that occurs 

with the acoustic phonons in the lattice and is of the order 0.5 μm in semiconducting SWCNTs 

operating at room temperature and at low energies. In addition, the nature of the contact the CNT 

makes with electrodes also influences the charge transport where the contact can be either ohmic 

or Schottky type. The Landauer formalism can be used to estimate the conductance in the one-

dimensional CNT channel when bridged between source and drain electrodes. The conductance 

G, is given by 𝐺 = (
2𝑒2

ℎ
) ∙ 𝑀 ∙ 𝑇 with 𝐺0 =

2𝑒2

ℎ
 = (12.9 kΩ)-1 being the quantized conductance, M is 

the number of available modes for the charge transport and T being the transmission probability. 

The transmission probability, T is equal to 1 for the case of ballistic transport (no back scattering 

in the channel). For SWCNTs, two conducting channels participate in the electrical transport and 

therefore conductance is given by G = 2G0 = (6.45 kΩ)-1. The above discussion is valid for the case 

of an ideal SWCNT short-channel device (Lch ≈ 50 nm) where the scattering effects are negligible. 

On the other hand, when the channel length is larger than the mean free path of carriers, the 

carriers undergo collisions in the conduction path, and the transport is no longer ballistic and is 

instead described by a diffusive mechanism. Furthermore, in a random network of nanotubes, as 

will be described in Chapter 5, the electrical transport is more complicated and is dependent on 
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several factors: intra and inter-tube transport, bandgap differences in the nanotubes, bundling, 

intentional and unintentional introduction of defects, and dielectric environment around the 

nanotubes. The charge transport in dense networks is not only governed by the individual tube 

segments but also depends on nanotube-nanotube junctions where the charge carriers have to 

hop over. The junction resistances are on the order of 100 kOhm and depend on the electronic 

type of the nanotubes, further, the likelihood of hopping or tunneling is greater for nanotubes 

with a large diameter. The relative orientation between the nanotubes at the junction is also an 

important factor dictating the overall resistance. The variable range hopping (VRH) model for 

SWCNT networks is described in the work of Rother et al. and Schießl at al.[47,48] A comprehensive 

review  of electrical transport in SWCNT networks can be found in the work of Zorn et al. [49] 

 
Optical properties of carbon nanotubes 

 

 

Figure 2.8: Single-particle and excitonic states. (a) Band structure of (19,0) semiconducting SWCNT for the 

single particle picture. (b) the corresponding density of states. (c) The simulated excitonic picture to describe 

the optical properties considering the many-body effects. Reproduced from [[11]] 

 

Due their 1D nature, carbon nanotubes have an anisotropic optical response. The light-matter 

interaction is strongly suppressed when the excitation light is polarized perpendicular to the 

nanotube axis. The condition for light absorption or emission in CNTs would require the change in 

quasi-angular momentum to be zero, therefore, the optical transitions between the states in CNTs 

is possible only for the subbands that obey this selection rule. The optical properties in SWCNT 

depend sensitively on its band structure. In the one-particle picture, the excitations from 

interband transitions result in free carriers. However, the interaction of electrons and holes would 
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result in a bound state electron-hole pairs. These bound states are referred to as excitons and 

exist below the one particle band-to-band transitions. The excitonic transition energies are on the 

order of several hundred meV, and have an inverse relationship with the nanotube diameter. The 

electrical and optical properties in nanotubes are described by their respective energy gaps. The 

electrical bandgap (Eeg ≈ Eg + Eee) and the optical band gap (Eeg ≈ Eg + Eee - Eeh) are treated separately, 

and they are related to the one-particle bandgap, Eg. The Eee and Eeh give the interaction energies 

for electron-electron and electron-hole interactions, respectively. The optical absorption spectra 

of the nanotubes can be reliably calculated by considering the many body effects involving the e-

e and e-h interaction energies. The dielectric environment can strongly modify the electron-

electron and electron-hole interactions and result in the red or blue shifts in the excitonic energies. 

2.5 Raman fingerprint of nanocarbon materials 

2.5.1 Raman spectroscopy of graphene and graphite 

Raman spectroscopy is a particularly advantageous non-destructive technique to probe the 

characteristics of graphene/graphite, carbon nanotubes, and 2D materials. The Raman spectrum 

of a graphitic material is a rich source of information about the number of layers, defect density, 

intrinsic doping, and strain. The principle of Raman scattering involves the inelastic scattering of 

light with the optical phonons in the material; Tuinstra & Koening identified the Raman signature 

of single-crystal graphite with the G peak at 1575 cm-1 (due to the in-plane motion of the carbon 

atoms in the infinite crystal, E2g mode).[50] In the other forms of graphite like stress-annealed 

pyrolytic graphite, activated charcoal, lampblack and, commercial graphite an additional peak at 

1355 cm-1 appears due to the polycrystallinity in the material and the related particle size 

effects.[50] The intensity of this band is inversely related to the crystallite size (La) in the graphitic 

plane. The A1g mode (active in small crystals or at the boundaries of large crystals) that is otherwise 

absent in the single crystal graphite becomes Raman active in the polycrystalline sample and is 

responsible for the origin of the D peak. The Raman spectra of a single layer of graphene has three 

distinct peaks located at 1350 cm-1 (D peak), 1580 cm-1 (G peak), and 2700 cm-1 (2D peak).[51] The 

D peak appears due to the presence of structural defects, and is absent in defect-free graphene 

lattice. The 2D peak arises out of the double phonon scattering and unlike the D peak, the 2D peak 

is not sensitive to the defects and its intensity is dependent on the number of graphene layers.[52] 

The shape and intensity of the 2D peak can provide information about the number of layers. In 

this section, the discussion will be mainly limited to the evolution of Raman spectra of carbon films 

with a degree of disorder and amorphization. 
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Figure 2.9: Multi-wavelength amorphization trajectory of carbon films for the variation of (a) ID/IG ratio and 

(b) G peak position. Adapted from reference [[53]] 

The Raman spectra of carbon films with a varying degree of disorder can be summarized by a 

three-stage model as introduced by Ferrari and Robertson.[54] Figure 2.9a and Figure 2.9b show 

the D-peak to G-peak intensity ratio (ID/IG) and the position of the G-peak with the increasing 

disorder in the carbon films, respectively. Moving along the horizontal axis, starting from graphite 

to nanocrystalline graphite, to amorphous carbon and in the end to ta-C (tetrahedral amorphous 

carbon), the carbon film undergoes the following sequence of changes: first, reduction in the size 

sp2 groups then followed by topological disorder, and lastly the transition from ring to chain 

configurations.  

 

In stage 1, the transition from ordered graphite to nanocrystalline graphite results in the shift in 

G-peak position from 1580 cm-1 to 1600 cm-1 and a reduction in the in-plane crystallite size (La). 

Further, the D-peak appears, and its intensity increases according to the Tuinstra & Koening (T-K) 

relation given by ID/IG ∝ 1/La. In stage 2, the transition from nc-graphite to a-C results in a G-peak 

position shift from 1600 cm-1 to 1510 cm-1 (for 514 nm laser line in Figure 2.9b). In the a-C phase, 

the bonding is predominantly sp2 with up to a maximum of 20 % sp3 bonds resulting in a 

completely disordered sp2- bonded system. Therefore, as a consequence of large disordering and 

the decrease in La to well below 2 nm, the T-K relation is no longer valid at the end of stage 2. In 

addition, the ID/IG ratio reduces to zero due to the reduction in the number of ordered aromatic 

rings. In stage 3, the increase in the sp3 content up to 85 % results from the conversion of sp2 sites 

into sp3 sites and consequently the sp2 configuration changes from rings to chains. The G peak 

position now shifts to 1570 cm-1 and the ID/IG ≈ 0 due to the absence of sp2 rings. In Figure 2.9a 

the dispersion in the ID/IG ratio for nc-graphite is due to strong dispersion of the D peak which is 
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largest for micro and nanocrystalline graphite[53],[55] (ID/IG ∝ 1/E4, where E is the laser energy), and 

the dispersionless G-peak for nc-graphite is due to the presence of only sp2 rings and absence of 

disorder. The dispersion in G peak increases with increasing disorder and is evident for the case 

of a-C and ta-C.  

2.5.2 Crystallite size determination in polycrystalline graphite 

Canҫado et al. proposed a relationship between the crystallite size and the full width at half 

maximum (FWHM) Γ by measuring the Raman peaks of the nanocrystalline graphite samples with 

crystallite sizes of 20 nm, 35 nm and 60 nm using five different laser wavelengths.[56],[57] The linear 

fits to the Γ versus 1/La plot for all the peaks found Γ to be proportional to (1/La) and with a 

negligible dependence on the laser energy.   

 

Table 2.1: Linear fit parameters obtained from the experimental FWHM of G and D peaks.[57] 

 

 

 

 

From the FWHM peak widths, using the relation Γ = A + BLa
-1 with A and B as the linear fit 

parameters (Table 2.1) the crystallite size in an unknown nc-graphite sample can be hence 

determined. 

2.5.3 Raman spectroscopy of carbon nanotubes 

The Raman spectrum of carbon nanotubes provides information about the CNT diameter and 

chirality. Compared to graphene, the Raman signal of CNTs is stronger due to the resonant Raman 

scattering involved because the presence of a direct optical bandgap. The rolling up of graphene 

sheet into a nanotube modifies its phonon dispersion relation, the signature of which is evidenced 

in the Raman spectrum as a low energy phonon mode. The low-energy phonon mode or out-of-

plane vibration that is absent in the graphene appears in the nanotube spectrum as a radial 

breathing mode (RBM).[58] The SWCNT diameter can be determined from the RBM mode 

frequency. In SWCNTs, the G-mode (high-energy phonon mode) splits into two peaks depending 

on the vibration mode, whether it is parallel or perpendicular to the nanotube axis. 

 

FWHM A /cm-1 B / cm-1nm 

ΓD 19 500 

ΓG 11 560 



 

22 
 

 

Figure 2.10: Measured radial breathing mode frequency (ωRBM) as a function of the nanotube diameter. 

Open circles represent the data and the solid line is the fit to the data. Fitting parameters shown in the 

equation 2.12. Reproduced from [[59]] 

The Raman active vibration mode in SWCNT has an inverse relationship to its diameter. The simple 

relation between the tube diameter and its frequency is given by the below relation where A and 

B are empirical constants and dt being the CNT diameter. For a single isolated tube when the 

environmental effects are negligible, B is close to zero. In Figure 2.10, diameter range in 1 - 4 nm 

of isolated SWCNTs on silicon substrate were studied, and the experimental data was fitted with 

the eqn. 2.12 and the obtained values of the fitting parameters A and B are 227 cm-1 nm and 

0.3 cm-1, respectively.[60] 

 
𝜔𝑖(𝑑𝑡) =  

𝐴

𝑑𝑡
+ 𝐵 

(2.12) 

 

Depending on the nanotube environment (substrate, solvent effects, bundling and preparation 

methods) the 𝜔𝑖(𝑑𝑡) relation varies. Araujo et al. summarized the literature reported values for 

A and B.[59] 
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Figure 2.11: (a) Measured Raman spectrum (black bullets) at 644 nm laser line. The spectrum is fitted with 

individual Lorentizians (in color) and the global fit is shown in black solid line. (b) The dashed line on the 

Kataura plot indicates the laser excitation energy (1.925 eV) and the solid lines at (Elaser ± 0.06) eV indicate 

the resonance window. Reproduced from [[59]] 

 

From Raman spectroscopy, the (n, m) indices to SWCNTs can be identified from the 2D plot of 

(exitonic transition energies) Eii vs RBM frequency or diameter dt, the so-called Kataura plot (see 

Figure 2.11). For assigning (n,m), one of the transition energies (van Hove singularities) must lie 

near the laser excitation energies. The transition energies were calculated empirically by A. Jorio 

et. al. Each filled circle in the plot represent the transition energy for either metallic or 

semiconducting nanotubes. Starting from the bottom, the first grouping (in green & olive) 

represents 𝐸22
𝑠  (the 𝐸11

𝑠  transitions are further below the 𝐸22
𝑠 , and in the plot only one data point 

can be visible at the bottom right corner), the second grouping (in red) respresents the 𝐸11
𝑀 . The 

light green and olive circles represent the semiconductig tube with type mod(2n+m, 3) = 1 and 

mod(2n+m, 3) = 2, respectively. The red circles represent the metallic type tubes with mod(2n+m, 

3) = 0. Further, within each grouping, several branches or families can exist that satisfy the 

condition 2n+m=const.  

 

In Figure 2.11a, the plot in black closed circle show the data, and the solid black line show the 

overall fit to the data obtained by fitting Lorentizians (individual green and red curves).These solid 

color lines represent tubes with a distribution of RBM frequencies, that is each nanotube is related 

to a specific RBM mode. The RBM in red and green correspond to metallic and semiconducting 

tubes, respectively. The excitation energy (1.925 eV) is shown as a dashed line, and the solid lines 

at Eexc±0.06 eV (resonance window width) give the approximate edge cases for the RBM profiles. 

Therefore, for fitting of the data in Figure 2.11a, the red circles in Figure 2.11b should fall within 
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the boundary set by the solid lines of the laser excitation. In this case, the vertical lines connecting 

the two figures indicate the family of metallic tubes 2n+m=30 in resonance. 

2.6 Synthesis methods for nanocrystalline graphite 

Nanocrystalline graphene or graphite films could be synthesized by high temperature 

graphitization of a solid carbon source like photoresist film or self-assembled monolayers (SAMs). 

Turchanin et al. demonstrated that the conversion of aromatic self-assembled monolayers to 

single or a few-layer nanocrystalline graphene occurs when the SAM layer is irradiated with a high 

dose of electron beam.[35] The exposure to the electron beam transforms the SAM layer into 

supramolecular nanosheet due to the cross-linking of the aromatic molecules in the SAM layer. 

Subsequent thermal annealing transforms the molecular nanosheet into single to few-layer NCG. 

The resulting NCG films after annealing had a lateral domain size in the range 2-5 nm. In another 

report, Zhang and coworkers showed a catalyst free growth of NCG (few nm to tens of nm in 

thickness) by graphitizing positive photoresist films obtained via. spincoating.[61] The thickness of 

the NCG films was controlled by adjusting the photoresist layer thickness. Furthermore, it was 

shown that uniformly thick NCG films could be obtained on different substrates including SiO2/Si, 

Cu, quartz, and Al2O3. The X-ray photon electron spectroscopy (XPS) peak of C(1s) at 284.8 eV and 

the G peak position (1600 cm-1) from Raman spectroscopy confirmed that the synthesized films 

have graphene-like sp2 hybridization, and the hexagonal crystallinity was identified from the 

selected area diffraction (SAED) pattern. Riaz et al.[37] and Yekani et al. have also similarly reported 

the NCG film synthesis by graphitizing a positive photoresist S1805. Yekani et al.[62] realized the 

partly suspended NCG films through graphitization of the photoresist layer on Germanium 

substrate. This was possible due to the formation of cavities in Ge when heated close its melting 

point (927⁰C). Depending on the crystallographic orientation of the Ge substrate, either pits or 

trenches are formed on which the NCG is suspended. 

 

Jerng et al.[63] reported the synthesis of NCG films on sapphire and magnesium oxide (MgO) 

substrates using molecular beam epitaxy (MBE) in ultra-high vacuum, where pyrolitic graphite was 

heated to a high temperature and the sublimated carbon was then used as the graphitic feed 

source. In another report, thickness controlled NCG films up to monolayers were deposited 

directly on the dielectric substrates at 1000⁰C by catalyst-free chemical vapor deposition (CVD) 

process.[64] CH4 or C2H2 was used as precursor gas in presence of reducing (H2) and carrier (Ar) 

gases. Low temperature growth (substrate temperature at 600⁰C) of NCG films was reported by 

Guerra et al.[65] using remote plasma-enhanced chemical vapor deposition (RPECVD) process in 



 

25 
 

which the plasma formed at high temperature is separated from the substrate surface that is at a 

relatively low temperature. The different plasma and substrates temperature allow the 

applicability of RPECVD technique to a wide range of substrates. In a recent study, Zhao et al.[66] 

reported on the ultrafast growth of 1 nm thick NCG films by rapid quenching. Ethanol and Pt foil 

were used as a liquid carbon source and substrate. Room temperature quenching of high 

temperature Pt foil in ethanol resulted in NCG formation. Further, the grain size in NCG film was 

controlled by the onset temperature of the metal foil.  

 

In this section a brief overview of some of the waferscale synthesis routes of NCG have been 

discussed but a detailed overview of various other nanocrystalline graphene synthesis routes is 

described in the review article by Simionescu et al.[67]  
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2.7 Photoresponse of nanocarbon materials 

In photodetectors, the light absorbed in the optically active region is converted into electrical 

signals; the photodetection mechanisms responsible for the optoelectronic conversion can be 

broadly categorized into two types, depending on whether the absorbed energy is either used for 

generating excess carriers or in excess carrier heat. Excess carriers are generated by optical 

transitions across a semiconducting bandgap in the former, and in later, there is a rise in carrier 

temperature due to light absorption. The photoresponse in both scenarios is measured as either 

photocurrent or photovoltage. The following section describes the key photodetector figure of 

merits,[16] followed by the photodetection mechanisms.  

 

2.7.1 Photodetection mechnaisms 

Responsivity, R: The responsivity is the ratio of photocurrent/photovoltage generated to the 

incident optical power. Spectral photoresponsivity is defined as the responsivity as a function of 

incident wavelength/photon energy, and this quantity depends on the wavelength-dependent 

absorption of the photoactive material. 

 

 
R = 

current or voltage  generated

incident optical power
 

(2.13) 

                                                                       

External Quantum efficiency, EQE: ratio between the generated photo-induced carriers per one 

second to the incident photon flux per second. 

 

 
EQE = 

photocurrent or photovoltage/elementary charge

incident optical power/photon energy 
 

(2.14) 

 

Internal Quantum efficiency, IQE:  

 
IQE = 

EQE

Photon flux absorbed
 

(2.15) 

 

Noise-equivalent power, NEP: This corresponds to the smallest power that can be detected above 

the noise floor in a one Hz bandwidth. The main contributions to the noise spectrum of 

photodetectors arise from the shot noise and thermal noise. The origin of the shot noise (𝜎𝑠ℎ𝑜𝑡) is 

the fluctuations in the background radiation which result in a variation of dark current in the 

photoactive material. The Johnson or thermal noise (𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙) originates from the random motion 
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of the charge carriers under thermal equilibrium. The noise-equivalent power is given by the 

following relation. 

 

NEP = 
noise spectrum (√σshot

2 +σthermal
2 )

Responsivity of the photodetector
 

(2.16) 

 

Specific detectivity, D*: Another metric to determine the low-level signals is the specific detectivity, 

which is obtained when the NEP is normalized with the detector active area, and has units, 

𝑊𝐻𝑧−0.5. 

 
D*= 

√Area

NEP
 

(2.17) 

 

The different mechanisms responsible for the generation of photocurrent or photovoltage are first 

briefly introduced, followed by the discussion in the context of graphene, nanocrystalline 

graphene, and carbon nanotubes. 

 
Photovoltaic effect 

 
In the photovoltaic mode of operation, no external bias is applied to the device, and the separation 

of the photoexcited carriers occurs due to the built-in electric field already present in the 

photoactive area. The built-in fields, for instance, can be due to the Schottky barrier at the metal-

semiconductor interface or the doping level difference within a semiconductor at the interface 

between p- and n- doping regions where the alignment of Fermi levels in the p- and n-regions 

result in a depletion zone, and thereby an electric field. In photovoltaic mode, either a 

photocurrent or a photovoltage is measured. In the photocurrent mode (or short-circuit current 

mode) under light absorption, a short-circuit current is measured due to the built-in field. On the 

other hand, in the photovoltage mode (or open-circuit mode), the photo-excited carriers with 

different polarities accumulate and compensate for the internal field, and thereby resulting in a 

photovoltage. The bias voltage necessary to nullify this photovoltage is called the open-circuit 

voltage,VOC.  

 
Photoconductive effect 

 
The d.c current flowing in a semiconductor device under an external bias is modified due to the 

illumination induced conductance change in the material. The magnitude of this conductance 

change is proportional to the number of free carriers generated under illumination. The excess 

free carriers generated due to the interband transitions contribute to the increased conductance 
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in the material. The disadvantage of these devices however, is a slow response time. Further, a 

higher dark current would mean a higher noise-equivalent power and low specific detectivity.[30] 

 
Photo-thermoelectric effect 

 
The previous sections described the generation of electron-hole pairs in photoactive material 

under light absorption and subsequent separation due to in-built or external electric fields. In 

addition to the electric-field assisted separation, the photoexcited carriers can undergo a 

temperature rise due to the carrier-carrier scattering where the carriers reach a thermalized state 

(or thermal equilibrium), resulting in the formation of hot-carrier distribution governed by Fermi-

Dirac statistics.[68] The photoinduced carrier heating creates temperature gradients in the 

photoactive material, driving photo-thermoelectric (PTE) currents or voltages from the hot end to 

the cold end due to thermal diffusion of carriers. Further, in the temperature-driven 

photodetectors, both interband and intraband optical excitations can contribute to the 

photoresponse. The thermal voltage ΔV generated is proportional to the temperature gradient 

ΔT, and the proportionality constant is given by the Seebeck coefficient (S). 

 

                                                                         ΔV =  S ∙  ΔT (2.18) 
 

In metals, the Seebeck coefficient is given by the relation from the Mott formula, where 𝜎(𝐸) is 

the electrical conductivity as a function of energy: 

 

 
𝑆 =  

𝜋2𝑘𝑏
2𝑇𝑒

3𝑞

1

𝜎(𝐸𝐹)

𝜕𝜎(𝐸)

𝜕𝐸
 

(2.19) 

 

q is the electronic charge, 𝑘𝑏 is the Boltzmann constant. 

 

The zero-bias photoesponse in various 2D materials has its origin predominantly in PTE 

mechanism. For instance, the PTE effects were observed in graphene, MoS2,[69] at the interface of 

single-layer and bi-layer graphene,[70] graphene-metal interface,[71] and in suspended graphene 

devices.[72] Further, a pronounced photothermoelectric effect was also observed in the substrate 

supported and suspended nanotube films,[73] and within the doped regions in individual nanotube 

devices.[74]  
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Photobolometric effect 

In the bolometric photodetection, the light absorption modifies the material’s conductance due 

to the heating resulting from the absorption of incident photons, and the change in temperature 

induced by the light absorption can be hence directly detected. The difference between PV, PTE, 

and bolometric effect is that an external bias is necessary for bolometric detection. Further, a 

change in conductance is the measured quantity in a bolometric effect. An advantage of using 

bolometers for photodetection is that no p-n junctions or material interfaces are required, and 

they can be operated in a homogenous material. The temperature coefficient of resistance (TCR) 

is an important figure of merit for bolometers.  

 

 
𝑇𝐶𝑅 =

1

𝑅

𝑑𝑅

𝑑𝑇
 

(2.20) 

 

The TCR of the commercially available uncooled vanadium oxide bolometer is about 3%/K.[75] In 

comparison, TCR of CNT films is less than 1%/K at 300 K.[76]  

 

In the following sections, some of the background results of photodetection in graphene and 

carbon nanotube devices will be described. For a detailed overview, the reader is referred to the 

review articles.[16],[15] 

  

2.7.2 Photoresponse in graphene 

Photovoltaic effect in Graphene 

 
In graphene, the photoexcited electron-hole pairs are separated by either built-in electric fields at 

the p-n junction or at the graphene-metal contacts where there is a built-in field due to work 

function differences between metal and graphene.[77],[78] A photoresponse can also be observed 

under an externally applied source-drain bias voltage, however, the bias voltage results in a large 

dark current in graphene and hence e-h separation under an external bias is usually avoided. The 

p-n junction in the graphene channel is realized by using a split gate geometry, in which the doping 

level is controlled by tuning the applied gate voltage.[79] The photocurrent direction depends on 

the electric field direction in the channel. 

 

 

 



 

30 
 

Photothermoelectric effect in graphene 

 

Figure 2.12: (a) Photothermoelectric (PTE) effect in single-layer graphene. Due to the regions with different 

chemical potentials (μ1 and μ2) there is a net PTE current. (b) Seebeck coefficient variation as a function of 

the chemical potential. (c) Graphene device with top and back gate configuration to result in a p-n junction 

in the channel. Region A is controlled by the back gate and the region B is controlled by both top and back 

gates. (d) Measured photovoltage as a function of different back and top gate voltages. (a), (b) and (c) 

adapted from [[80]]. (d) reproduced from [[81]]. 

In graphene, the hot electrons that are generated under illumination contribute to a photovoltage, 

VPTE, by the photo-thermoelectric (PTE) effect as described in the Section 2.7.1. The general 

relation for the photovoltage generation can be described as below: 

 

 
𝑉𝑃𝑇𝐸 = ∫𝑆 ∙ ∇𝑇𝑒 𝑑𝑥 

(2.21) 

 

In the equation 2.43, the photovoltage is calculated by the integration of local electric field 

generated due to the temperature gradient induced by the illumination, and a spatial variation in 

Seebeck coefficient. The induced temperature gradient is due to a difference in electron 

temperature in between the two regions. The photoexcited electrons in the conduction band 

rapidly reach thermal equilibrium due to the electron-electron scattering within a time scale of 

several tens of femtoseconds.[82],[83] This results in a thermal distribution with an electron 

temperature Te that is different from the lattice temperature and the surrounding. The hot-
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carriers can relax through phonon coupling, but in graphene, the optical phonon energy is large 

(≈200 meV) and hence relaxation through optical phonon scattering is inefficient.[84],[85] 

Therefore, the elevated temperature of the hot electrons is maintained for several picoseconds 

without heat transfer to optical phonons. Eventually, the hot-carriers equilibrate and reach the 

lattice temperature through acoustic phonon scattering on the timescale of nanoseconds.[86]   

 

Now, we will consider the second aspect in the PTE, that is the Seebeck coefficient variation. Gabor 

et al.[81] observed experimentally PTE effect in a graphene p-n junction where the graphene 

channel is controlled by tuning the top gate and back gate voltage. In Figure 2.12a the chemical 

potential 𝜇1 in the region A can be varied by the back gate voltage (Vbg), and chemical potential 

𝜇2 in region B by both the top gate voltage (Vtp) and back gate voltage. The combination of back 

gate and top gate voltages can give rise to a six-fold configuration in the region A and region B and 

the junctions formed are: n-p, n+-n, n-n+, p-n, p+-p and p-p+. The chemical potential, for instance 

in the p-p+ region would be µ2 > µ1 > 0. Using scanning photocurrent spectroscopy, the 

photovoltage was measured at the interface of region A and region B. From the Figure 2.12d it 

can observed that the photovoltage changes its sign six times as indicated in the map. The sign 

changes can be understood by considering the Seebeck coefficients in the region A and region B 

as a function of electrostatic doping in the respective regions. Here, we consider first the change 

in the Seebeck coefficient of the two regions along the black dashed arrow in the map. This dashed 

line represents: (i) fixed chemical potential (𝜇1) at fixed back gate voltage (Vbg); the corresponding 

Seebeck coefficient (SA) is indicated in Figure 2.12b, (ii) the chemical potential (𝜇2) increases as 

the top gate voltage (Vtg) increases. Along the dashed line are marked four locations a, b, c and d 

that correspond to chemical potential (𝜇2). Further, the Seebeck coefficients of the region B are 

indicated in the Figure 2.12b. From the Figure 2.12d, the locations at a, c, and d correspond to n-

p, n+-n, and n-n+ regions and the respective Seebeck coefficients relation are: SA > SB , SA < SB, and 

SA < SB. and hence multiple sign reversals. However, in the case of location b, the Seebeck 

coefficient SA = SB, and due to this uniform Seebeck coefficient, the photovoltage is zero. 
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Photobolometric effect in graphene 

 

Figure 2.13: (a) Back-gated graphene transistor device geometry for bolometric photodetection. (b) The 

conductivity decreases due to the light-induced heating in graphene. Adapted from [[80]]. 

In graphene, with increasing temperature the scattering or collision rate increases, and therefore, 

there is a reduction in the mobility and consequently, the conductivity is reduced. As described 

earlier, bolometric photoresponse requires an application of external bias which results in a 

heating induced reduction in the electrical conductivity. Figure 2.13a shows the device structure 

with transistor configuration for bolometric photocurrent detection. A fixed d.c source-drain bias 

is applied on the drain electrode, and a variable gate voltage is also applied simultaneously. The 

total current is the sum of the d.c current (Idc) in the device and the generated photocurrent (Iph). 

The photocurrent in turn has contributions arising from photovoltaic (Ipv) and bolometric (Ibol) 

effects.[87] There is no contribution from the photothermoelectric effect because of the uniform 

carrier density in the graphene channel, as this gives rise to a uniform Seebeck coefficient. The 

photovoltaic current is in the direction of the d.c current and the bolometric current has a 

direction opposite to the d.c current. 

 

Figure 2.14: Experimentally measured photocurrent (in black) as function of Vg – VDirac. Red circles represent 

the modelled photovoltaic current Ipv contribution. Adapted and reproduced from [[80,87]]. 
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At large gate voltages, the bolometric photocurrent is stronger due to the increased carrier density 

from the electrostatic doping. The magnitude of the bolometric current increases as a function of 

|𝑉𝑔 − 𝑉𝐷𝑖𝑟𝑎𝑐|. The Dirac voltage, 𝑉𝐷𝑖𝑟𝑎𝑐 is defined as the required gate voltage to tune the Fermi 

level to the Dirac point. At 𝑉𝑔 = 𝑉𝐷𝑖𝑟𝑎𝑐, the photovoltaic current dominates and the photocurrent 

has a positive sign. However, increasing the gate voltage results in a diminishing contribution from 

photovoltaic current because of the reduction in nonequilibrium carrier temperature, as the 

density of photogenerated carriers depends on the nonequilibrium carrier temperature due to an 

increased collision rate.[87] 
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2.7.3 Photoresponse in carbon nanotubes 

The photoresponse in carbon nanotube devices is influenced by the environment and type of the 

CNTs bridging the device. Broadly, the photoresponse mechanisms depend on whether the 

nanotubes are: supported or suspended, metallic or semiconducting, aligned or random 

orientation, single-tube or networks. Further, device response is also governed by the type of 

gating (split gates or a single gate), doping type, and doping density of the substrate. In the 

following, the single-tube photoresponse is described, followed by the photodetection in CNT 

networks. 

 

Photoresponse in single-tube device 

 

 

Figure 2.15: (a) suspended sc-SWCNT device (b) transconductance of the device (c) scanning photocurrent 

map of the device as a function of gate voltage (d) measured open-circuit voltage as a function of gate 

voltage at a position interior to the electrode away from the CNT-metal edge. Adapted with permission from 

from [[88]]. Copyright 2014 American Chemical Society. 

 

To differentiate between the photovoltaic and photothermal effects in the semiconducting 

SWCNTs, T. deborde and co-workers[88] and M. Barkleid et al.[74] studied the photoresponse in 

suspended CNT devices. The photothermoelectric effects are stronger when the thermal coupling 

to the substrate is minimized. In the following, the photocurrent response in the suspended sc-

SWCNT reported by T. deborde et al. is discussed. As a function of gate voltage, sweeping from 

the device on-state to off-state, the short-circuit photocurrent current distribution in the channel 

region undergoes multiple sign changes. Further, a strong spatial extent of the photocurrent was 
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observed several microns into the contact region in the device on-state. The position of the laser 

spot in the center of the device in Figure 2.15c is indicated by xlaser = 0. Away from the electrode 

edge and into the contact region, the influence of the suspended part of CNT is negligible as the 

CNT is not directly illuminated, and hence, the observed photocurrent inside the metal contacts 

cannot be attributed to a photovoltaic effect. The open-circuit voltage as a function of gate voltage 

at a distance of x = 1.8 µm (x = 0 µm is the device center) is shown in Figure 2.15d, and the gate 

voltage dependence is identical to the Seebeck coefficient measurement of sc-SWCNT by Small et 

al. (blue open circles in Figure 2.15d).[89] The observed photovoltage corresponds to a 

temperature difference ΔT = 1 K across the device and was also confirmed by G-mode Raman shift.  

 

The photocurrent signal becomes stronger as the laser spot moves close to the metal-CNT contact. 

This is understood by the simultaneous light absorption in both the metal electrode and the CNT, 

and thus resulting in increased ΔT. The photocurrent contribution only from the CNT alone was 

obtained by recording the photocurrents in parallel and perpendicular directions, and subtracting 

one from each from each other. Here, parallel direction refers to the condition when polarization 

of light parallel to the CNT axis. Figure 2.16a shows the photocurrent in the parallel direction and 

in Figure 2.16b the difference in photocurrent polarizations, ΔIsc is shown. 

 

 

Figure 2.16: Short-circuit photocurrent responsivity maps. (a) scanning photocurrent map with the laser 

polarization parallel to the nanotube axis. (b) resulting photocurrent map obtained after subtracting the 

perpendicular polarization map from the parallel polarization map. Adapted with permission from [[88]]. 

Copyright 2014 American Chemical Society. 

First, in the device off state from ΔIsc, the measured photocurrent in the parallel polarization is 

greater than the perpendicular polarization by a factor 3.5 and secondly, heating of the metal does 

not contribute to a photocurrent in the off state. Therefore, the photovoltaic effect is the 

dominant mechanism in the off state. At the transition of on state and off state (at Vg ≈ 0 V) there 
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is a sudden sign change in the photocurrent and the signal magnitude increases. This sign flip can 

be understood from the band bending reversal (see Figure 2.15b inset cartoon). Further, there is 

no shift in the position of the peaks at the either side of the gate voltage transition region. The 

photocurrent peaks occur at xlaser ≈ ±0.3 µm for both on and off states. Hence, the mechanism is 

still photovoltaic at the on/off transition. Now, further into the device on state (Vg < -3 V) there is 

a sign flip and the peaks start to appear at xlaser ≈ ±0.2 µm. This sign flip and new peaks cannot be 

explained by a photovoltaic effect and the origin of these new peaks is attributed to 

photothermoeletric currents in the device that due to a gradient in hot-carrier temperature at 

higher negative gate voltages. Due to the bandbending, the Seebeck coefficient (Seebeck 

coefficient of a p-type CNT is positive) in the device is spatially inhomogeneous. It is larger in the 

lightly doped regions of the device (contact-CNT region) and is smaller in the highly doped regions 

(center of the channel) and the polarity of the Seebeck coefficient is consistent with the observed 

photocurrent ΔIsc in the on state (Vg < -3 V). 

 
Photoresponse in CNT networks and films 

 
For photodetection applications, the single tube devices are not efficient due to the low 

absorption cross-section of the CNTs.[26] Large-area bulk CNT films are required to increase the 

photodetection efficiency; in particular, aligned films can result in an increase in the absorption 

efficiency and minimize the multitude of intertube junctions present in random networks. Further, 

the electronic purity of the network is a critical factor that influences the device performance. The 

metallic content in the network should be minimized or removed to avoid thermal effects that 

would dominate the photoresponse and result in a slow device response and low sensitivity. 

 

In the following, the photocurrent mechanisms in random network of CNT films will be briefly 

reviewed. Zeng et al.[90] reported on the photovoltaic effect in random network of CNTs that are 

grown using chemical vapor deposition (CVD) on SiO2/n-Si substrate. The channel region is defined 

by fabricating asymmetric contacts of scandium (Sc) and palladium (Pd) as source and drain 

electrodes, respectively. In this configuration, the Fermi level of scandium and the Fermi level of 

palladium are aligned with the conduction and the valence band of the CNT, respectively (see inset 

in Figure 2.17a). Due to this band alignment, there is a strong built-in electric field along the CNT 

channel, and since the channel length is comparable to the thickness of dielectric (≈ 500 nm) the 

built-in field extends throughout the channel region and result in a photovoltaic response under 

illumination.  
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In the CNT network, the metallic-CNTs can bridge the contacts directly and short-circuit the 

channel resulting in a high off state current and negligible gate dependence. The metallic tubes 

were therefore selectively removed by applying a large gate voltage in the off state and high 

source-drain bias. This biasing scheme resulted in a selective electrical breakdown of metallic CNTs 

while not affecting most of the semiconducting CNTs. The channel showed a p-type dependence 

after the electrical biasing treatment. However, the multiple CNT-CNT junctions between the 

contacts still result in a large contribution to the series resistance of the device. Additionally, the 

m-CNT and s-CNT junctions result in large Schottky barriers (junction resistance up to several 

hundred kΩ). 

 

 

Figure 2.17: (a) SEM image of CNT network device with 2.5 μm channel length. (b) I-V characteristics of the 

devices with channel length 0.6 μm and 2.5 μm. Reproduced from [[90]]. 

 

The CNT-CNT junction density increases with the increase in channel length and result in an 

increased device resistance. In the channel with multiple junctions, the built-in electric field is 

much weakened in comparison to the device with aligned tubes or a short channel length (see 

Figure 2.17b). The photovoltaic efficiency of the device therefore decreases with increasing 

junction density as the band bending becomes less effective in separating the photogenerated 

carriers. The electrical transport in the devices with large channel length within the network is 

described by a percolation transport and on the other hand, a direct transport dictates the 

transport behavior in the short channel devices. 
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Figure 2.18: Scanning photovoltage profiles obtained with the laser being scanned across the length of the 

device for (a) Different thicknesses of the CNT film. (b) Different substrates. (c) Time-dependent behavior 

on different substrates. (d) Different contact metals. Reproduced from [[91]] 

 

The Martel group investigated photothermoelectric effects in suspended and substate-supported 

bulk CNT films.[91] Symmetrical metal contacts were used in their scanning photovoltage 

measurements, and a sign change in the photoresponse was observed at the electrodes (Figure 

2.18a). The sign change at the electrodes is similar to a photovoltaic response arising from the 

Schottky barrier at the metal-CNT contact in single-tube devices. However, here, the origin of the 

photoresponse was attributed to a photothermoelectric (PTE) effect arising from spatial variation 

in the Seebeck coefficient and a temperature difference between the illuminated and dark 

contacts as described in the case of single-tube device. The PTE effect is also dominant in the films 

that were substrate supported, as shown in Figure 2.18b. 

 

The strength of the photovoltage depends on the thickness of the CNT film (Figure 2.18a). Thicker 

films have larger optical absorption and give rise to a strong response. However, the strength of 

the signal does not vary linearly with the film thickness, and the 4 nm thin film has only four times 

lower amplitude than the 280 nm thick film. One would have expected a much larger contrast in 

signal strength between the two films for a photovoltaic effect. Therefore, the nonlinear variation 

in the signal strength between the two film thicknesses indicates a thermal mechanism, and the 

critical factor influencing the response is the temperature rise at the contact. Additionally, the 
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magnitude of the photovoltage generated at the metal contact-CNT interface depends sensitively 

on the thermal conductivity of the substrate. Using a substrate with high thermal conductivity 

(sapphire) strongly reduced the photovoltage signal, and on the other hand, a low thermal 

conductivity substrate like glass enhances the photoresponse. However, as shown in Figure 2.18c, 

the response time was much slower in the glass. A typical characteristic of photothermoelectric 

detectors is the relation between the speed and thermal conductivity of the substrate. The largest 

photoresponse is obtained for the devices with the largest difference in the Seebeck coefficient 

between the contact metal and the CNT film (Figure 2.18d). The largest difference in the Seebeck 

coefficient is for bismuth, and the smallest is for antimony. For p-type CNT films, the Seebeck 

coefficient is ≈ 30 µV/K. 

 

 

Figure 2.19: Photoresponse of the aligned CNT film (a) Short-circuit photocurrent map with the strongest 

signal at the electrodes. Inset shows the cartoon of the device with the aligned tubes. (b) Open-circuit 

voltage (VOC) with different electrode metals. (c) measured open-circuit voltage at various NIR wavelengths 

as a function of laser power. (d) Polarization dependence of the photocurrent. Reproduced from [[92]] 

 

The above discussion on photoresponse in CNTs was based on random/disordered networks, and 

the photoresponse was polarization insensitive. In order to study the polarization sensitivity of 

the nanotube network, Nanot et al.[92] realized devices fabricated on SiO2/Si out of aligned CNT 

films. These devices demonstrated a broad band response (Figure 2.19c) from visible to mid-

infrared. The thickness of the transferred CNT film is 600 nm, and the device channel length is 

50 µm. Symmetric contacts (Figure 2.19b) with various metals (Au, Pd, Ti) were studied using 
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scanning photocurrent measurement, and the largest PTE effect was observed in the case of 

titanium-CNT interface due to a large temperature change compared to devices with other metal 

electrodes. Zero-bias photovoltage/photocurrent signals were observed at the metal-CNT 

contacts with sign changes at the electrodes, identical to the above discussed devices out of single-

tube and random networks. The aligned films showed a polarization sensitive photoresponse with 

a polarization ratio of 0.5 between parallel and perpendicular polarization excitations.  

2.7.4 Photoresponse in nanocrystalline graphene  

 

 

Figure 2.20: Photocurrent maps under a source-drain bias of 1 V at 1064 nm (a) Square shaped device. (b) 
Photocurrent profile obtained from the line-cut in (a) at different bias voltages. (c) Photocurrent from a 
triangular shaped device. (d) Photocurrent profile obtained from the line-cut in (d) Reproduced from [[37]] 

 

In the earlier works on NCG for optoelectronic applications, NCG was used as a transparent 

electrode but not as a photoactive channel material.[36] Riaz et al.[37] have studied the photocurrent 

behavior in NCG (as a channel material) synthesized by photoresist graphitization on 800 nm-

SiO2/Si substrate. The source (S) and drain (D) contacts from tungsten were fabricated on 4 nm 

thick NCG film in two device designs - a square-shaped, and a triangular-shaped device 

(Figure 2.20a, c). The respective line cuts (dashed lines in Figure 2.20b,d) give the spatial variation 

in the photocurrent intensity. The photodetection mechanism in the NCG devices was attributed 
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to a bolometric effect. The bolometric effect in NCG can be understood from the variable range 

hopping (VRH) mechanism described in Section 2.3. Under illumination, and applied S-D bias, the 

conductance in the NCG film increases due to the activation of the VRH process as a result of local 

rise in temperature in the film. This is in contrast to the earlier described bolometric 

photodetection in graphene, where the conductance decreases under illumination. On the other 

hand, in NCG, the grain-to-grain tunneling is responsible for the increased conductance. Further, 

the bolometric photocurrent is maximized at the metal-NCG interface due to a large device 

resistance at the contacts where the potential drop (electric field) is largest. Therefore, in the 

square-shaped device, the maximum photocurrent signal was observed at the metal – NCG 

interface (see Figure 2.20a). In order to maximize the potential drop within the channel, the NCG 

film was patterned into a triangular-shaped device (Figure 2.20c), resulting in the maximum 

photocurrent signal in the center of the channel. However, the photoresponsivity is only 

1.7 · 10−6 A W−1 at 1065 nm, which is two orders of magnitude lower than that reported for 

graphene.[87] The low bolometric responsivity is due to increased resistance due to the nanometre 

grain size and non-optimized thickness of NCG for maximum light absorption. In Chapter 4, the 

near-infrared photocurrent signal from the thickness-optimized NCG is discussed. Further, as 

shown, the light absorption in NCG also depends on the oxide thickness of the silicon substrate. 

2.8 Plasmonic nanostructures 

Plasmonics deals with the optical confinement and field enhancements at a sub-wavelength 

scale.[93] The sub-wavelength confinement for enhanced light-matter interaction has been 

exploited in optical device applications that include imaging, metamaterials, photodetectors, and 

light emission.[94–97] In addition, plasmonic platforms have been employed in biosensing for the 

detection of weak fluorescence signals in the pico- to femto-molar range.[98,99] Since their plasma 

frequency is in the visible spectral region, gold and silver are commonly used as plasmonic 

materials. The metallic plasmonic nanostructures such as dimers, trimers and split-ring resonators 

have shown to demonstrate a strong local field enhancement effect.[100–102] Depending on their 

size, structure and geometry, the optical resonances in the plasmonic nanostructures can be tuned 

to a narrow spectral region. These structures are advantageous for narrowband applications in 

the visible spectrum. On the other hand, by integrating plasmonic nanostructures with photonic 

crystals, a class of hybrid plasmonic-photonic structures could be realized with the optical 

resonances extending from the visible to near-infrared regions. The so-called stacked 

complementary plasmo-photonic structures have been demonstrated for the simultaneous 

enhancement of Raman and fluorescent signals in biomarker molecules.[103–105] The main 
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advantage of the plasmonic-photonic structures, is that in plasmonic structures, the EM field 

distribution around the structure is often confined to air or transparent substrates with limited 

photonic density of states (DOS). On the other hand, by integrating with photonic structures such 

as silicon photonic crystals, the hybrid plasmonic-photonic systems with large DOS and high-

quality factors can be accessed. 
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Chapter 3 Experimental techniques  
 

The following section deals with the materials and experimental techniques involved in the 

fabrication, and characterization (structural, optical, and electrical) of NCG and CNT devices. The 

synthesis details and thickness optimization study of NCG films for near-infrared photodetection 

will be dealt with in chapter 4. The large-diameter CNT (LD-CNT) films were grown on SiO2/Si 

substrates in the group of Prof. Chang Liu at the Institute of Metals Research, Shenyang. The 

synthesis details and the related photoresponse behavior of the LD-CNT film devices are 

presented in chapter 5. 

3.1 NCG synthesis method 

Thermally grown 300 nm-SiO2 on p-Si (boron doped, ρ < 0.005 Ωcm, Active Business Company) 

wafers were cut into 10 mm x 10 mm size, sonicated in acetone, rinsed with isopropanol, and 

exposed to a mild oxygen plasma. A pre-baking step at 110 °C on a hot plate for 120 s removed 

physisorbed water. NCG films were grown on the soft-baked SiO2/Si substrates using S1805 

photoresist (Microposit) as carbon source. The photoresist was diluted using Propylene Glycol 

Monomethyl Ether Acetate (PGMEA), and 35 μl of the prepared resist solution was spin-coated at 

a set rotation speed for 30 s to achieve the targeted thickness. The process flow of the NCG 

preparation is shown in Figure 3.1.  

 

 

Figure 3.1: Process flow of NCG synthesis and device fabrication 

The spin-coated substrates were baked at 110 °C for 60 s on a hot plate to allow outgassing of the 

solvent. After the post-baking step, the substrates were loaded into the vacuum furnace (Gero Sr-

A 70-500/11) equipped with quartz glass tube, turbo pump and controller module for 

graphitization of the photoresist film at 1000 °C at 10-6 mbar pressure. The temperature was 

increased to 1000 °C at a rate of 10 °C per minute and a holding time of 10 hours.  
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3.2 Atomic force microscopy  

The thickness of the synthesized NCG films was characterized by an atomic force microscope 

(Bruker Dimension Icon) in tapping mode; the AFM scanner head is attached to the Nanoscope V 

controller and controlled through the NanoScope software (version 9.7). Images of 5 μm x 5 μm 

scan area were acquired at 0.5 Hz scan rate in ambient conditions with Tap300-AlG silicon probe 

(fundamental resonance frequency 300 kHz). The amplitude setpoint, feedback controls and scan 

rate were adjusted in the control software before each scan to optimize the image quality. The 

visualization and analysis of the acquired AFM images was done using the Gwyddion 2.58 

software.  

3.3 Scanning electron microscopy 

The scanning electron microscopy (SEM) images of the fabricated CNT and NCG devices were 

acquired with a Zeiss Ultra Plus field emission microscope at a 1 kV electron high-tension voltage 

(EHT) using an immersion lens (in-lens) secondary electron detector at a working distance of 2.3 

mm with a 20 μm aperture. 

3.4 Raman spectroscopy 

 

Figure 3.2: Raman microscopy setup (Renishaw inVia) 

The Raman measurements were conducted at room temperature in ambient conditions using a 

Renishaw inVia microscope at 532 nm and 785 nm laser excitation wavelengths with either 20x 

(NA = 0.4) or 100x (NA = 0.85) magnifications. The Raman system consists of a microscopy body 

and an attached spectrometer unit. The schematic of the setup in the back scattering 

configuration is shown in Figure 3.2. The Rayleigh rejection filters prevent the detection of the 

back reflected light at the incident wavelength. Only the inelastically scattered light with lower 

energy such as photoluminescence and Raman signals are detected by the charge coupled device 
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(CCD) detector. The rejection filters are hence specific to the excitation wavelength. The scattered 

light is focused on the diffraction grating (1200 and 2400 lines/mm) and is dispersed onto a silicon 

CCD for recording the Raman spectrum. The half waveplates together with the analyzer allows for 

the polarization-dependent measurement of the scattered light. The incident laser source, 

excitation power, exposure time, grating type are set through the Wire software before acquiring 

each spectrum. 

3.5 Device fabrication  

The devices were fabricated in a dedicated e-beam lithography system using a scanning electron 

microscope (Zeiss LEO 1530 Gemini) with Raith Elphy Plus pattern generator and CAD Elphy-32 

design software. The device fabrication on the substrates with NCG and CNT film was realized in 

three steps. In the first step, tungsten alignment markers were defined by lithography and sputter 

deposition. In the case of CNT films, the surface of the as-grown CNT films is hydrophobic, and 

therefore, spin coating PMMA stored at room temperature resulted in very poor adhesion. On the 

other hand, spin coating repeatedly with cold PMMA (8 °C) improved the adhesion and resulted 

in a homogenous coverage. In the second step, areas of interest in the NCG/CNT film were 

patterned using the position of tungsten alignment markers defined in the first step. For 

patterning, poly(methyl methacrylate) (PMMA 950 k, 8 % in Anisol) was spin-coated to result in a 

700 nm (for NCG film) and 250 nm (for CNT film) thick layer, which also acted as an etch mask (see 

Table 3.1). The exposed PMMA after e-beam patterning was developed in a solution of methyl 

isobutyl ketone (MIBK) and isopropanol (1:3 ratio) for 30 s at room temperature and baked on a 

hot plate for 60 s at 90 °C. The patterned NCG/CNT film, unprotected by the PMMA was etched 

using an O2 plasma in a reactive ion etching system (Oxford Plasmalab 80 Plus) at 15 sccm O2, 

30 W, and 60 mTorr. The remaining protective PMMA layer after the etching step was removed 

using acetone. In the final lithography step, the electrode area was defined using e-beam 

patterning with conditions identical to the first and second lithography steps. The 45 nm-thick 

Pd/Cr metal was then sputtered as electrode material for source and drain contacts. The 

fabricated devices were vacuum annealed at 430 °C for 60 min to remove PMMA residues. The 

devices were then wire bonded onto a ceramic chip carrier for the photocurrent measurements. 
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Table 3.1: Device fabrication parameters of NCG and CNT films. 

 

 

 

 

 

 

 

 

 

 

3.6 Electrical characterization 

The electrical characterization of CNT and NCG film devices was conducted using an Agilent 4155C 

semiconductor parameter analyzer system and a probe station with TRIAX probes with a detection 

limit of 30 fA. The devices were characterized for the dark current-voltage and transconductance 

characterstics. In the transconductance measurements, the back gate (silicon as a back gate 

electrode) was swept between -5V and +5V with a step size of 200 mV. The NCG devices (NCG 

films grown on 300 nm SiO2/Si) showed a negligible back gate dependence of the source-drain 

current. The I-V device characteristics of the NCG films in the dark were measured in the 

photocurrent set-up. A dc bias in steps of 50 mV from -0.25 V to 0.25 V was applied to the drain 

electrode via the Aux-out of the lock-in amplifier with the source electrode connected to the 

current preamplifier. The dc voltage signal from the current preamplifier was read out via the Aux-

in of the lock-in amplifier. For the photocurrent measurements, the devices were wire-bonded 

(Universal Wedge Bonder - Model 4123) onto a ceramic chip carrier using Al - 1%Si wires. To house 

the chip carrier, an Aluminum box-type sample holder was prepared with 16 switches that can 

access the corresponding individual 16 device connections of the chip carrier. The electrical signals 

from and to the individual devices are transmitted through the coaxial BNC cables. 

3.7 Simulations 

Transfer-matrix method (TMM) simulations were conducted for s-polarized light at normal 

incidence using a python code available at github.com/krupke-group based on the TMM code of 

Steve Byrnes (arXiv:1603.02720;github.com/sbyrnes321/tmm). The theoretical basis of transfer 

matrix simulations is presented in Appendix A1. The complex refractive index of NCG was 

approximated by the optical constants of graphite, calculated from an analytical expression based 

property/parameter NCG films CNT films 

Doping in Si substrate p-type p-type 

Resistivity of Si substrate 0.005 Ωcm 0.05 – 0.2 Ωcm 

PMMA resist A4.5 (25 °C) A8.0 (8 °C) 

Etch mask thickness ̴ 700 nm ̴ 250 nm 

Etching time  4 min 15 s 1 min 45 s 

Development cold cold 

Device channel length 1 – 10 μm 1 – 10 μm 

Device channel width 10 μm 10 μm 
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on the dynamical conductivity of graphite.[33] The optical constants for Si and SiO2 were taken from 

the refractiveindex.info database (SiO2: Lemarchand 2013, Si: Aspnes and Studna 1983), extended 

with NIR data for Si from the filmetrics.de database. Finite element method (FEM) simulations of 

the bolometric photocurrent were performed with the commercial software package FlexPDE 6.5. 

A squared 2-D simulation space was confined by two Dirichlet boundaries, defining the potential 

difference from the applied bias voltage, and by Neumann boundaries for the two non-contacted 

sides. Inside the boundaries, the material was defined by its resistivity in the dark ρdark and under 

illumination ρlight. The scanning photocurrent measurement was mimicked by defining an 

illuminated square with ρlight, surrounded by the remaining area with ρdark. The current was 

simulated for each position of the illumination square within the simulation space and the 

bolometric current was determined by subtraction with the current without illumination. 

Simulations were performed for raster scans between 2x2 and 50x50 (yielding similar results), and 

for resistivity ratios ρlight / ρdark between 0.001 and 0.99. The FlexPDE script for simulating the 

scanning photocurrent imaging and the python code for the analysis is available at 

github.com/krupke-group 
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3.8 Photocurrent setup description  

The following section describes the details of the experimental setup used in this work to measure 

the photocurrent from carbon nanotube films and nanocrystalline graphite. Briefly, the 

photocurrent experiment consisted of a broadband wavelength-tunable supercontinuum light 

source when used in conjunction with the lock-in technique, allowed for sensitive detection of the 

wavelength-dependent electrical signals. The lock-in technique is particularly useful to detect and 

isolate the weak photocurrent signals induced by the modulated incoming laser from the noise 

background and dark current in the device. 

 

 

 

 

 

Figure 3.3: Photocurrent setup components that include supercontinuum light source, acousto-optic 

tunable filter, beamsplitters. AOTF photograph by P. B. Selvasundaram. 
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Figure 3.3b: Photocurrent setup components that include, sample holder stage, cameras, and electronics 

for signal control and readout. 
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Figure 3.5: Photocurrent measurement setup 

Figure 3.4: Schematic of the photocurrent measurement setup 
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Figure 3.3 shows the components of the custom-built computer-controlled 

photocurrent-spectroscopy (PC) and -imaging setup, consisting of an upright light microscope, 

motorized stages, supercontinuum (SC) laser source, lock-in amplifier, 2D SWIR camera, and NIR 

photoreceiver. In the following, the setup design and individual components will be first 

described. The PC setup (Figure 3.4) was concentrically designed to minimize thermal drifts that 

are induced due to changes in the ambient temperature. Earlier design of the photocurrent setup 

can be found in the Ph.D. thesis of P.B. Selvasundaram.[106] In the Figure 3.4, the microscope body 

(Axiotech varia 100) with the piezo-controlled long working distance NIR objective (Mitutoyo 

MPLAN APO, 0.50 NA) was rigidly mounted onto an anodized aluminum top plate supported by 

four low thermal expansion coefficient non-magnetic 303 stainless steel (SS) posts (diameter = 38 

mm, Thorlabs). A dovetail joint (54 mm inner diameter) was used to mount the microscope body 

onto the top aluminum plate. The sample holder with the wire-bonded chip carrier was screwed 

to the motorized z-stage, and the xy-stage supporting the z-stage was mounted to the bottom 

anodized aluminum plate. Interior to the outer SS posts, the bottom aluminum plate was 

suspended by four additional SS posts from the top plate. Similar materials for the inner and outer 

posts minimize the thermal expansion in the z-direction. 

 

The piezo stage (PIFOC P-712.CDQ, Physik Instrumente) was operated in a closed-loop operation 

with the E709 controller; the closed-loop operation compensates for any non-linearity and 

hysteresis in the nominal displacement in addition to the position shifts induced due to creep in 

the piezo ceramic for ambient temperature changes. The piezo stage has a 100 μm travel range 

and 0.7 nm closed-loop resolution with a ±5 nm repeatability. When the setup was not in 

operation, the piezo controller was left powered on but the closed-loop operation was set to OFF 

and the amplitude output voltage to 0V. These were the manufacturer recommended settings to 

avoid degradation in the lifetime of the piezo ceramic stack. The piezo stage was controlled 

through the PIMikroMove motion control software and the closed-loop operation was activated 

by setting the servo mode to ON in the software.  

 

The servo-driven linear translation z-stage (KVS 30, Thorlabs) is controlled through the Kinesis 

motion control software (Thorlabs) and has a travel range of 30 mm and 0.1 μm resolution. The z-

stage consists of a feedback loop (encoder) which does automatic compensation of any backlash 

present .The z-stage is supported by the stepper motor driven xy-stage (8MTF-102LS05, Standa) 

controlled via. the 8SMC5-USB-B9-2 controller. The xy- stage has a translation travel range of 102 

mm in x and y directions with a full step resolution of 2.5 μm and nominally a ≈10 nm resolution 



 

52 
 

in the 1/256 microstep mode. The higher repeatability (< 0.5 μm) in the linear motion was 

achieved by activating the backlash compensation of the xy- stage. The backlash compensation, 

motor acceleration, deceleration, nominal velocity, and the microstep mode were set in the 

motion control XILab software. The default engine settings of the 8MTF-102LS05 stage can be 

accessed by loading the parameter file into the software. The microscope body consists of a 

reflector slider (446342, Zeiss) with a 50:50 color-neutral beam splitter that is used while imaging 

the sample with the back illumination (CL 9000 LED, Zeiss) and is removed from the optical path 

during the PC measurements by moving the reflector slider. 

 

Table 3.2: Broadband optical fiber characteristics. 

 

 

 

 

The customized two-port anodized beamsplitter housing (see Figure 3.3) was rigidly screwed into 

the anodized top aluminum plate. Two beam splitters are housed inside the BS box; 90:10 near-

infrared (BS030, Thorlabs) and 90:10 visible (BS028, Thorlabs). The two beam splitters were 

vertically mounted onto a motorized linear translation stage (MTS50-Z8, Thorlabs) with 50 mm 

travel range using a custom designed anodized right-angle bracket. Either of the beam splitters 

can be positioned into the optical path of the objective lens by driving the translation stage to the 

set position. On one end of the BS box, two off-axis reflective collimators (RC02FC-P01, Thorlabs) 

generating a 2 mm collimated beam are mounted for the visible and NIR light coupling from the 

acousto-optic tunable filter (AOTF) units. The broadband optical fibers (see Table 3.2) used for the 

light coupling have a FC/PC termination and the light from the AOTF is coupled into the fiber 

through the SuperK CONNECT delivery system. The FD6 is a polarizing maintaining (PM) 

conventional step-index fiber operating with a few hundred nanometres wide transmission 

window. On the other hand, FD9 is an endlessly single-mode photonic crystal fiber (core diameter 

≈ 10 μm). In principle, FD9 allows any wavelength, and the maximum transmission being in 

500 nm – 1700 nm window. However, the chromatic effects in the collimator optics (lenses 

present inside the AOTF) at the fiber input act as the bottle-neck and limit the transmission range 

to ~ 500 nm - 1300 nm. 

Fiber model Single mode 
cut-off λ /nm 

Transmission Typ. peak 
transmission 

FD9 < 500 > 50 % (500-1300 nm) 60 % @ 900 nm 

FD6-PM 1200±70 > 30 % (1200-1900 nm) 35 % @ 1700 nm 
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For in-situ monitoring of the laser power during the photocurrent measurement, two photodiode 

sensors for visible (PD300R, Ophir) and NIR (PD300-IR, Ophir) were mounted at the far end of the 

BS box in the optical path of the respective reflective collimator and beam splitter. To image the 

sample and the NIR laser spot, visible (Moticam 1.3MP) and Peltier cooled InGaAs NIR (WiDy Sens 

640V-ST, new imaging technologies(niT)) cameras were mounted onto the microscope eyetube. 

Both the cameras are computer-controlled. A reflective collimator mounted onto the binocular 

phototube couples the reflected NIR light from the sample surface into the multimode fiber 

(FT200EMT, Thorlabs) connected to a variable gain femtowatt photoreceiver (OE-200-IN2, Femto). 

3.8.1 Supercontinuum light source as a tunable laser 

In supercontinuum generation, several non-linear effects lead to the spectral broadening of the 

narrow seed pulse. Since the non-linear optical effects are involved, the spectral broadening is a 

function of the input power of the seed pulse. The SuperK EXTREME EXW-12 (NKT photonics) is a 

white light laser system that generates a pulsed supercontinuum light using a seed laser pulse 

with 78 MHz repetition rate. The emitted spatially coherent white light beam has spectral 

coverage extending from 400 nm to 2400 nm. An acousto-optic tunable filter (SuperK SELECT 

AOTF attached to the fiber delivery system SuperK CONNECTOR) converts the supercontinuum 

white light source into a tunable laser source. The tunable specific wavelengths can be accessed 

using the SuperK CONTROL application. The details of the seed laser wavelength, pulse width 

before and after the AOTF can be found in the PhD thesis of P.B Selvasundaram.[106] The principle 

behind AOTF filtering involves that a piezoelectric transducer and absorber are bonded to an 

optically transparent birefringent crystal such as TeO2. An acoustic wave is generated when the 

crystal is excited using an RF signal applied to the transducer. The generated acoustic wave 

modulates the refractive index of the birefringent crystal and creates a phase grating. When the 

period of the phase grating matches that of the incident light wavelength, then that particular 

wavelength is diffracted into the first order while the other wavelengths pass through (zeroth 

order) into the beam dump. The frequency and the amplitude of the acoustic wave dictate the 

wavelength and intensity of the diffracted light. Hence, as we will see below, the applied RF power 

is a critical factor influencing the intensity of the central peak in the diffracted wavelength. Each 

SuperK SELECT module can accommodate up to two AOTF crystals, and with the combination of 

suitable beamsplitters, spectral coverage extending from visible to NIR can be achieved. The 

following are the accessible wavelength ranges from the three AOTF crystals in the two SELECT 

units, visible (500 nm – 825 nm), NIR1 (825 nm – 1400 nm), and NIR2 regime (1100 nm to 

2100 nm).  
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Figure 3.7: Output spectrum from AOTF when tuned to 640 nm (adapted from SuperK SELECT manual, NKT) 

(b) Visible (c) NIR1 (d) NIR2. Measurement data in (b), (c) and (d) are factory-calibrated. 

Figure 3.6: Output spectrum from AOTF when tuned to 640 nm (from SuperK SELECT manual, NKT) 
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The Figure 3.6 shows the output spectrum in logarithmic scale when the AOTF is tuned to the 

central wavelength in this instance to 640 nm. The central peak is denoted as A and the stronger 

side lobes on either side of the central peak are denoted as B and C. The power in the side lobes 

decreases as one moves away from the central peak. The power in the central peak can be 

controlled using the two RF power configuration modes in the SuperK SELECT: “Normal” mode 

and “Overdrive” mode. In the “Normal” mode, the power in the central peak increases with 

increasing RF power. In the “Overdrive” mode, the central peak increases until a certain RF power 

level is reached. Beyond that, increasing RF power will only increase the side lobe power, and the 

power in the central peak decreases. As the side lobe power is relatively higher in the “Overdrive” 

mode, the fiber coupling is less efficient. On the other hand, the “Normal” mode ensures the 

optimal output power of the central peak for efficient fiber coupling. Figure 3.7a shows the 

coupled output power into the fiber as a function of RF power at a specific wavelength. The 

optimum RF is defined as the power where the coupling into the fiber is maximum. The procedure 

to obtain optimum RF power is repeated for each wavelength similarly. Figure 3.7b-d show the 

factory-calibrated optimum RF power for the entire spectral range (500 nm to 2100 nm) for the 

visible and NIR AOTF crystals. All the photocurrent measurements in this thesis were conducted 

in the “Normal” RF mode. 

3.8.2 Shaping of the near-IR source spectrum   

The SC spectrum measured after the AOTF is strongly wavelength-dependent with many fine 

structures (Figure 3.8a, black symbols). To minimize the impact of the wavelength-dependent 

intensity variations on the calculation of the NIR photocurrent responsivity spectrum, the source 

spectrum has been smoothened by applying wavelength-specific intensity modification to the 

acousto-optic tunable filter (AOTF). The targeted smooth spectrum is shown in Figure 3.8a as a 

red line and has been defined as a parabolic curve, fitted to the SC spectrum at 1150 nm, 1400 nm, 

and 2100 nm. The optical power delivered by the AOTF at a selected wavelength depends on the 

optimum RF power applied to the AOTF crystal. Adjusting the optimum RF power for each 

wavelength allows therefore to shape the spectrum. To convert the raw SC spectrum to the 

targeted smooth spectrum the following sequence has been used. The first set of optimum RF 

values was obtained by normalizing the fitted parabolic power spectrum with the broadband SC 

spectrum. With the resulting RF values, a second power spectrum was recorded. The parabolic fit 

was further normalized with the obtained spectrum to result in the second set of RF values and 

the process was iteratively repeated until the resulting power spectrum had a smooth 
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dependence (Figure 3.8b). The Origin 2019 software was used for the calculation of the optimized 

RF values. 

 

Figure 3.8: Converting the supercontinuum (SC) spectrum to a smooth power spectrum by a wavelength-

specific intensity adjustment to the acousto-optic tunable filter (AOTF). (a) The raw SC spectrum is shown 

in black and targeted smooth spectrum is shown in red. (b) Obtained smooth spectrum after the intensity 

adjustment. 

 

The source spectrum was recorded under the objective using a calibrated pyroelectric sensor 

(RM9, Ophir) with amplitude-modulated incident light at 18Hz. The RM9 sensor is sensitive to 

18Hz frequency and has a response time of 3.5 seconds. The time step between each data point 

was 6 seconds. The amplitude modulation of the incident light is applied by the function generator 

(Agilent 33210A) to the AOTF through the SuperK COMMAND interface box. The maximum 

modulation frequency range of the AOTF is 50-100 kHz. A custom python program was used to 

record the intensity spectrum of the source. The power at the 10% side output was recorded using 

the PD300R/PD 300IR detectors with the incident light modulated at 1 kHz (or the frequent used 

for the photocurrent experiment). 

3.8.3 Scanning photocurrent current measurement technique 

The scanning photocurrent spectroscopy technique involves scanning a focused laser beam over 

the device area and measuring the resulting photocurrent (or photovoltage) as a function of the 

position of the laser spot. The photocurrent spatial maps can provide information on the 

optoelectronic properties of the photoresponsive material. For instance, the regions of maximum 

photoresponse can give insights into the dominant mechanism responsible for photocurrent 

generation. Examples of this include identifying the regions of maximum electric field in the device 

from the bolometric photocurrent mapping, detection of the variations in Seebeck coefficients 

across the photoactive material when the mechanism is photothermoelectric. 
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The photocurrent experiments reported in this thesis were performed using the setup shown in 

Figure 3.4. Before the PC measurements, the setup was optically aligned in the following way: A 

red laser was coupled into the setup from below the objective, the laser beam travels through the 

optical path of the setup and exits at the “side input” of the beamsplitter housing (BS box). The 

laser beam exiting the side input was centered by fine adjustment to the spatial position of the 

beamsplitter. After this alignment step, the NIR laser beam from the AOTF was coupled into the 

setup using a reflective collimator screwed to the BS box. Once the NIR beam is coupled, the fine 

adjustment to minimize the off-axis illumination was implemented in the following way: At a 

chosen NIR wavelength (say 1100 nm), the beam was focused on a reflecting surface and was 

imaged using the infrared camera. While defocusing, the laser spot must not move along 

diagonally, but rather move in and out of the sample plane. The diagonal movement arises due to 

the off-axis illumination and can be minimized by carefully adjusting the alignment screws at the 

reflective collimator input (BS box). This procedure was repeated for two different NIR 

wavelengths. Next, the fine adjustment in the steps of 0.5 mm to the beamsplitter position was 

implemented at different wavelengths to further center the NIR beam to the optic axis of the 

setup to ensure the lateral shift of beam on the sample in the x and y directions is minimized. 

 

 

Figure 3.9: Optical beam path of the NIR beam after exiting the reflective collimator and into the microscope 

objective through the 90:10 beam splitter. 

Now we discuss the chromatic aberration correction of the setup. Although a near-infrared 

objective is used, the setup exhibits significant chromatic aberration, resulting in an axial focus 

shift of 60 μm over the entire wavelength range, as shown in the wavelength dependent axial 

focus shift in Figure 3.10. The chromatic aberration correction made it necessary to perform the 

hyperspectral photocurrent imaging by sequentially scanning an area for each wavelength instead 

of scanning the wavelength at each position. Thus, the focus had to be adjusted for each 
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wavelength to ensure diffraction-limited photocurrent imaging at every wavelength. To image the 

laser spot size, the 2D SWIR camera which is sensitive up to 1800 nm was used. Beyond 1800 nm, 

the chromatic focus shift was obtained by extrapolation. The calculated chromatic shift for the 

NIR objective was provided by Mitutoyo (Table 3.3). 

 

 

Figure 3.10: Measured axial chromatic shift of the 100x NIR objective. The data points in the open circles 

indicated are the extrapolated values. 

Table 3.3: Calculated data for the axial chromatic shift of the 100x NIR objective used. The data from 1200 

nm to 1800 nm with the reference wavelength as 587.5 nm was provided by Mitutoyo corp. The 

extrapolated values are indicated in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wavelength / 
nm 

Chromatic focus 
shift / μm 

587.5 0 

1100 -0.85 

1200 1.5 

1300 4.9 

1400 9.6 

1500 15.3 

1600 22.3 

1700 30.3 

1800 39.4 

1900 49.3 

2000 60.1 

2100 71.4 
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The photocurrent maps were recorded in the NIR/SWIR spectral range from 1100 nm to 2100 nm 

using the supercontinuum white light source in combination with the acousto-optic tunable filter 

(SuperK SELECT-NIR2 AOTF attached to SuperK CONNECT with FD6-PM fiber) converts the 

supercontinuum white light source into a tunable NIR laser source as described earlier. The 

excitation laser line from the AOTF was then coupled into a reflective collimator (Thorlabs RC02FC-

P01), and 90 % of the collimated light was guided through the 90:10 beam splitter (Thorlabs 

BS030) into the customized Zeiss Axiotech Vario microscope with NIR objective. The laser source 

intensity was continuously monitored during the photocurrent scan using the NIR photodiode 

sensor (PD300R-IR, Ophir) attached at the 10 % exit port. The photocurrent maps were recorded 

in 100 nm wavelength steps. The diffraction-limited laser spot was focused onto the sample using 

the infinity-corrected 100x NIR (Mitutoyo MPLAN APO, 0.50 NA) long working distance objective, 

and the laser spot was positioned across the scan area with the stepper motor-controlled X-Y 

translation stage in 1 μm steps. The laser spot reflected from the sample surface was imaged using 

the Peltier cooled InGaAs camera. The fine adjustment of the focus was precisely controlled using 

the piezo objective scanner. The chromatic aberration-induced shift of the axial focus of the NIR 

objectives was compensated for each wavelength before taking a photocurrent map. 

 

 A wavelength-specific intensity adjustment to the AOTF was implemented to obtain a smooth, 

intensity-calibrated source spectrum (Figure 3.8). The photocurrent of the NCG films was 

measured using the lock-in technique at room temperature. The incident light was modulated at 

1214 Hz via the AOTF SuperK COMMAND interface box. The frequency was selected in a low noise 

region remote from multiple power line signals analyzed by a spectrum analyzer (Signal Hound 

USB-SA44B) at the lock-in monitor output. The modulated photocurrent was converted into a 

voltage signal using a low-noise current-preamplifier (DLPCA-200, Femto) and fed into the lock-in 

amplifier (SR830 Lock-in Amplifier, Stanford Research Systems) referenced to the modulation 

frequency. The photocurrent amplitude and phase were subsequently recovered from the lock-in 

amplifier. For the biased photocurrent measurements, a source-drain bias was applied via the 

auxiliary output of the lock-in. In sync with the photocurrent mapping, the back-reflected light 

from the sample was simultaneously recorded to map out the device area using an InGaAs 

photoreceiver (OE-200-IN2, Femto) connected to the source meter (Keithley 6430). The 

photocurrent and reflectance mapping were automated and controlled by a python code.  

 

In the wiring scheme for the photocurrent measurements, the bias was applied to the drain 

electrode and the source electrode is connected to the current preamplifier. For the 
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measurements in the short-circuit condition, the drain electrode was terminated with a 50 Ω 

resistor. The total time required to record a 20 μm x 20 μm area map per wavelength was 60 min 

and the entire hyperspectral imaging took about 12 hours. On average, the time required to 

record a photocurrent pixel was about 9 seconds. This includes a signal stabilization time of 5 

times the lock-in integration time (1 s), time for data acquisition, plotting and, backlash 

corrections to the xy-stage. 

 

A few additional tests were carried out to determine any phase shifts induced due to the different 

setup components. (a) the phase shift due to AOTF modulation: reflected light from the metal 

electrode was coupled into the photoreceiver, and the output of the photoreceiver was connected 

to the lock-in input. (b) phase shift due to the current preamplifier: Here, the current preamplifier 

was replaced with a 1 MOhm resistor. The function generator output (5 mV peak-to-peak, 100 μV 

offset, 1214 Hz) was connected to the 1 MOhm resistor, and the output from the resistor was 

connected to the lock-in input. In both the cases, the measured phase shifts at the lock-in amplifier 

were less than 1.5⁰. 

3.8.4 Noise measurement 

Dark noise current (Inoise) from the NCG device was measured in the PC setup with the SR830 lock-

in amplifier. Aux-out from the lock-in amplifier was used as a DC voltage source to bias the device, 

and the low-noise current amplifier to amplify the current. The output of the current amplifier 

was directly fed to the signal input of the lock-in amplifier for the noise measurements, where the 

internal reference frequency was set manually to the frequency that was used for the PC 

measurements.  

 
 

Table 3.4: Frequency bandwidth and waiting time for different filter slopes (from SRS830 manual) 

 

 

 

 

 

Filter slope ENBW Wait time 

6 dB/oct 1/(4T) 5T 

12 dB/oct 1/(8T) 7T 

18 dB/oct 3/(32T) 9T 

24 dB/oct 5/(64T) 10T 



 

61 
 

The frequency bandwidth determines the amount of the measured noise signal and is limited by 

the equivalent noise bandwidth (ENBW) of the low pass filter. The ENBW is dependent on the filter 

slope and time constant T (see Table 3.4). The measured noise from the lock-in is given in the units 

A/Hz1/2 factoring into the account the ENBW of the selected time constant.  
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Chapter 4 NIR Photodetection with Nanocrystalline Graphite 
 

Graphene, a zero-gap semiconductor, absorbs 2.3 % of incident photons in a wide wavelength 

range as a free-standing monolayer, whereas 50 % are expected for 90 layers. Adjusting the layer 

number allows tailoring the photoresponse, however, controlling the thickness of multilayer 

graphene remains challenging on the wafer scale. Nanocrystalline graphene or graphite (NCG) can 

instead be grown with controlled thickness. In this chapter, photodetectors from NCG were 

fabricated that are spectrally flat in the near- to short-wavelength infrared by tailoring the layer 

thicknesses. Transfer matrix simulations were used to determine the NCG thickness for maximum 

light absorption in the NCG layer on a silicon substrate. The extrinsic and intrinsic photoresponse 

was determined from 1100 to 2100 nm by chromatic aberration corrected photocurrent 

spectroscopy. Diffraction-limited hyperspectral photocurrent imaging shows that the biased 

photoresponse is unipolar and homogeneous across the device area whereas the short-circuit 

photoresponse gives rise to positive and negative photocurrent at the electrodes. The intrinsic 

photoresponses are wavelength-independent, indicative of bolometric and electrothermal 

photodetection. 

 

 

 

 

Contribution: I have fabricated the NCG devices, characterized the films, performed scanning 

photocurrent measurements, and simulated the absorptance of the Pd/NCG-SiO2/Si stack. 

 

 

 

 

This chapter is based on: 

 

• N. A. Peyyety, S. Kumar, M-K. Li, S. Dehm, and R. Krupke. Tailoring Spectrally Flat Infrared 

Photodetection with Thickness-Controlled Nanocrystalline Graphite. ACS Appl. Mater. 

Interfaces 2022, 14, 7, 9525-9534 
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Introduction 

Photodetection in the near-infrared to short-wavelength infrared electromagnetic spectrum has 

become very important for a wide range of applications in telecommunications, biomedical 

imaging, food inspection, night vision, environmental monitoring, and astronomy. Photodetectors 

used in this spectral range are commonly based on semiconductors like HgCdTe, InGaAs, and Si,[107] 

where the material's band-gap defines the spectral sensitivity. The more recently developed 

photosensitive semiconducting materials,[108] like metal dichalcogenides,[109–112] titanium oxide-

organic layers,[113] black phosphorous,[114] or perovskites[115,116] have a similar operating principle. 

On the other hand, graphene is a photosensitive semimetal and an ideal wavelength-independent 

photoabsorber for the visible- to infrared wavelength range due to its linear band structure and 

the absence of a gap.[27] It is commercially available and CMOS-compatible, and wired into a 

transistor configuration, graphene gives rise to photovoltaic, electrothermal, or bolometric 

photocurrents, depending on the operating conditions.[117–119] The bolometric photoresponse 

under voltage bias has the advantage that the entire graphene channel becomes photosensitive 

and responsivities comparable to p-n junctions have been demonstrated with visible light 

(2.5x10-4 A/W at 1 V bias and 690 nm).[119] 

Photodetection with single-layer graphene is limited by the low intrinsic light absorption of 2.3 %, 

and can only be enhanced by integrating graphene into optical cavities, and plasmonic or photonic 

structures,[120–123] or combining with quantum dots,[124–128] or layered materials from the transition 

metal dichalcogenide family.[15,129] However, using optically engineered structures and materials 

with wavelength-dependent light absorption inevitably induce a wavelength dependence in the 

responsivity,[122,130,131] which is not an obstacle unless spectral flatness is beneficial. In principle, 

the intrinsically flat optical broadband absorption of graphene could be improved simply by using 

several layers, and recently, the optical absorption was calculated for multilayer graphene taking 

into account the reflectance of each layer.[32] (See also Chapter 2, section 2.1 for a more detailed 

discussion on the absorptance in multilayer graphene). Interestingly, almost wavelength-

independent light absorption of 50 % was projected for graphite with 87 graphene layers, which 

promises an improvement in responsivity by an order of magnitude when used as a photodetector 

material. Unfortunately, it remains challenging to grow multilayer graphene with a predefined 

thickness. On the other hand, nanocrystalline graphene or graphite can be grown directly on 

dielectric surfaces with a controllable thickness by graphitization of polymeric films,[37,61,132] and 

have been employed as transparent electrodes for graphene glass and silicon-based Schottky 

photodetectors.[36,133] Therefore, increasing the responsivity while keeping a spectrally-flat 
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responsivity seems possible with thickness-tailored NCG. Previously, bolometric near-infrared 

photodetection with a 4 nm thin NCG layer has been demonstrated.[37] However, due to the non-

optimized layer structure, the responsivity of the thin NCG layer was merely 1.7x10-6 A/W at 1 V 

bias and 1065 nm.  

In this chapter, the near infrared photoresponse with NCG on a SiO2/Si substrate is reported by 

tailoring the thickness of NCG and SiO2. In the targeted near- to short-wavelength infrared, the 

responsivity exceeded the previous thin layer result by more than two orders of magnitude. First, 

the optimum SiO2 and NCG thickness that is required for maximizing the optical absorption in NCG 

between 1100 nm and 2100 nm wavelength was computed through transfer matrix simulations. 

The synthesis conditions to obtain the targeted NCG thicknesses is then described. The 

synthesized films were characterized using Raman spectroscopy to confirm the hybridization and 

domain size. Devices with source and drain electrodes were fabricated on the optimized 

NCG/SiO2/Si layer structure and were electrically characterized for the current-voltage 

characteristics. The scanning photocurrent measurements were conducted with an intensity-

calibrated, chromatic-aberration corrected setup under short-circuit and voltage-bias conditions 

using a lock-in technique to spectrally and spatially resolve photocurrents. The extrinsic and 

intrinsic responsivities were determined and analyzed in terms of the photodetection mechanism. 

In the end, a compilation of performance figures of 2D infrared detectors is presented. 
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4.1 NCG thickness optimization and transfer matrix simulation  

The optimum thickness of the NCG layer and SiO2 layers on Si was determined by transfer-matrix 

method (TMM) simulations to maximize the NIR to SWIR light absorption through the NCG layer. 

The calculations were performed with s-polarized light under normal incidence in the 400 to 

2100 nm wavelength range. The NCG and SiO2 layer thicknesses were varied from 5 to 100 nm and 

50 to 1000 nm, respectively, and the refractive index of the NCG layer was approximated by the 

wavelength-dependent refractive index of graphite.[32] (For TMM simulation details see 

Chapter 3).  

 

 

Figure 4.1: Transfer matrix simulation of (a) the local absorption and (b) Poynting vector in a 25nm 

graphite/300nm-SiO2/Si multilayer. The z-axis points along the surface normal into the substrate; 

the origin is at the graphite-air interface. (c-f) Calculated total absorptance in the graphite layer for 

different graphite and SiO2 layer thicknesses. Simulated with s-polarized light under normal 

incidence. 
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Figure 4.1a and Figure 4.1b show the local light absorption and the Poynting vector - the 

directional energy flux - in the upper 100 nm of a 25nm graphite/300nm-SiO2/Si layer structure. 

As expected, the local light absorption in the graphite layer is strongly dependent on wavelength 

and depth and, in turn, depends on the thickness of the graphite and SiO2 layers. Relevant for 

photodetection is the integrated local light absorption in the graphite layer, the absorptance, 

which is shown for a wide range of parameters in Figures 4.1c-f. For a given oxide thickness, the 

fraction of light absorbed in graphite first increases with its thickness and then decreases as the 

reflectance from the graphite layer increases. In addition, the multilayer interference induces 

wavelength oscillations which become more prominent for oxide layers thicker than 250 nm. As a 

result, for the targeted broad wavelength range from 1100 to 2100 nm, it was found that the 

absorptance in graphite is maximized for 25 nm thick graphite on top of a Si substrate with a 

250 nm thick SiO2 layer (green curve in Figure 4.1d). The devices were fabricated using 300 nm 

thick SiO2 instead of 250 nm, because of commercial availability and the almost identical 

simulation results. We note, that the optimized graphite thickness of 25 nm is close to the 

thickness that corresponds to the universal layer number N = (2/πα) = 87 in graphite at an 

interlayer distance d = 0.335 nm. For values larger than N·d ≈ 29 nm, the reflectance of graphite 

becomes significant and its absorptance wavelength dependent. (See discussion also in Chapter 2)  

4.2 Synthesis of thickness optimized NCG films 

Nanocrystalline graphite was grown on 300 nm-SiO2/Si substrates by graphitization of a spin-

casted photoresist.[37] The photoresist solutions were prepared by diluting an S1805 photoresist 

in propylene glycol monomethyl ether acetate (PGMEA). 

 
Table 4.1: Spin coating conditions and the resulting NCG thickness. 

 

 

 

 

 

The NCG thickness optimization study was carried out by adjusting the S1805: PGMEA dilution 

ratio and the spin coating conditions (rotation speed). After graphitization at 1000 ֯C for 10 hours 

under high vacuum, the NCG thickness was confirmed by atomic force microscopy (AFM). Devices 

fabricated from NCG layers with 11 nm and 24 nm thicknesses were used for the photocurrent 

Dilution ratio Spincoating 
speed/rpm 

Thickness/nm 

1:1  2000 rpm 42 ± 3 

1:1 4000 rpm 24 ± 0.5  

1:4 4000 rpm 11  
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measurements. Table 4.1 summarizes the spin coating parameters used, and the resulting 

thicknesses obtained after graphitization.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It should be pointed out the duration of the plasma cleaning step before spin coating influenced 

the final roughness of the synthesized NCG film. As the resist coats the SiO2 surface conformally, 

the final NCG roughness is similar to the surface roughness of SiO2. An optimized plasma cleaning 

step with a duration of 30 s was implemented, resulting in films with roughness below 1 nm. 

4.3 Raman spectroscopy of NCG films 

The synthesized NCG films were measured by Raman spectroscopy. Raman spectra of the NCG 

films show broad D-, G- and 2D-mode peaks, characteristic of nanocrystalline graphite 

(Figure 4.3a). The Raman spectra of the NCG films were analyzed to confirm the degree of sp2-

hybridization and to determine the average crystallite size, similar to the previous report where 

the optimum graphitization conditions from Raman and X-ray photoelectron spectroscopy was 

determined.[37] 

Figure 4.2: (a) and (c) AFM images of the 11 nm and 24 nm NCG films and their respective line-cuts 
in (b) and (d). 
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The spectra were fitted to the Gaussian peaks centered near 1350 cm-1 and 1595 cm-1 to extract 

the D- and G-mode line widths corresponding to the Fullwidth-at-the-half maximum (FWHM); the 

overall fit is shown in Figure 4.3b. The G- and D-mode intensities were computed from the areas 

under the respective Gaussian peaks. Next, the G-peak position and the ratio of the D-mode and 

G-mode intensities have been fitted to the hybridization trajectory of Robertson and Ferrari[53] 

(Figure 4.3c), showing that the NCG films are fully graphitized (100% sp2-hybridization).[37] The 

amorphization trajectory proposed by Robertson and Ferrari is discussed in chapter 2 (section 

2.2). The crystallite size in the NCG films was determined from the width of the D-peak to 2-3 nm 

and a corresponding statistical evaluation of the crystallite size is given in Figure 4.3d, which is 

similar to the previously reported Raman and electron diffraction analyses of the NCG films 

prepared under similar conditions.[37,134,135] Since the thickness of the synthesized graphitic films 

is larger than the crystallite size, the films in this work are referred to as nanocrystalline graphite.  

Figure 4.3: (a) Raman spectra of NCG/300 nm-SiO2/Si with 11 and 24 nm NCG thicknesses. (b) NCG 

Raman spectra fitted to Gaussian peaks for obtaining the D- and G- line widths. Shown is the overall 

fit. (c) Raman G-peak position and intensity ratio of D-peak and G-peak for NCG compared with data 

from Ferrari et al.50 for graphite, nanocrystalline (nc) graphite, and two forms of DLC. The sp-

hybridization is indicated. (d) Crystallite size La in NCG determined from the FWHM of the D- and G-

peaks. The dashed lines are extrapolated correlations based on Cancado et al. [56,57] 
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It should be noted that the intensity of the Raman peaks is lower for the thicker film because of 

optical interference in the multilayer structure and reabsorption of the scattered light emanating 

from the lower part of the NCG layer by the upper part of the NCG layer. The Raman intensity of 

multilayer graphene on SiO2/Si depends not only on the thickness of the graphitic layer and the 

oxide layer, but also on the laser excitation wavelength and on the numerical aperture of the 

objective.[136] Complementary to Raman spectroscopy, the hybridization and the thickness 

information of the NCG films can also be obtained from X-ray photoelectron spectroscopy (XPS).[37]  

NCG films show the characteristic C 1s core level signal with the main peak at 284.4 eV, observed 

also in graphite and corresponds to the sp2 hybridization in carbon atoms. Further, using the 

attenuated SiO2 (Si 2p attenuation) substrate signal due to the NCG layer, the thickness of NCG 

can be estimated. 

4.4 Device fabrication and electrical characterization 

 

 

 

Figure 4.4: Device overview. (top) on the left is the zoom-in optical micrograph of NCG devices on SiO2/Si 

substrate with different channel lengths. Scale bar equals 10 μm. Inset shows a cross-sectional view with Pd 

source (S) and drain (D) electrodes. Structure overview with electrode leads and pads is shown on the right. 

(bottom) Representative SEM image of a 5 μm channel length device. Scale bar equals 2 μm. 
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NCG was patterned into a multi-device layout shown in Figure 4.4. The devices were fabricated by 

etching NCG into 100 μm long and 10 μm wide strips and depositing Pd/Cr source and drain 

contacts, to form NCG channels of 10 μm width w and 1-10 μm lengths (see also device fabrication 

details in Chapter 3). 

 

Figure 4.5: I-V curve of the 5 μm channel length device of 24 nm thick film (b) Device resistance vs channel 

length for the 11 and 24 nm NCG film thicknesses. 

The device resistance was determined from the linear current-voltage curves measured for each 

channel length. Figure 4.5a shows the measured current-voltage curve for the 5 μm channel 

length device. The intention of the large contact area between NCG and the metal electrodes was 

to minimize the contact resistance. Still, a contact resistance RC is observed, which is not 

dependent on the channel length and shows up as an offset of the resistance versus channel 

length data, as shown in Figure 4.5b. RC is very different for the two film thicknesses 

(14.2 kΩ@11 nm, 2.45 kΩ@24 nm) showing that the major contribution to RC comes from the 

resistance of the NCG layer underneath the metal electrodes. The NCG sheet resistance RS and the 

resistivity ρ were determined from the slope of the linear fit to the resistance versus channel 

length data. We obtain RS = 16.4 kΩ and ρ = 1.6·10-4 Ωm for the 11 nm thick film, and RS = 1.6 kΩ 

and ρ = 3.6·10-5 Ωm for the 24 nm thick film. The resistivity values are comparable to thinner films 

prepared under identical graphitization conditions with similar grain size (ρ = 6·10-5 Ωm @ 1 nm, 

1.2·10-4 Ωm @ 6 nm).[37]  The resistivity, however, is significantly different for the 11 nm and 

24 nm thick NCG films. To explain why RS changes by a factor of 10 although the thickness d of the 

11 nm and 24 nm films differs by only a factor of 2.2, it must be concluded that ρ is layer 

dependent (RS=ρ/d).  
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To trace the change in ρ to the microstructure is difficult. On the one hand, the Raman D-mode 

linewidth and the G-mode position do not show any dependence on the layer thickness, which 

indicates that the average grain size is not thickness dependent and neither is the degree of 

graphitization. On the other hand, the temperature dependence of the sheet resistance (for 

instance, see Figure 4.6) for the NCG film can be fitted to a variable range hopping mechanism, 

which is typical for polycrystalline graphitic films,[137] and shows that grain boundaries are the 

limiting factor for the charge transport also in NCG. Hence a small change in the tunneling barrier 

between the grains can lead to a change in the resistivity without leaving a trace in the structural 

analysis methods.  

 

 

 

 

 

 

 

 

 

 

 

 

Concerning the transport behavior in polycrystalline graphitic films; the conduction mechanism 

can be described as either metallic or variable range hopping (VRH), depending on the 

temperature regime. The metallic behavior dominates the conduction at low temperatures, and 

VRH is responsible for conduction at high temperatures. A similar temperature-dependence of 

resistance was also observed in the case of NCG. The details of this study can be found in the PhD 

work of S. Kumar.[138] Figure 4.6 will be revisited again in the context of bolometric photocurrent 

discussion. 

 

Figure 4.6: Sheet resistance RS of NCG as a function of temperature (77K-400K). Inset shows the resistivity as 

a function of temperature. The linear temperature coefficient α has been calculated as α = RS
-1·dRS/dT. 
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4.5 Scanning photocurrent spectroscopy 

The photocurrents were measured with a lock-in technique to probe the amplitude and the phase. 

The intensity modulation required for this was induced by the AOTF. Simultaneously with the 

photocurrent imaging, the laser signal reflected from the sample surface was recorded with a 

photoreceiver to image the electrodes and to correlate the photocurrent signal with the position 

of the laser spot. 

Figure 4.7: Scanning photocurrent imaging at -0.25 V source-drain bias. (a-k) Measurements taken 

between 1100 nm and 2100 nm wavelength with a device with 24 nm NCG layer thickness and 5 μm 

channel length. (l) Scanning reflectance images were recorded simultaneously, here shown at 

1500 nm during the photocurrent scan. The reflectance data were superimposed on the photocurrent 

maps in (a-k) as grey shaded areas to indicate the position of the electrodes. 
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The setup details and the measurement scheme have already been discussed in Chapter 3. 

Figures 4.7a-k show the scanning photocurrent images of a device with 24 nm thick NCG and a 

channel length of 5 μm, recorded at 250 mV source-drain bias. The scans were acquired over a 

20 μm x 20 μm area with 1 μm step size and 1100 nm to 2100 nm wavelength range with 100 nm 

increments. The positions of the electrodes were determined for each scan from the reflectance 

measurement and overlayed as grey shaded areas to the corresponding photocurrent images. An 

exemplary reflectance image, recorded at 1500 nm, is given in Figure 4.7l. The photocurrents are 

plotted as the real part IRE = M·cos(ϕ-ϕref) from the magnitude M and the phase ϕ of the 

photocurrent signal, with the lock-in reference oscillator phase ϕref set to zero. 

 

From the Figure 4.7, it can be seen that photocurrents are generated in the entire NCG channel 

and the contact region and that the sign of the real photocurrent depends on the polarity of the 

applied external bias. An imaginary component was not detected. In the wiring scheme, the bias 

was applied to the drain and the photocurrent was measured at the source.[139] Identical signs of 

the photocurrent and the voltage bias mean in this experiment that the current increases when 

the light is on. Note, that the dark current Idark = 250 mV / 3.3 kΩ = 75 μA was not detected with 

the lock-in technique. For a voltage-biased device, the photo-induced increase of the current is 

due to a reduction of the resistance. Since NCG has no bandgap, the illumination modulates the 

charge carrier transport rather than the charge carrier concentration. The relative change in 

resistance under illumination can be calculated from the photocurrent integrated over the device 

area IINT-PC and from the dark current Idark as (Rillum-Rdark)/Rdark = (IINT-PC + Idark - Idark) / Idark, which yields 

≈ 2 % at 1500 nm with IINT-PC ≈ 1.5 μA. Since the absorbed photons are converted into heat, 

relevant is the temperature dependence of the resistance, and this has been measured for the 

case of a thin NCG film (Figure 4.6). Expectedly, the resistance decreases with temperature due to 

thermally activated grain-to-grain tunneling of carriers leading to variable-range hopping in the 

nanocrystalline material.[35] At room temperature, for the linear temperature coefficient of the 

resistivity α = ρ-1·dρ/dT = -0.004·K-1, the light-induced heating by several kelvin leads to the 

measured photocurrents. Hence it can be concluded that the photocurrent measured at finite bias 

is bolometric. 

It is instructive to look closer at the bolometric photocurrent distribution, which is determined by 

the local bolometric current density 

𝐽𝑏𝑜𝑙 = −𝛼 ∙ 𝜌
−1 ∙ ∆𝑇 ∙ �⃗⃗�  (4.1) 
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and depends not only on the temperature coefficient α, the resistivity , and the photo-induced 

change in temperature T, but also on the electric field E. The bolometric current is thus 

proportional to the electric field distribution and disappears in field-free regions. From TMM 

simulations we have determined that 14-20 % of the light is absorbed by the Pd metal electrodes 

(Figure 4.8). The rest of the light is back-reflected and none is absorbed by the NCG underneath 

the Pd. As a result, the heating of NCG is much smaller underneath the Pd electrodes than in the 

channel, where 60 % of the light is absorbed by NCG. Still, the bolometric current close to the 

electrodes is larger than in the center of the channel, which shows that the electric field is larger 

at the contact than in the channel. This is not surprising since the resistance of the 5 μm long 

channel is 0.85 kΩ, whereas the resistance RC of the regions next to the channel accounts for 

2.45 kΩ. Hence 74 % of the applied bias drops off at the two contact regions. The bolometric 

current distribution shows that these regions are narrow and lead to a large electric field that is 

concentrated to a narrow region at the Pd electrodes. Since RC is determined by the NCG thickness 

and not by the interface between NCG and Pd, the electric field distribution is very similar for the 

11 nm NCG device, where we find that 71 % of the applied bias drops at the contact region. 

Therefore, the photocurrent distribution looks similar for the thinner NCG film as shown in 

Appendix 2.1. The temperature coefficient α of NCG is one order of magnitude larger than that of 

graphite,[140] resulting in a correspondingly higher bolometric responsivity (eq. 4.1). 

 

 

Figure 4.8: Simulated absorptance in Pd (a) and reflectance from the Pd/Gr/SiO2/Si multilayer (b). 
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At zero bias, the scanning photocurrent images look very different, as shown in Figures 4.9a-k for 

the same 24 nm thick NCG device. The data for the 11 nm thick layer is shown in the Appendix A2. 

Photocurrents are generated at the electrodes and with opposite signs at the source and drain 

electrode. Furthermore, in the channel between the electrodes, the photocurrent is zero. Unlike 

in the bolometric case with an external bias voltage, the appearance of photocurrents at zero bias 

requires the generation of a photovoltage. The data shows that this occurs over a large area of 

the electrodes where Pd forms an interface with NCG. As described before, light is not transmitted 

Figure 4.9: Scanning photocurrent imaging under short-circuit conditions. (a-k) Measurements 

taken between 1100 nm and 2100 nm wavelength with a device with 24 nm NCG layer thickness 

and 5 μm channel length. (l) Scanning reflectance images were recorded simultaneously, here 

shown at 1500 nm during the photocurrent scan. The reflectance data were superimposed onto 

the photocurrent maps in (a-k) as grey shaded areas to indicate the position of the electrodes. 
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through the Pd layer and to a large extent back-reflected. But 14-20 % is absorbed in the Pd and 

is thus heating indirectly the interface. This leads to the build-up of a voltage across the interface 

as a result of the difference in the materials Seebeck coefficients SNCG and SPd. Such a photo-

thermoelectric (PTE) effect, induced by contact-heating, has been observed previously on 

graphene/Au contacts.[141] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The spatial extent of such a PTE photocurrent is determined by the heat diffusion and cooling in 

the structure and the distance of the laser spot from the electrode gap. As a result, the PTE 

photocurrent extends more into the electrodes than the bolometric photocurrent, which is limited 

to areas with electric fields induced by the external bias voltage. The PTE photovoltage VPTE is 

Figure 4.10: Spectroscopic analysis. (a) Integrated photocurrent obtained from the scanning 

photocurrent maps in Figure 3 of the 24 nm thick NCG device. (b) Calibrated power spectrum measured 

after wavelength-specific intensity adjustment of the supercontinuum light source by the AOTF. (c) 

Extrinsic photoresponse from the normalization of the integrated photocurrent with the power 

spectrum. (d) Intrinsic photoresponse from the normalization of the extrinsic photoresponse with the 

graphite absorptance. 
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determined by VPTE = (SPd - SNCG)·T, and can be calculated from the PTE photocurrent, integrated 

over one electrode, and multiplied with the device resistance. We find that VPTE is on the order of 

10 μV, which is reasonable assuming that T is on the order of kelvin, and SPd - SNCG on the order 

of μV·K-1.[142,143] The enhanced PTE photocurrents at the corners of the electrodes is a typical 

signature of a local light-field enhancement leading to enhanced light absorption and heating of 

the interface.[144] For applications, the bolometric operation mode is advantageous since the 

entire NCG channel is photoactive and the weak PTE photocurrents with opposing signs do not 

play a role if the applied voltage bias is larger than VPTE. To quantify the targeted broadband 

response, the wavelength dependence of the device responsivity was determined, the external 

responsivity.  

 

The scanning photocurrent maps over the device area were first itntegrated for each wavelength 

to obtain the photocurrent spectrum shown in Figure 4.10a. The parabola-shaped wavelength 

dependence originates from the spectrum of the light source (Figure 4.10b) and the external 

photoresponse was then calculated by normalizing the photocurrent spectrum with the source 

spectrum. Figure 4.10c shows that the device responsivity is about 2.8·10-3 A/W over a wide 

wavelength range. The responsivity falls off below 1300 nm due to the weaker absorptance of 

light in the NCG layer for the selected layer thicknesses of NCG and SiO2 on Si (green curve in 

Figure 4.1d). If we normalize the extrinsic responsivity with the simulated NCG light absorptance, 

we obtain a nearly flat intrinsic responsivity within a 15 % range around 4.7·10-3 A/W 

(Figure 4.10d). The specific detectivity D* for the 24 nm thick NCG device is 106 Jones at 0.25 V 

bias and 1500 nm. We have used the expression D* = R·(A/(2·q·Idark))0.5 with Idark = 75 µA, device 

area A = (5x10) µm2, the responsivity R, and the elementary charge q, because our device is shot-

noise limited.[145] The spectroscopic analysis for the 11 nm thick NCG device is given in Appendix. 

The weak wavelength dependence is a consequence of the approximation of the optical properties 

of NCG by graphite in the TMM simulations, which is good but not perfect. This conclusion can be 

drawn because the responsivity over wavelength is plotted in units of current per power. A 

bolometric photocurrent is proportional to the absorbed power and hence wavelength-

independent for constant absorbed power. The same would be true for a PTE photocurrent. In 

contrast, a photovoltaic current would be proportional to the photon flux, not the power. 

The use of the locally integrated photocurrent to determine the photoresponse requires 

explanation. In our scanning photocurrent measurements, the photoactive device area is larger 

than the laser spot size. As a result, the measured photocurrent under local illumination is not 
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equivalent to measurements under global illumination. This can be understood when treating the 

channel as a 2D network of resistors.[146] Under local illumination, the resistance of the illuminated 

area changes while the resistance in the non-illuminated remains unchanged. As a result, the 

current distribution in the biased channel depends on the size and the position of the illuminated 

area. We simulated the scanning photocurrent experiment by solving the stationary continuity 

equation of the bolometric photocurrent ∇𝑗𝑏𝑜𝑙 = 0, using a finite element method (FEM) solver 

in 2 dimensions. The illuminated spot within the simulated channel was mimicked as a region with 

reduced resistivity and the current was calculated with Dirichlet and Neumann boundary 

conditions for the potential at the sides with and without electric contacts, respectively. (see 

details in Chapter 3). The scanning photocurrent measurement was simulated by calculating the 

current for every position of the laser spot, keeping the step size of the raster scan equal to the 

spot size. The simulation shows that spatially integrating the scanning photocurrent is equivalent 

to measurements under global illumination with the same light intensity per area, provided that 

r, the ratio between the resistivity with and without illumination, approaches unity as shown in 

Figure A3 in Appendix. In our experiment, r is only a few percent, and the method is therefore 

applicable. 
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4.6 Discussion 

The thickness dependence of the photoresponse of the NCG films; Figure 4.11a-c shows the local 

absorption, the Poynting vector, and the resulting absorptance in the graphite layer versus the 

graphite layer thickness at 1550 nm wavelength. The simulations show that reducing the NCG 

from 24 nm to 11 nm reduced the absorptance by 10 %. However, the measured photoresponse 

of the 11 nm NCG device is 3 times lower than that of the device with the optimum NCG thickness 

of 24 nm (Figure 4.11d). This is understood by the 4 times higher resistivity of the thinner NCG 

layer, likely due to a thickness-dependent grain structure of the NCG film, which leads to a larger 

reduction in the photoresponse for the thinner film as expected solely from light absorptance. 

 

 

Figure 4.11: (a) Local absorption, (b) Poynting vector, and (c) resulting absorptance in the graphite layer 

versus the graphite layer thickness at 1550 nm wavelength. (d) Bolometric photocurrent (Iphoto) and dark 

current (Idark) measured for 11nm-NCG and 24nm-NCG devices (dots) with extrapolations based on 

simulation data from (c) and the measured resistivities. 
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Concerning other thin-film/2D photodetectors, the bolometric responsivity of NCG is quite 

comparable, with the benefit that the NCG devices require a rather low bias voltage (see 

Table 4.2). Also, the spectral flatness, that can be shifted to other wavelength ranges, in 

combination with the absence of an intrinsic wavelength cutoff in the absorption makes NCG a 

potentially interesting material for longer wavelength detection. Furthermore, the NCG 

photodetectors are made of non-toxic materials and are RoHS compliant. Unfortunately, the 

detectivity is rather low and in the same range as carbon nanotube-based broadband 

photodetectors,[73] but nevertheless sufficient for spectroscopy and imaging with moderate light 

power sources. An improvement towards sensing lower light levels could be realized by using a 

higher bias and a modified structure. For instance, the addition of a reflective layer underneath 

the thickness-optimized NCG layer would result in a near-unity absorptance and enhance the 

responsivity while preserving spectral flatness. Also, the thermalization by the substrate could be 

eliminated by under etching the NCG layer, to reach a higher ΔT. Further, an optimization of the 

device geometry to maximize the electric field within the channel region can be envisioned, and 

hence the bolometric response.  

 

Table 4.2: Compilation of photodetector key performance figures. 

 Material Wavelength 
/ nm 

Incident 
power 

S-D bias 
/ V 

Responsivity / 
(mA/W) 

Graphene 1300 3 mW 1.5 0.5 

Graphene 1550 10 mW 0.05 6 

Si QDs - 

Graphene 

375 – 1870 

2500 – 4000 

0.2 μW/cm2 
375mW/cm2 

1 
104 (MIR) 

1012 (UV-NIR) 

MoS2 445 – 2712 8 mW 10 40 

a - MoS2 473 – 2712 4 mW 10 47 

β -

In2Se3/MoS2 
830 50 mW cm-2 1 2.4 

MoS2 – BP 1550 400 μW 3 20 

MoTe2 600 – 1550 20 nW 10 24 at 1060 nm 

R6G/MoS2 405 – 980 1 mW 0.1 1.38 

BP 940 10 nW 0.2 4.8 

Bi2Te3 1064 – 1550 0.67-2.8 mW 2 3.64 at 1064 

nm 

NCG 1100 – 2100 100 – 

550 µW 
0.25 4-5 (1100nm-

2100nm) 
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4.7 Conclusion 

In summary, spectrally-flat broadband photodetection in the near- to short-wavelength infrared 

has been realized with light-field simulation optimized nanocrystalline graphite on SiO2/Si 

substrates. The flat responsivity is not limited to the chosen wavelength range and can be adjusted 

to other parts in the electromagnetic spectrum by tailoring the layer thickness of NCG and SiO2 

accordingly. This optimization is possible because the absorptance of graphite is wavelength-

independent up to 30 nm thickness. This conceptually new approach could be of interest when 

spectral flatness over an extended wavelength range is important. Compared to previous works 

with thinner films, the bolometric photoresponse at moderate voltage bias is two orders of 

magnitude larger, and has the potential to be further improved through grain size and grain 

boundary engineering,[66,147] back-reflective coating, thermal decoupling, and electric field 

optimization. 
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Chapter 5 NIR Photodetection with Carbon Nanotube Films 
 

Introduction 

In single-walled carbon nanotubes (SWCNTs), the diameter (dt) and the excitonic optical transition 

energies (E) have an inverse relationship, and due to this E-dt scaling, the nanotube diameter can 

be tuned for the energy-selective light absorption. In particular, with the increasing diameter, 

SWCNTs become optically active in the technologically relevant near-infrared telecommunication 

band. Though the single-tube device architecture helps understand the nanoscale device physics, 

the small absorption cross-section of the individual nanotubes makes them inefficient 

photodetectors for practical applications. Therefore, large-area devices with high nanotube 

densities are necessary. In this chapter, carbon nanotube film networks with a diameter 

distribution suitable for the near-infrared photodetection were synthesized on the SiO2/p-Si 

substrate. The growth process of SWCNT films is first briefly described, followed by the film 

characterization using multi-wavelength resonant Raman spectroscopy for determining the 

diameter distribution and SWCNT type from the radial breathing mode (RBM) frequency. The 

devices were fabricated on the CNT-SiO2/p-Si substrates in a transistor geometry. Scanning 

photocurrent measurements were conducted in the 1100 nm – 1800 nm spectral region under 

short-circuit and biasing conditions, and the resulting photoresponse is discussed in terms of the 

photodetection mechanisms. 

 

 

 

 

Contribution: I have fabricated the CNT devices and performed the scanning photocurrent 

measurements. 
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5.1 Raman spectroscopy of carbon nanotube films and device fabrication 

The semiconducting single-walled carbon nanotube (s-SWCNT) films with a diameter distribution 

tailored for the near-infrared (NIR) photodetection were synthesized at the Institute of Metals 

Research, Shenyang. In this section, the growth process of the CNT films is briefly described. The 

detailed synthesis and growth mechanism can be found in the work of F. Zhang and co-

workers.[148] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                          

 

 

The SWCNT networks were synthesized on SiO2/Si substrates by chemical vapor deposition (CVD) 

process at 700 °C using Co nanoparticles with a partial carbon coating layer as a catalyst material. 

Ethanol was used as a carbon source and hydrogen as a carrier gas. A small change in the diameter 

and chirality in the SWCNTs can modify the electrical type from semiconducting (s) to metallic (m), 

and hence, the synthesized films are a mixture of m-SWCNTs and s-SWCNTs (as confirmed by 

electrical and Raman measurements below). During the synthesis process, H2 gas also functions 

as an in-situ etchant for the selective etching of m-SWCNTs. However, the Raman measurements 

Figure 5.1: Fabrication and characterization of CNT devices. (a) SEM micrograph of CNT film on 

SiO2/Si substrate. Scale bar equals 2 μm. (b) Optical micrograph of CNT devices on 300nm-SiO2/Si 

substrates with different channel lengths. Scale bar equals 10 μm. Inset shows a cross-sectional view 

with the Pd source (S) and drain (D) electrodes. (c), (d) Raman spectra of CNT/300nm-SiO2/Si. 
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detect the presence of also the metallic tubes in the network. The diameter distribution in the 

network was tailored by controlling the coverage of carbon coating on the Co nanoparticle 

catalyst. Furthermore, the carbon coating prevents the agglomeration of nanoparticles and thus 

enabling a close diameter control in the SWCNT film. Figure 5.1a shows a scanning electron 

micrograph of a dense network of SWCNTs with lengths extending up to several microns. 

Figure 5.1c-d shows the Raman spectra of the CNT film characterized using a 532 nm (2.33 eV) 

excitation laser line. In Figure 5.1c, the peak at   1̴48 cm-1 corresponds to the radial breathing 

mode (RBM) originating from the s-SWCNT according to the Kataura plot.[149] Using different 

excitation laser lines and from the RBM peak positions, the SWCNTs can be assigned to either m-

SWCNT or s-SWCNT. Figure 5.1d shows the characteristic G+ (high-frequency mode) and G- (low-

frequency mode) Raman active modes near  1̴590 cm-1 observed in isolated and bundled 

metallic/semiconducting SWCNTs.[150] The discussion on the relative intensities and shape of the 

G+ and G- peaks in relation to the type of CNTs is outside the scope of the current chapter.  

 

Figure 5.2: The calculated optical resonances ΔE = Eii for SWCNTs in the 100 – 220 cm-1 frequency range. 

The Eii versus ωRBM (Kataura plot) was calculated using the equations presented in the work of Araujo et 

al.[151] The solid lines in color indicate the Elaser used in the Raman measurements and the narrow color strips 

correspond to the respective width of the resonance region (Elaser ± 0.06) eV. The grey shaded region 

represents the laser excitation energies in the photocurrent experiment. The vertical dashed lines 

correspond to the measured radial breathing mode frequency region of the SWCNT network. 

 

To understand the type (metallic or semiconducting) and diameter of the SWCNTs present in the 

network, Figure 5.2 is considered first, which shows the calculated optical transition energies 

(𝐸𝑖𝑖
𝑆, 𝑀) for different SWCNTs as a function of radial breathing mode (RBM) frequency (ωRBM), 
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referred to also as a Kataura plot. The Jorio group in their work on the “super-growth” SWCNTs 

on SiO2/Si substrates, formulated a set of equations to study the transition energies Eii as a 

function of nanotube diameter (dt), chiral angle (θ), and chiral index (i). The optical transition 

energies in Figure 5.2 were calculated using the equations described in the work of Araujo et al.[151] 

Experimentally, the optical resonances and RBM frequencies of the SWCNTs can be accessed 

through resonant Raman scattering as described below. See also Chapter 2 for a discussion on the 

details of the Kataura plot. The green and red bullets in Figure 5.2 correspond to the 

semiconducting (𝐸𝑖𝑖
𝑆) and metallic transition (𝐸𝑖𝑖

𝑀) energies. Starting from the bottom, the lowest 

group of optical transitions represent 𝐸11
𝑆 , followed by 𝐸22

𝑆 , 𝐸11
𝑀 , 𝐸33

𝑆  and so on. The colored solid 

lines at (532 nm = 2.33 eV), (633 nm = 1.95 eV) and (785 nm = 1.57 eV) indicate the laser 

excitation energies used for the Raman measurements. A radial breathing mode is observed when 

the laser excitation energy is close to one of the Eii transitions (red or green bullets). The 

experimentally observed RBM frequencies in the SWCNT film for the three excitation energies 

span the 105 - 200 cm-1 wavenumber shift, as indicated by the two dashed vertical lines in the plot 

(See Appendix A4 for the complete distribution of RBM frequency from the three laser energies). 

By mapping the measured RBM frequencies from the three laser lines onto the Figure 5.2, it can 

be concluded that the 532 nm and 633 nm laser lines excite the RBM modes in semiconducting 

tubes, whereas 633 nm and 785 nm excite the metallic tubes in the network. In Figure 5.2, the 

narrow strip of colored regions around the respective laser excitation energies represents the 

resonance window. The resonance window is defined as the range of laser energy values relative 

to Eii that can result in a RBM mode, typically the resonance window is Elaser ± 0.06 eV.[59] It should 

be noted that the change in SWCNT environment results in a 40 - 100 meV red shift in the Eii 

transitions.[152],[153] Finally, from the above discussion on the measured RBM frequencies, it can be 

concluded that the SWCNT network consists of both semiconducting and metallic tubes.  

 

Figure 5.3: RBM data from Araujo et al. shown in open circles.[154] The RBM frequency range (105 - 200 cm-

1) of the SWCNT film (from Figure 5.2) is mapped here as the dashed horizontal lines, and the corresponding 

vertical lines indicate the diameter range in the film. 
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The RBM frequency can be used to calculate the nanotube diameter by using the relation dt = 

(227/(ωRBM - 0.3)) for the nanotubes grown on silicon substrates.[154] Araujo et al. studied the 

correlation between the RBM frequency and nanotube diameter, and their experimental data is 

reproduced in Figure 5.3 (open circles). In order to estimate the diameter distribution of the 

SWCNT film investigated here, the RBM frequencies (105 cm-1 to 200 cm-1) obtained from the 

Raman measurements were mapped (horizontal dashed lines, ωRBM axis in Figure 5.3) onto the 

data of Araujo et al. and the vertical lines projected onto the diameter (dt) axis predict a diameter 

distribution of 1.13-2.16 nm. The calculated optical transitions (energy gaps) and the nanotube 

diameter for the SWCNTs in the diameter range 1.13 nm – 2.16 nm is given in Table 5.1. In the 

𝐸𝑆 − 𝑑𝑡 relation, 𝛾0 is the interaction energy between the neighboring carbon atoms and 𝑎0 is 

the carbon-carbon bond distance.[155] 𝐸11
𝑆  to 𝐸44

𝑆  denote the energy states of the first four 

semiconducting optical transitions. 𝐸11
𝑀  and 𝐸22

𝑀  denote the first and second metallic transitions. 

In the photocurrent experiment, the targeted NIR excitation wavelength (1100 nm – 1800 nm) 

range overlaps with the 𝐸11𝑆  and 𝐸22
𝑆  transitions (Table 5.1), shown as region in grey in Figure 5.2. 

 

Table 5.1: Predicted optical transitions of s-SWCNTs and m-SWCNTs in the CNT network. 

 

 

 

 

 

 

 

 

 

 

 

Finally, the CNT film was patterned with a multi-device layout as shown in optical micrograph in 

Figure 5.1b. The devices were fabricated by etching CNT film into 100 μm long and 10 μm wide 

strips and sputtering Pd/Cr source and drain contacts, to form CNT channels of 10 μm width w and 

1-10 μm lengths l (see also Chapter 3 for experimental details). 

Energy gap dt = 1.13 nm 
λoptical / nm 

dt = 2.16 nm 
λoptical / nm 

𝐸11
𝑆 =

2𝑎0𝛾0
𝑑𝑡

 1701 3252 

𝐸22
𝑆 =

4𝑎0𝛾0
𝑑𝑡

 851 1626 

𝐸11
𝑀 =

6𝑎0𝛾0
𝑑𝑡

 567 1084 

𝐸33
𝑆 =

8𝑎0𝛾0
𝑑𝑡

 425 813 

𝐸44
𝑆 =

10𝑎0𝛾0
𝑑𝑡

 340 651 

𝐸22
𝑀 =

12𝑎0𝛾0
𝑑𝑡

 284 542 
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5.2 Electrical characterization 

The electrical characterization of the CNT devices (Figure 5.1b) was conducted after vacuum 

annealing at 430 °C for one hour. The devices were measured in the transistor configuration with 

silicon substrate as the back gate. Figure 5.4a-c show the transconductance of the devices with 

three different channel lengths. All the measured devices show moderately p-type characteristics. 

The source-drain bias and gate voltage range were kept at low values to minimize the risk of device 

damage before the photocurrent measurements (see also methods section in Chapter 3). In the 

measured gate voltage window, the devices do not show a clear off state, with the On/Off ratio 

being at most ≈10 for the largest channel length device of 10 μm. The low On/Off ratio implies 

that the residual m-SWCNTs are long enough to short-circuit the channel, resulting in a higher off-

state current. An On/Off ratio up to 106 was reported for devices fabricated with the similar 

channel material but with channel width of 100 μm and channel length greater than 40 μm.[148] 

         

Figure 5.4: Electrical characterization of the SWCNT devices. (a)-(c) Transfer characteristics. (d) current -

voltage (Isd-Vsd) characteristics with no applied gate voltage. 

 

A small hysteresis was observed in all the devices. Hysteresis in nanotube transistors arises out of 

the charge-trap states resulting from: charge doping from the molecules in the ambient 
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atmosphere, trapped charges at the gate oxide/air interface, and mobile charges associated with 

the oxide layer. Strategies to reduce hysteresis in nanotube devices include surface 

functionalization of oxide with a dielectric hydrophobic layer such as polytetrafluoroethylene 

(PTFE).[156] Additionally, packaging nanotubes between a h-BN bottom layer and PTFE top layer 

eliminates hysteresis.[157] Figure 5.4d shows the current-voltage characteristics, and the device 

resistance extracted from the slope of the I-V curves is between 80 kOhm – 430 kOhm. 

5.3 Scanning photocurrent measurements 

The devices were wire bonded to a chip carrier and mounted to the photocurrent setup as shown 

in Figure 3.4 of Chapter 3. Identical to the photocurrent measurement procedure described for 

the NCG films, a similar experimental protocol was implemented for the photocurrent 

measurements of CNT devices. The broadband supercontinuum (SC) spectrum was first 

transformed into a smooth power spectrum from 1100 to 2100 nm by implementing a 

wavelength-specific intensity adjustment to the acousto-optic tunable filter (AOTF) as described 

in Chapter 3. The chromatic aberration of the setup was compensated by adjusting the focus 

through the piezo-controlled NIR objective to have a diffraction-limited laser spot at each 

wavelength before scanning the device. The photocurrents were measured with a lock-in 

technique to probe the amplitude and the phase of the signal; the laser intensity modulation 

required for this was induced by the AOTF. The AOTF was electrically modulated to have sinusoidal 

light output with minimum intensity near zero to result in a high signal-to-noise ratio in the 

measured photocurrents. In sync with the photocurrent imaging, the laser signal reflected from 

the device area was recorded with a NIR photoreceiver to image the electrodes and device area 

to correlate the photocurrent signal with the position of the laser spot. For additional details of 

the setup, and measurement technique see Chapter 3. 

 

The photocurrent measurements on CNT films were carried out under three conditions: zero-bias, 

a fixed source-drain bias, and a gate voltage bias. The NIR wavelength range 1100 nm – 1800 nm 

was chosen to target the 𝐸11
𝑆  and 𝐸22

𝑆  region of the s-SWCNTs (see Table 5.1.) In this section, the 

photocurrent measurements at zero bias are described first, then followed by the measurements 

with a source-drain bias and under gate voltage. Figure 5.5a-k show the scanning photocurrent 

images of a CNT film device with a channel length of 10 μm, recorded at the short-circuit 

conditions. The scans were acquired over a 20 μm x 20 μm area with 1 μm step size and 1150 nm 

to 1800 nm wavelength range with 50 nm or 100 nm increments. The positions of the electrodes 

were determined for each scan from the reflectance measurement and overlaid as grey shaded 
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areas to the corresponding photocurrent images. The reflectance image recorded at excitation 

wavelength of 1550 nm, is shown in Figure 5.5l. The photocurrents are plotted as the real part 

IRE = M·cos(ϕ-ϕref) from the magnitude M and the phase ϕ of the photocurrent signal, with the 

lock-in reference oscillator phase ϕref set to zero. 

 

 

Figure 5.5: Scanning photocurrent imaging under short-circuit conditions. (a-k) Measurements taken 

between 1200 nm and 1800 nm wavelength with a device of 10 μm channel length. (l) Scanning reflectance 

images were recorded simultaneously, here shown at 1550 nm during the photocurrent scan. The electrode 

with current amplifier and grounded electrode are indicated. The reflectance data are superimposed onto 

the photocurrent maps in (a-k) as grey shaded areas to indicate the position of the electrodes. 
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Here, a positive current is defined as flowing from source to drain. From the photocurrent maps, 

it can be observed that the photocurrents are generated at both the source and drain electrodes 

with opposite signs. The photocurrent in the channel region is non-zero and has a distribution that 

is reproducibly seen in all the wavelength maps. In the setup, the current preamplifier is connected 

to the source electrode and the drain electrode is grounded. In this configuration, the phases 

recorded at source and drain electrodes are ϕ ≈ 180° and ϕ ≈ 0° corresponding to negative and 

positive real photocurrents, respectively. Strong localized photocurrents on the order of 100 pA 

are generated near the contact regions, and the photocurrent drops off away from the metal-CNT 

edge. 

 

To explain the observed short-circuit photoresponse in the CNT film, the photocurrent behaviour 

in nanocrystalline graphite (NCG) described in Chapter 4 is briefly recalled. A comparison can be 

drawn since the device architecture (channel width, electrode material, and electrode thickness) 

is identical in CNT and NCG devices. In NCG devices, under short-circuit conditions, a strong 

photocurrent signal was measured at the contacts and a zero signal in the center of the channel. 

The photocurrent signal on the metal contacts was attributed to light absorption in palladium 

electrodes and thereby indirectly heating the NCG film underneath. In the 1100 nm – 1800 nm 

wavelength range, 14 -20% of light is absorbed in palladium contacts (See Chapter 4). A strong 

signal was observed at the metal-NCG edge due to the light absorption in both metal and NCG 

film. The observed photocurrents were attributed to a photothermoelectric origin due to the 

difference in the Seebeck coefficients (Pd and NCG) and local rise in temperature near the 

illuminated contact. Since the NCG film is homogenous, the Seebeck coefficient at the center of 

the channel is uniform, resulting in zero photoresponse. With this background on the NCG devices, 

we now proceed to understand the photoresponse in the CNT devices by considering the 

photothermoelectric effect.  

 

Similar to the NCG device, the maximum photocurrent signal at the contact-CNT edge is likely due 

to the light absorption in both CNTs and the metal electrode. However, in the channel region, the 

photocurrent is non-zero. The likely scenario in the channel is that the metal is not directly heated 

but rather heated indirectly through the light absorption in sc-SWCNTs (see Table 5.1, in the 

photocurrent experiment, only the sc-SWCNTs can be excited). However, the local heating 

depends on the microscopic arrangement of the tubes in the network, and probing at the 

individual tube level is difficult due to the lack of spatial resolution. In the case of NCG film, the 

channel had a uniform Seebeck coefficient, and consequently a zero photoresponse. The non-zero 
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photoresponse in the CNT channel is likely due to a non-uniform Seebeck coefficient. Indeed, the 

presence of different tube chiralities (m- or s-SWCNTs) in the film can modify the Seebeck 

coefficient. For a similar diameter range, the intrinsic Seebeck coefficient of the s-SWCNTs can be 

an order of magnitude higher than for the m-SWCNTs. The Seebeck coefficient of s-SWCNTs can 

be as high as several hundreds of μV/K. For instance, Hung et al. calculated a Seebeck coefficient 

of 400 μV/K for s-SWCNT with a diameter ≈ 1.5 nm.[158] In another report by Hu et al. a Seebeck 

coefficient between –87 µV/K to 70 µV/K was reported for SWCNT films depending on the doping 

in the film.[159] Furthermore, in an SWCNT film network, the fraction of metallic content dictates 

the overall Seebeck coefficient. Higher the s-SWCNT purity in the network, the larger is the film’s 

Seebeck coefficient. It should also be noted (from SEM image in Figure 5.1) that there are 

dense/thick and sparse/thin regions within the network, which can have very different Seebeck 

coefficients due to the difference in air doping and the associated slow thermal desorption from 

dense regions.[91] The random orientation of the nanotubes in the network and the multitude of 

m-SWCNT/s-SWCNT and s-SWCNT/s-SWCNT intertube junctions strongly influence the overall 

electrical and heat transport in the film.[160] The localized photocurrent distribution within the 

channel is resolvable due to the diffraction-limited laser spot, which was otherwise not possible 

under a global illumination.[91]  

 

Figure 5.6: Scanning photocurrent and photovoltage imaging under short-circuit conditions at 1500 nm of 

the 10 μm device. (a-b) Photocurrent maps in linear and log scale, respectively. (c) Phase of the 

photocurrent signal. (d-e) Scanning photovoltage image in linear and log scale. (f) Phase of the photovoltage 

signal. 
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To further confirm the photothermoelectric origin of the photoresponse under short-circuit 

conditions, photovoltage maps were recorded on the device in the same setup but without a 

current preamplifier (Figure 5.6). Indeed, the measured photovoltage is on the order of tens of 

microvolts and agrees with the Seebeck coefficient difference of the SWCNT film and Pd electrode 

(SPd - SCNT), assuming a temperature difference (ΔT) on the order of kelvin reported for CNT films 

and individual CNTs.[91],[88] In addition, a weak signal is still detected when the laser spot is 

illuminated away from the metal-CNT junction into the contact region, evidenced by the phase, 

photocurrent and photovoltage maps in Figure 5.6, confirming the photothermoelectric effect 

due to indirect heating of the CNT film underneath the metal contacts. The spatial extent of the 

photoresponse (photocurrent / photovoltage) signal depends on the heat diffusion in the metal 

and the distance of the laser spot from the channel gap.[141] In Appendix A5, photocurrent maps 

of an additional device (electrode gap ≈ 5 μm) are shown where the spatial extent of the signal 

deeper into the contact region is evident.  

 

A final comment on why a photovoltaic picture cannot explain the presence of the observed long-

ranged signals in the channel and signals at the contacts. The photocurrent is expected to be zero 

when the illumination is at the center of the channel due to the absence of built-in electric fields 

that are otherwise responsible for the photoexcited carrier separation at the metal-CNT 

contacts.[161] However, the measured open-circuit photovoltage is on the order of tens of 

microvolts from the photovoltage maps, whereas it is on the order of ≈100 mV for a photovoltaic 

effect.[162]  

 

Next, the spectroscopic analysis (Figure 5.7) of the short-circuit photocurrent maps from 

Figure 5.5 are discussed. The scanning photocurrent maps have regions with positive and negative 

real photocurrents, as indicated in the blue and red in Figure 5.5. The absolute quantities of the 

real photocurrents are integrated over the device area at each wavelength to obtain the 

integrated photocurrent spectrum shown in Figure 5.7a. The shape of the integrated 

photocurrent spectrum originates from the power spectrum of the supercontinuum source shown 

in Figure 5.7b. The extrinsic photoresponse was then obtained by normalizing the integrated 

photocurrent spectrum with the source spectrum in Figure 5.7b. The red dashed lines in 

Figure 5.7c, d indicate the mean value of the extrinsic photoresponse. The observed extrinsic 

responsivity is nearly wavelength-independent with contributions from metal electrodes and 

nanotube film. Since palladium has broadband, nearly flat absorption (14 – 20%) in the 1100 – 

1800 nm range (see also Chapter 4, Figure 4.8), it is reasonable to assume that the nanotube film 
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must also have a similar wavelength-independent response due to the nearly flat overall extrinsic 

responsivity (Figure 5.7c-d). A wavelength-dependent photoresponse would then mean a 

photothermoelectric effect as the PTE current is proportional to the absorbed power and 

therefore is wavelength-independent at constant absorbed power. 

 

 

Figure 5.7: Spectroscopic analysis of the 10 μm device in short-circuit conditions. (a) Integrated 

photocurrent obtained from the scanning PC maps in Figure 5.5. The absolute quantity of the positive and 

negative real photocurrents is shown. (b) Calibrated source spectrum. (c,d) Extrinsic photocurrent obtained 

after the normalization of the integrated photocurrent with the source spectrum in (b). 

It should be noted that it is challenging to extract the wavelength-dependence of the nanotubes 

alone in this device configuration since the wavelength-dependent absorption of the 300 nm-

SiO2/Si stack in the channel and at the metal contact is different. Additionally, in a nanotube 

network, due to the absence of any macroscopic alignment, the photoresponse in the channel is 

not sensitive to the polarization of light. A polarization-dependent photoresponse was observed 

in the case of macroscopically aligned films.[69] [92] A similar wavelength-independent behaviour 

was reported in MoS2, where the above- and below-bandgap excitations resulted in identical 

photoresponse due to the light absorption in gold electrodes resulting in a photothermoelectric 
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effect.[69] In the CNT films investigated here, the wavelength-dependence in the photoresponse 

near ≈ 𝐸11
𝑆  was not investigated due to the lack of a strong light source in the 𝐸11

𝑆  region.  

5.4 Measurements under a source-drain bias 

 

Figure 5.8: Scanning photocurrent imaging under a source-drain bias at 1300 nm and 1500 nm with a device 

of 10 μm channel length. The reflectance data were superimposed onto the photocurrent maps as grey 

shaded areas to indicate the position of the electrodes. (a-c) at 1300 nm with Vsd = -0.3V, 0V and 0.3V. (d-f) 

at 1500 nm with Vsd = -0.3V, 0V and 0.3V. 

Next, the photoresponse under an applied source-drain bias is discussed in the following. In 

Figure 5.8, photocurrent maps at 1300 nm and 1500 nm are shown for -0.3 V and +0.3 V source-

drain bias. The corresponding short-circuit PC maps at the respective wavelengths are also shown 

for comparison. In the biasing scheme, S-D bias is applied on the drain electrode and the source 

electrode is connected to the current preamplifier (Figure 5.8a). Since the lock-in technique is an 

a.c measurement mode, the change in current (ΔI) under illumination is the detected quantity. 

The polarity of ΔI is overall uniform throughout the channel region, with the photocurrent 

direction opposite to the dark current in the device. The direction of the photocurrent is 

independent of the polarity of applied bias with its direction opposite to the d.c current in the 

device. Therefore, under an applied source-drain bias and illumination, the total current in the 

device decreases. A similar unipolar photocurrent behavior in the channel has been previously 

reported for individual CNTs and networks.[163],[164] At the contacts, however, the photocurrent has 

contributions from both positive and negative real currents (blue and red colored regions), 

indicating possibly an electrothermal origin. Further, the photocurrent has similarities with the 
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zero-bias condition (see for instance Figure 5.8a, b). A further indication is in the magnitude of the 

observed photocurrent which is identical in both the biasing conditions.  

5.5 Measurements under a gate voltage in short-circuit condition 

The gate voltage-dependent photocurrent study by DeBorde and co-workers on an isolated 

suspended single-walled semiconducting CNT discussed in Chapter 2 is briefly recalled here.[88] 

Though the background discussion on single-tube device cannot be directly extended for the more 

complicated case of nanotube network, it still provides for a qualitative understanding of the gate 

dependence in photoresponse. 

 

 

Figure 5.9: (a) Gate voltage dependent line scans of the short-circuit photocurrent (Isc) in the device On state 

(Vg = -1.5 V) and Off state (Vg = 0 V). Dashed vertical lines indicate the electrode edges. The device scheme 

is shown in the inset of (b) with the device center at x = 0. (b) Gate voltage map: Isc as a function of the gate 

voltage along the device x-axis. (c) In red shows the open-circuit voltage (VOC) as a fuction of gate voltage 

measured at x = 1.8 μm. Open circles in blue represent the Seebeck coefficient from sc-SWCNT measured 

by Small et al.[89] Adapted with permission from from [[88]]. Copyright 2014 American Chemical Society. 

Figure 5.9 shows the scanning photocurrent measurements conducted on suspended 

semiconducting CNTs by DeBorde et al. In their work, the gate dependence of the short-circuit 

photoresponse (photocurrent and photovoltage) Isc was studied. In a particular gate voltage 

regime (in the device On state), a strong photocurrent signal extending several micrometers into 

the metal contact was observed. The origin of this photoresponse was attributed to a 

photothermoelectric effect (PTE), as discussed in the following. In Figure 5.9a, the line profiles 

Isc(xlaser) for the device (inset in Figure 5.9b) are shown for the two gate conditions Vg = -1.5 V (On 

state) and Vg = 0 V (Off state) where the photocurrent is stronger in the On state and has an 

opposite polarity with respect to the Off state photoresponse. The complete gate voltage 

dependence of Isc along the length of the CNT is shown in the photocurrent map Isc(xlaser, Vg) in 
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Figure 5.9b. It was observed that the photocurrent distribution and the magnitude are different 

in the device On state and Off state. Further, a strong photocurrent at the CNT-metal contact in 

the On state was observed due to heating in both the CNT and the metal contact. In the Off state, 

however, the heating in the metal does not contribute to a photocurrent. Instead, the observed 

photocurrent was due to a built-in field assisted photovoltaic effect at the contacts (details of the 

Off state photocurrent are discussed in Chapter 2 Section 2.10). Since the On state photocurrent 

has contributions from metal and CNT, the discussion in this section is limited to the device ON 

state. Figure 5.9c shows the open-circuit voltage VOC when the laser spot is located at a distance 

of x = 1.8 μm (illumination of the metal electrode, and not the CNT). The photovoltage increases 

and has a peak at the threshold gate voltage Vg = 0 V, and plateaus at more negative voltages and 

is almost zero in the device Off state. In their work, DeBorde et al. refer to the work of Small et al. 

to confirm the measured photovoltages in their device correspond to a PTE effect. Small et al. 

reported on thermoelectric measurements on substrate-supported SWCNTs and determined an 

effective Seebeck coefficient (S) for p-type SWCNT (open circles in Figure 5.9c). The open-circuit 

voltage (VOC) and the temperature difference ΔT across the device is related by the following 

relation  𝑉𝑂𝐶 = 𝑆(𝑉𝑔)𝛥𝑇. The VOC measured (in red) by DeBorde et al. agrees with the data from 

Small et al.[89] In their devices, DeBorde et al. estimate a ΔT of 1 K. Therefore, the observed spatial 

extent (≈ several micrometers from the contact edge) of the photocurrent into the metal contact 

in the On state can be explained by PTE effect. 

  

Further deep into the On state (Vg < -3V), the additional polarity change (between x = -0.2 μm and 

x = 0.2 μm) observed is due to the spatially inhomogeneous doping across the CNT. This 

inhomogeneous doping is due to the band bending at the contacts in the On state. In the regions 

of CNT that are heavily doped (section of CNT in channel center) the Seebeck coefficient takes a 

smaller value and in the regions that are lightly doped (section of CNT at the contacts) the Seebeck 

coefficient is large. The open-circuit voltage for such an inhomogeneous system is given by the 

relation below. 

𝑉𝑂𝐶(𝑥𝑙𝑎𝑠𝑒𝑟) =  −∫𝑆(𝑥)
𝑑𝑇(𝑥, 𝑥𝑙𝑎𝑠𝑒𝑟)

𝑑𝑥
 𝑑𝑥 

 

 T(x, xlaser) is the profile of the temperature along the CNT as a function of laser position. For 

homogeneous Seebeck coefficient S(x), the net open-circuit voltage is zero. 
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Figure 5.10: Scanning photovoltage imaging under different gate polarities at 1500 nm with a device of 

10 μm channel length. (a,b) photovoltage maps under gate voltage -6 V shown in the linear and symlog 

scale. (c) corresponding phase map at -6 V. (d,e) photovoltage maps under gate voltage 7 V shown in the 

linear and symlog scale. (f) corresponding phase map at 7 V. 

 

Figure 5.10 shows the scanning photovoltage maps recorded at 1500 nm under a gate voltage and 

zero source-drain bias. The measured photovoltage is on the order of tens of microvolts and the 

maximum in the signal is observed near the electrodes. The corresponding phase of the signal at 

the gate voltages -6V and 7 V is shown in Figure 5.10c and Figure 5.10f. The magnitude of the in-

phase photovoltage and distribution near the electrodes are similar to that of the photovoltage 

maps discussed for the zero source-drain bias condition in Figure 5.6, where the measured 

photovoltages were attributed to a photothermoelectric effect. A similar photodetection 

mechanism therefore is also responsible for the measured photovoltages here under an applied 

gate voltage and zero S-D bias.  Furthermore, from the previous discussion on single-tube devices, 

one would expect the photovoltage to have different polarities near the electrodes for the two 

gate voltage conditions (that is, in the device On-state and Off-states). However, the measured 

photovoltage at the electrodes seems to be independent of the gate polarity thus indicating a very 

weak or no gate dependence of the gate voltage on the Seebeck coefficient of the nanotube film. 

In the single-tube semiconducting device, there is a clear device-off state, and therefore a sign 

change in the photocurrent for the gate voltages in the on-state and off-state (on/off ratio = 

approx. five orders) was observed. On the other hand, in CNT film device discussed here, the 

on/off ratio is less than one order (< 8) in the measured gate voltage range, the low on/off ratio is 

likely due to the presence of residual metallic tubes in the network as discussed previously in 

Section 5.2. Barkleid et al. investigated the photocurrent behavior in suspended metallic single-
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tube device with split gates.[74] The scanning photocurrent imaging in the p-n junction 

configuration showed a large spatial extent of the photocurrent, spanning entire nanotube length. 

Further, a complex gate-dependence with a six-fold sign change in the photocurrent was observed 

(similar to the case of graphene, Figure 2.12) when the laser was focussed at the p-n junction 

interface as a function of dual gate voltages.  

 

 

Figure 5.11: Scanning photocurrent imaging under different gate polarities at 1500 nm with a device of 

10 μm channel length. (a,b) photocurrent maps under gate voltage -6 V shown in the linear and symlog 

scale. (c) corresponding phase map at -6 V. (d,e) photocurrent maps under gate voltage 7 V shown in the 

linear and symlog scale. (f) corresponding phase map at 7 V. 

The Figure 5.11 shows the complementary scanning photocurrent maps measured at 1500 nm 

under the same gate voltage conditions and zero source-drain bias similar to the photovoltage 

maps discussed in Figure 5.10. The measured photocurrents are on the order of nA and are 

unipolar depending on the polarity of gate voltage. For a negative (positive) gate polarity, a 

negative (positive) photocurrent is recorded (see Figure 5.11a and Figure 5.11d). The magnitude 

of the in-phase photocurrent is on the same order for both the gate voltages and the maximum in 

the signal being detected at the electrodes. The corresponding phase of the signal is shown in the 

maps in Figure 5.11c and Figure 5.11f. In contrast to the photovoltage maps, the observed 

photocurrent has the same polarity in the channel and at the contacts. The dependence of the 

sign of the in-phase photocurrent on the gate voltage polarity is unexpected. The in-phase 

photocurrent under a gate voltage could likely have an origin in the capacitive photocurrent effect 

in the CNT device. In the CNT channel, the total capacitance has two contributions that are in 

series with each other (Figure 5.12): the back gate or the oxide capacitance (Cox) and the intrinsic 
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capacitance of the nanotube, also known as the quantum capacitance (Cq) that has its origin in the 

finite density of states (DOS) of SWCNTs. The gate oxide capacitance is dependent on the 

geometry, and the dielectric constant of the oxide layer. On the other hand, in the quantum 

system like nanotube with a limited density of states at the Fermi level, the addition of new 

charges would require additional energy to occupy the higher electronic states.[165] This would in 

turn result in a change in the total capacitance in the form of quantum capacitance. The quantum 

capacitance of the single-tube devices has been experimentally demonstrated by Ilani et al.[165] 

The total capacitance is given by the relation: 1/Ctot = 1/Cox + 1/Cq.  

 

 

        

Figure 5.12: Schematic side view of CNT device indicating the oxide and quantum capacitance 

 

Due to the local illumination and light absorption in the nanotube film, the charge carriers would 

hop on and off from the illuminated area and result in the change in the quantum capacitance of 

the film; resulting in an instantaneous change in the total device capacitance. Theses light-induced 

local carrier changes in the nanotube film are therefore detected as a capacitive photocurrent. 

The sign of this capacitive photocurrent is therefore dependent on the applied gate field direction. 

To detect a capacitive photocurrent, the nanotubes must be photoactive and should have an 

energy gap matching the energy of the incident light. 

 

In addition, the underlying silicon substrate can also contribute to a photocurrent signal by 

photogating effect (topic of the next section). However, in the present case, the incident 

wavelength is well above the silicon bandgap (> 1100 nm) and where there is only doping-

dependent free carrier absorption. Therefore, the silicon cannot contribute to photocurrent in this 

wavelength range. 
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5.6 Photogating in Silicon substrates 

In this section, under an applied gate voltage and source-drain bias the photoresponse in silicon 

substrate is reviewed. The light induced gating (photogating) that is commonly observed at the 

semiconductor-insulator interface (Si-SiO2) is described in the following. For the photogating 

effect to occur, first, silicon should be absorbing in the wavelength range of the measurement. 

Second, due to the modulation of incident light, an additional a.c gate voltage (δV) is generated 

because of the band bending at the interface, and an effective gate voltage (applied d.c + δV) is 

now experienced by the nanotube channel. Subsequently, the change in the current due to this 

light-induced gate modulation is then detected. 

 

Photogating is observed in silicon substrates under illumination when used as a back gate 

electrode in the field-effect transistor (FET) configuration. The photogating effect manifests as a 

background signal and has been previously reported on scanning photocurrent measurements of 

CNTFETs. In a CNTFET, the gate electrode modulates the current flow in the nanotube channel. In 

addition to the applied gate voltage, the light absorbed in silicon modifies the channel 

conductance. 

        

       Figure 5.13: Band bending in p-type silicon substrate (a) without illumination (b) under illumination 

Origin of photogating: At the interface of Si-SiO2, due to interface states, mobile ions and charges 

in the oxide, the bands in the silicon are bent at the interface. The direction of band bending in 

silicon depends on the type of doping. Figure 5.13 shows the band bending in p-type silicon. The 

light absorbed in silicon creates photoexcited carriers, and the e-h pairs are split by the built-in 

electric field at the interface. The trapped charges (electrons) at the interface modify the band 

bending as shown in Figure 5.13b. 

 

In Figure 5.13, the surface potential in as-fabricated p-type silicon substrate before the 

illumination is ϕS, and it changes from ϕS to ϕSµ under illumination due to the redistribution of 

carriers and subsequent trapping. The difference in the two potentials is measured as a surface 
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photovoltage ΔVPV. The magnitude of the measured photovoltage/photogating depends on the 

oxide thickness, level and type of doping in silicon. Higher doping levels lead to increased sub-gap 

free carrier absorption in silicon.[166] The electronic band bending/surface photovoltage at the 

SiO2/p-Si interface has been characterized using core-level X-ray photoelectron spectroscopy 

(XPS) and at the SiO2/p-Si interface, a downward band bending of -0.4 eV was reported.[167] 

 

Using scanning photocurrent measurements, Marcus and co-workers, first reported on the 

photogating effect in individual SWCNTs.[168] Sczygelski et al. later studied the photogating effect 

in CNT films.[164] Their main findings are discussed in the following. The photoresponse from 

photogating is dominant for the excitation wavelengths at and below the silicon bandgap 

(bandgap ≈ 1100 nm). At those wavelengths, the photoresponse was observed between the 

electrodes; within and outside of the SWCNT channel region. Outside the channel region where 

CNTs are not present, the photoresponse originates from photogating in silicon substrate and a 

negative photoresponse was measured. The silicon substrate was n-doped, and due to the excess 

carriers generated in silicon under illumination, holes are accumulated at the oxide-substrate 

interface, thus depleting the carriers in CNTs (the CNT film is p-doped in the ambient conditions). 

The large diffusion length (≈ 100 μm) of the minority carriers in n-Si resulted in a spatial extent of 

the photocurrent signal even in the regions without CNTs. In another study by P. B. Selvasundaram 

(PhD thesis), a background signal due to photogating in the photocurrent responsivity was 

observed for the above and sub-band gap excitation for both the 300 nm and 800 nm SiO2 

thicknesses in SiO2/p-Si substrate. The electrodes were bridged with a few tubes (< 10 tubes per 

μm width) using electric field assisted deposition. Replacing silicon with a sapphire substrate 

resulted in a photoresponse contribution from tubes alone and with no background signal from 

the substrate. 

 

In the study of Sczygelski et al., the photogating from the silicon substrate gets weaker moving 

away from the bandgap of silicon as the photoresponse follows the absorption coefficient trend 

in silicon (at 1100 nm, α > 1 cm-1 and at 1300 nm α < 0.1 cm-1, α is the absorption coefficient). 

However, the absorption spectrum of silicon is strongly modified by its doping density due to free 

carrier absorption and is very different compared to an undoped sample. Hence, silicon becomes 

absorbing at photon energies lower than the bandgap for highly doped samples.[169] In the work 

of P. B. Selvasundaram, a p-doped silicon substrate with resistivity less than 0.005 Ωcm was used, 

and the doping density at this value is between 1019 to 1020 cm-3, and the absorption coefficient 

due to corresponding free carrier absorption was between 100 – 1000 cm-1 in the wavelength 
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range 1100 nm – 2000 nm. The magnitude and spatial extension of the photogating effect 

depends not only on the wavelength-dependent absorption coefficient of silicon but also on its 

doping density. For lightly doped silicon, the lifetime of the carriers is long, and therefore the 

signal strength and spatial extension is also large (centimeters). On the other hand, in heavily 

doped Silicon substrate, the carrier lifetime is shorter, but still the effect is observed locally (up to 

several micrometers from the channel region).[119] 

 

In the CNT films prepared here on the p-doped silicon substrates, the resistivity of silicon is 0.05-

0.2 Ωcm, and the corresponding doping density is between 1017 to 1018 cm-3. The absorption 

coefficient due to the free carriers is then 1-10 cm-1 in 1100 nm – 2000 nm wavelength range. 

Hence, in addition to the CNTs, silicon is also photoactive at 1500 nm due to free-carrier 

absorption. To clearly quantify the individual contributions to the photoresponse from silicon 

substrate and CNT films separately, a device design modification would be required, for instance, 

making the electrodes wider (or reducing the width of the CNT film within the channel), this would 

then allow for the detection of photoresponse due to the substrate in the channel region where 

the CNTs are absent.  
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Chapter 6 Plamonic-photonic (PPhC) structures for light-matter 
enhancement in nanocarbon materials 
 

Introduction 

In Chapters 4 and 5, light detection from nanocrystalline graphite and carbon nanotubes were 

discussed. The complimentary light emission has also been demonstrated in the past.[18,37,170,171] 

However, as discussed in the preceding chapters, the intrinsic light-matter interaction of the 

nanocarbon materials (graphene and CNTs) is weak, and therefore for device applications, they 

must be integrated into optical or photonic crystal cavities. The integrated device architectures 

have been previously demonstrated for narrowband applications, where the photonic structure 

was tuned to a narrow wavelength band to match the emitter’s absorption or emission 

spectrum.[172,173] On the other hand, structures with multiple optical resonances are advantageous 

for applications involving photoactive materials with a distribution of optical transitions (for 

instance, CNT films with a diameter distribution in the network as discussed in Chapter 5). In this 

chapter, the discussion is based on the local enhancements in the so-called plasmonic-photonic 

crystals (PPhCs), which combine the plasmonic resonances and the photonic guided resonances. 

These hybrid plasmonic-photonic resonances span the visible and near-infrared frequencies. The 

PPhCs were previously employed for fluorescence detection in biomarker molecules.[103–105,174] In 

this chapter, first, the fabrication of PPhCs with different structural parameters (lattice-distance 

between air-holes) using electron-beam lithography is described. The enhancement in the Raman 

signal of graphene transferred on top of the PPhCs is then discussed. The nature of the plasmonic-

photonic resonances is understood from the complementary near-field and far-field simulations. 

 

 

 

Contribution: I have fabricated the plasmonic-photonic structures and performed the Raman 

measurements.
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6.1 Fabrication and design overview of PPhC structures 

In the following, the design and fabrication of the plasmonic-photonic structures (PPhCs) is 

described. For the design implementation, as a starting point, the structural parameters (air-hole 

diameter (d) and lattice-parameter (a)) were chosen from the work of Iwanaga et al. targeting the 

visible and near-infrared resonances. Iwanaga and co-workers have extensively investigated the 

fluorescence detection in biomarker molecules using PPhC structures.[103,105,174] The optical 

resonances in the PPhC structure can be tuned by varying either the air-hole diameter or the 

lattice parameter. In the present work, the air-hole diameter was fixed, and the lattice parameter 

was tuned for the visible and NIR resonances. As a function of increasing lattice parameter, the 

optical resonances are red-shifted in wavelength. The PPhC structures were fabricated on silicon-

on-insulator substrates. 

 

 

Figure 6.1: (a) Side view scheme of silicon-on-insulator (SOI) stack with 250 nm-Si/3000 nm-SiO2/p-Si SOI. 

(b) Side view scheme of the PPhC structure obtained by etching air-holes into the top silicon layer of the SOI 

stack followed by gold layer deposition. (c) Optical micrograph of the fabricated PPhC field. (d) SEM 

micrograph (top view) of the PPhC structure. The lattice distance is represented as a, and the air-hole 

diameter is represented as d. 

Figure 6.1a shows the side view scheme of the silicon-on-insulator (SOI) substrate. The SOI stack 

consisted of 250 nm p-Si/3000 nm-SiO2/p-Si. The plasmonic-photonic structures (PPhCs) were 

fabricated on the SOI stack using electron-beam lithography as described below. First, the 

proximity effect correction was implemented by adjusting the electron dose distribution in the 

photonic crystal design using Raith Nanosuite software. The proximity effect correction ensures 

that every point in the high-fidelity design receives a similar electron dose and therefore results 
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in precise control over the air-hole diameters in the fabricated photonic structures (see 

Figure 6.1d). For the e-beam lithography, a thick PMMA resist (Table 6.1) was spin-casted onto 

the SOI substrate, with the resist acting also as an etch mask for the subsequent silicon etching 

step. After the e-beam exposure, the resist was developed in a cold solution of MIBK and 

isopropanol in one part to three parts mixture and then soft baked at 90 °C on a hot plate for one 

minute. In the second step, silicon was etched in the regions defined by lithography by reactive 

ion etching (RIE) (see Table 6.1 for the etching recipe), and the resulting air-holes are 250 nm deep 

(see Figure 6.1b). In the third step, a 35 nm gold layer was deposited by electron beam 

evaporation. Finally, a 5 nm Al2O3 dielectric spacer was deposited using atomic layer deposition. 

Figure 6.1c shows the top view optical micrograph of a single PPhC field, several such fields with 

varying lattice distance (from 470nm to 590 nm in 30 nm step size) and fixed air-hole diameter 

(310nm) were fabricated in the same SOI substrate. Finally, graphene was transferred onto the 

fabricated PPhC. The graphene transfer was carried out in the group of Prof. Martin Kalbac, at the 

J.H Institute of Physical Chemistry, Prague. 

 

Table 6.1: Plasmonic-photonic structure fabrication parameters. 

 

 

 

 

 

 

 

 

 

 

 

Parameter Plasmonic-photonic 
structure 

PMMA resist 950k, A8.0, 8000 rpm 

E-beam litho. 30 kV proximity corr. 

Development cold (0 °C), MIBK:ISO 1:3 

PMMA Etch mask thickness ̴ 700 nm 

Silicon etching 
30sccm CHF3, 14sccm SF6, 

5sccm O2, 15mTorr, 
100W 

Etching time 3 minutes 

Au film deposition 2 nm Ti (0.003 nm/s), 
35 nm Au (0.06 nm/s) 

Al2O3 layer (ALD) 5nm Al2O3, 130°C 
TMA/H2O (83 cycles) 
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6.2 Description of PPhC resonances 

In this section, the qualitative nature of the near-infrared PPhC resonances is described by 

considering a PPhC structure with fixed air-hole and lattice diameter. An example of PPhC with 

resonances in the telecommunication spectral region is considered in the following. As it will be 

explained below, not all of the resonances can contribute to an enhancement near the top 

interface (where we would like to have an emitter) of the PPhC structure. The near-field 

simulations for this example were performed using COMSOL software by Aimi Abass at INT, KIT. 

 

Figure 6.2: (a) Calculated reflectance under normal incidence of the (SOI) stack with 250 nm-Si/3 µm-SiO2/p-

Si. (b) Calculated reflectance under normal incidence of the plasmonic-photonic structure (Figure 6.1b) with 

air-hole diameter 310 nm and lattice distance 560 nm. (c) Side view scheme showing one air-hole and the 

corresponding side view near field maps showing the regions of E-field enhancement at 785 nm, 1525 nm, 

and 1690 nm. The dashed red lines indicate the top and the bottom surface in the PPhC structure. 

 

The resonances in the PPhC structures can be understood from Figure 6.2 which summarizes the 

far-field and near-field wavelength-dependent optical response. The reflectance from a planar SOI 

stack is also shown for comparison. Figure 6.2a shows the calculated wavelength-dependent 

reflection under normal incidence in a multilayer planar SOI stack for the layer thicknesses 

described in Figure 6.1a. The dips in reflectance are due to the multiple reflections at SiO2–Si 

interfaces. On the other hand, nano structuring the SOI substrate strongly modifies the far-field 

reflection (see Figure 6.2b). In Figure 6.2b, the calculated reflectance under normal incidence in 
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a PPhC structure with the lattice distance of 560 nm and air-hole diameter of 310 nm is shown. It 

can be seen that the number of dips in the reflection are now reduced, and the dip near ≈ 1600 nm 

is now even stronger. Since the dips in reflection correspond to the localized light absorption in 

PPhC nanostructures, the absorption A is then related to reflection by, A = 100 - R% for the 

condition of zero transmission.[105] 

 

Indeed, the field enhancements due to the local absorption can be visualized from the near-field 

maps shown in Figure 6.2c. The schematic shows the side view (z-y slice) of a single air-hole. The 

side-view near-field enhancement profiles for the three resonance modes at 785 nm, 1525 nm, 

and 1690 nm are shown. The three modes have distinct local absorption in the structure, with the 

785 nm mode resulting in field enhancement within and above the air-hole, the 1525 nm mode 

resulting in the field enhancement at the corners (near the rim) of the top gold layer. In the 1690 

nm mode, the enhancement is near the corners of the bottom gold layer. The optical signal of a 

fluorophore/scatterer is enhanced when the incoming (excitation) or the outgoing 

(emission/scattering) wavelength is in resonance with one of the plasmonic-photonic modes. 

However, it should be noted that in the case of planar 2D scatterer like graphene, the modes from 

the bottom gold layer (that are 250 nm below the surface) can contribute only very weakly to a 

signal enhancement. Furthermore, the guided modes that are confined entirely to the silicon 

photonic crystal also cannot result in an enhancement at the surface. With this background on 

PPhC resonances, the Raman measurements of graphene on PPhC structures can be understood.  

6.3 Raman measurements  

The Raman spectra were measured using laser excitation lines 532 nm and 785 nm. Figure 6.3b 

shows the Raman spectrum of graphene on a PPhC structure under 785 nm excitation. The Raman 

spectra were acquired on PPhCs with different lattice parameters as described in section 6.1. The 

Stokes-shifted scattered wavelengths corresponding to the D, G and 2D peaks for the 532 nm and 

785 nm excitation are indicated in Table 6.2. The numerical aperture (NA) of the objective used 

was 0.85 (100x). The signal acquisition time was for 60 s. 
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Table 6.2: Stokes wavelengths corresponding to the Raman scattered light in graphene. 

 

 

 

 

 

Figure 6.3: (a) Raman spectrum of graphene on a PPhC with a = 590 nm, and d = 310 nm. (#) indicates the 

signal at different sites on the PPhC. (b) SEM image of the PPhC structure from the Figure 6.1d. (c) Raman 

spectrum of graphene on suspended graphene over a 2.5 μm wide trench. (d) Side-view scheme of the 

trench. (e) Raman spectrum of graphene on supported graphene Au-SOI stack. (f) Schematic of the planar 

stack. 

Figure 6.3 shows the Raman spectra for three different substrate configurations as described in 

the following. The corresponding substrate top view and side view schemes are shown next to the 

Raman spectra. The Raman spectrum on a representative PPhC with a lattice parameter of 590 nm 

and air-hole diameter of 310 nm is shown in Figure 6.3a. The prominent, D, G and 2D peaks 

signature of graphene are distinguished. In the PPhC structure (top view, Figure 6.3b), the Raman 

intensity in the regions of suspended (on the air-hole) and the supported (on flat metal, outside 

the air-hole) graphene can be very different. Therefore, the Raman signal for the suspended and 

supported graphene was measured independently: (i) by realizing a trench of 250 nm deep and 

Laser excitation D-peak G-peak 2D-peak 

532 nm 573 nm 581 nm 621nm 

785 nm 875 nm 896 nm 986 nm 
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2.5 μm wide in the SOI stack and depositing a 35 nm gold layer (see Figure 6.3d), the 

corresponding Raman spectrum of the suspended graphene layer from the trench is shown in 

Figure 6.3c. (ii) on the SOI substrate with Au layer on the top, where the graphene layer is 

supported on the substrate (Figure 6.3f), the corresponding Raman spectrum is shown in the 

Figure 6.3e. Inferring from the Figure 6.3c and Figure 6.3e, it can be concluded that the Raman 

signal is strongly enhanced in the case of suspended graphene while it is suppressed when the 

graphene is supported on the substrate. The suppressed signal in the supported case is expected 

since the graphene on gold layer is only weakly absorbing in the visible spectral region.[175] This 

implies that even in the case of PPhC structure, the regions outside the air-holes where the 

graphene is supported by the substrate should result in a signal suppression, while in the air-holes 

where the graphene is suspended should contribute to the enhancement.  

 

Figure 6.4: (a) Fill-factor (FF) normalized peak intensities of the D, G and 2D peaks as a function of lattice 

parameter for 532 nm laser excitation. The dashed lines indicate the corresponding peak intensities for the 

case of suspended graphene (Figure 6.3d). (b) Enhancement factor obtained after normalizing the FF-

normalized peak intensities with that of the suspended graphene. (c), (d) for 785 nm excitation. 

Therefore, a suitable reference must be considered while evaluating the enhancement factor from 

the PPhC structure to avoid overestimation of enhancement factors. Usually, a flat substrate like 

bare silicon is chosen as a reference, but this may always not be an appropriate reference due to 



 

114 
 

the strong signal suppression at the planar surface. Instead, in this work, the signal from the 

suspended graphene (trench signal) is chosen as a reference.  

 

Considering that only the air-holes contribute to the signal enhancement in the plasmonic 

structures, the peak intensities of D, G, and 2D peaks obtained from the plasmonic-photonic 

structures with different lattice parameters were normalized with their corresponding fill-factor 

of air-holes using the fill-factor for hexagonal lattice arrangement. In Figure 6.4a and Figure 6.4c, 

the fill-factor normalized peak intensities under 532 nm and 785 nm excitation are shown. The 

spread in the data of the individual peak intensities correspond to the data measured at multiple 

sites on the same plasmonic-photonic structure. The D, G and 2D peak intensities from the 

suspended graphene on a trench are shown by the dashed lines. By normalizing the fill-factor 

normalized peak intensities with the corresponding peak intensities from the suspended graphene 

the enhancement factors were obtained as shown in Figure 6.4b and Figure 6.4d. The 

enhancement in the Raman signal was observed for all the peaks and the signals were enhanced 

up to 30 times. Overall, the observed enhancement factors for all the Raman peaks show a weak 

lattice parameter dependence (Figure 6.4b and Figure 6.4d). On the other hand, the D peak in 

Figure 6.4d. can also have contribution from the defects introduced in graphene during the 

transfer process. To probe the independent contributions locally would require nanoscale 

mapping of Raman intensities on top of the air-hole and is unfortunately not possible in the 

current experimental setup. The signal enhancements in Figure 6.4a and Figure 6.4c can be 

understood by considering the far-field reflectance spectra of the PPhC structures. From the 

earlier discussion in section 6.2, the signature of the field enhancements due to the PPhC 

resonances is present in the reflectance spectrum. The simulated reflectance (simulation details 

are discussed in section 6.3) under normal incidence in the 500 nm – 1000 nm spectral region for 

different lattice parameters is shown in Figure 6.5. The reflectance spectra consist of multiple 

reflection dips, and the solid vertical lines shown in green and red at 532 nm and 785 nm indicate 

the laser excitation wavelengths, respectively. The corresponding D, G, and 2D wavelengths of the 

scattered light (see Table 6.1) are indicated in dashed vertical lines. The plasmonic-photonic 

modes in the reflectance spectrum near these wavelengths give rise to the observed 

enhancements in the Raman signal. Next, the observed local minima in the Raman peak intensities 

in Figure 6.4c near the 530 nm lattice parameter is discussed. For this lattice parameter, 

considering the reflectance dip at ≈ 900 nm in Figure 6.5c, one would expect a strong signal 

enhancement for the G and 2D peaks due to the sharp reflectance dip. However, the appearance 

of the minima in the Raman signals is not surprising since this effect is likely related to the large 
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NA objective used in the Raman measurements. A large NA objective was used in experiment to 

record Raman spectrum locally at multiple sites on the small area photonic fields (area ≈ 24 μm x 

24 μm). The reflection dips in Figure 6.5 too therefore will be blue-shifted with the increasing 

angle of incidence (condition of non-normal incidence).[176] For instance, in the reflectance spectra 

of SOI photonic structure with air-holes, a measured blue-shift of up to 30 nm was reported for 

around 18 degrees change in the angle of incidence.[177] See also discussion in Section 6.3.  

 

 

Figure 6.5: (a)-(e) Simulated reflectance spectrum of PPhCs under normal incidence for different lattice 
parameters. The solid vertical dashed lines indicate the 532 nm and 758 nm laser excitation and the dashed 
lines indicate the respective D, G and 2D Raman scattered light (see Table 6.1) 
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6.4 Simulations of PPhC 

From the previous section (Figure 6.3), it was understood that the suspended graphene near the 

air-hole should result in an enhancement whereas the supported graphene should result in a 

signal suppression. Indeed, the simulated electric-field in the near-field maps at the surface of the 

plasmonic-photonic structure confirms this.  

 

 

Figure 6.6: The near-field maps showing the electric-field distribution (E-field amplitude w.r.t the incident 

E-field amplitude) at the top of the plasmonic-photonic structure in the x-y plane (See also Figure 6.3b for 

the corresponding top view SEM image) for the structure with the 530 nm lattice parameter and the air-

hole diameter of 310 nm. The near-field maps under normal incidence in xz plane with p-polarization and 

incident electric field amplitude of 0.5 are shown for (a) laser excitation wavelength of 785 nm (b) at the D 

peak near 875 nm (c) at the G peak near 896 nm (d) at the 2D peak near 986 nm. (e) Reflectance of the 

plasmonic-photonic structure under normal incidence. The dashed lines indicate the laser excitation, D 

peak, G peak and the 2D peak, respectively. 
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The FDTD simulations were performed using the MEEP software package on a remote eight-core 

CPU by Juan Ramon at INT, KIT. From the simulations, the complementary near-field maps and 

the far-field reflectance spectra were obtained. As described previously, the maximum in the local 

field enhancements in the near-field maps is encoded in the far-field reflectance spectra. 

Figure 6.6 shows the representative near-field maps of the plasmonic-photonic structure with a 

lattice parameter of 530 nm and air-hole diameter of 310 nm. The near-field maps were obtained 

at the wavelengths of laser excitation, D-peak, G-peak, and 2D peaks (see Table 6.1) by plane wave 

illumination. The simulations were performed with a p-polarized plane wave source and the 

amplitude of the incident electric field in the simulation was 0.5. The maximum in the electric field 

with respect to the incident field is observed at the edges of the air-holes, while between the air-

holes (on the metal surface), the electric field is suppressed. This behavior is similar for excitation 

at the four wavelengths (See Figure 6.6a-d). The local field enhancement or absorption would 

mean a dip in the reflectance (R). The reflection dips corresponding to the laser excitation, D, G 

and 2D peaks are shown in Figure 6.6e as the dashed lines. The R dip near 900 nm is responsible 

for the D and G peaks. The R dip responsible for the 2D peak near ≈ 985nm is shallow compared 

to the other dips (at 785nm, D, G peaks) and therefore the corresponding near-field enhancement 

is reduced. The near-field maps for the photonic structures with other lattice parameters at the 

fixed air-hole diameter of 310 nm are shown in the Appendix A6. The near-field enhancements 

for different lattice parameters are in the same range as discussed for the example in Figure 6.6. 

 

Figure 6.7: Averaged electric field intensity at the top of the plasmonic-photonic surface for 785 nm laser 

excitation obtained by integrating the local electric field amplitude in the near-field maps (maps for a = 

530 nm are shown in Figure 6.6). The electric field is integrated over the entire area including the region 

between the air-holes. The normalized electric-field intensity as a function of lattice parameter is plotted 

for the laser excitation, and the product of laser excitation and (D, G, and 2D) peaks (see text for the 

description).  
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The Figure 6.7 shows the averaged electric field intensities on top of the plasmonic-photonic 

structure as a function of lattice parameter obtained by integrating the local electric field 

amplitude from the near-field maps. Since the total enhancement has two contributions: 

excitation and scattering, the product of electric-field intensities of the laser excitation and the 

excitation at wavelengths corresponding to the D, G and 2D peaks is shown in Figure 6.7. The near-

field maps for lattice distance a = 530 nm and air-hole diameter d = 310 nm are shown in 

Figure 6.6. The near-field maps for other lattice parameters are shown in Appendix A6. In the 

following, Figure 6.6 is considered to explain why the averaged electric field intensities in Figure 

6.7 may underestimate the actual enhancements from the PPhC structure discussed in 

Figure 6.4c. Though the near-field maps give the local E-field distribution, the direct comparison 

of the field enhancements with the measured enhancements is not meaningful because the near-

field maps are obtained under normal incidence whereas the Raman measurements were 

conducted using an objective with large numerical aperture (NA = 0.85). Therefore, the 

contribution from the non-normal incidence/excitation and the light scattered at large angles 

(angle-averaged) should also be incorporated into the simulations while calculating the overall 

enhancement factors. Furthermore, the simulated reflectance shown for normal incidence 

Figure 6.7e, in reality would result in a blue shift in the R-dips when measured with a high NA 

objective due to the non-normal incidence. Additionally, the excitation and scattering events must 

also be treated separately for the estimation of the overall enhancement factors. For instance, in 

the work of Yekani et al. the Raman scattered light from the graphene layer (1 nm above 

suspended Germanium substrate) was simulated by treating graphene as an in-plane dipole 

emitter radiating power into the upper half space.[62] On the other hand, for the excitation 

condition, a plane wave illumination was considered. The total enhanced signal therefore is the 

product of the two contributions. 
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Chapter 7 Summary 
 

The present work focused on the advancement of scanning near-infrared spectroscopy to 

investigate photodetection in nanocarbon materials. In the recent years, considerable efforts have 

been devoted to realize wafer scale in-situ synthesis and growth of nanocarbon and other 2D 

materials for optoelectronic device applications. In this work, nanocrystalline graphite (NCG) and 

single-walled carbon nanotube (SWCNT) networks were synthesized directly on dielectric 

substrates without involving intermediate transfer processes. The potential of nanocarbon 

materials for broadband near-infrared photodetection was explored by studying the local 

photoresponse behavior using scanning photocurrent spectroscopy. The setup was first optimized 

for acquiring near-infrared spatial photocurrent mapping. In NCG devices, to maximize broadband 

absorption in the near-infrared, the layer thicknesses of NCG and SiO2 were optimized by using 

the complementary light-field simulations. In SWCNT photodetection, the broadband NIR 

response was tailored by the diameter distribution of CNTs in the network. 

 

The specific findings from the near-infrared photodetection studies from the nanocarbon 

materials are summarized in the following. 

 

In Chapter 3, particular emphasis was laid on the scanning photocurrent experiment description. 

The following are the main improvements implemented in the scanning photocurrent setup: The 

setup was improved and optimized for conducting near-(NIR) to short-wavelength infrared (SWIR) 

scanning photocurrent imaging. The setup development included a concentric setup built-up to 

reduce thermal drifts due to the ambient temperature changes. The NIR supercontinuum light 

source spectrum after the acousto-optic tunable filter (AOTF) consisted of strongly wavelength-

dependent fine structures. The source spectrum was therefore calibrated by implementing a 

wavelength-specific intensity modulation to result in a smooth wavelength dependence. For 

diffraction-limited NIR photocurrent imaging, the chromatic aberration of the setup was corrected 

for the NIR wavelengths, resulting in axial chromatic focus shifts up to 60 μm.  

 

In Chapter 4, spectrally-flat broadband photodetection in the near- to short-wavelength infrared 

was realized with transfer matrix simulation optimized nanocrystalline graphite on SiO2/Si 

substrates. Up to 60% of the incident light is absorbed in the thickness optimized NCG layer in the 

1100 nm – 2100 nm spectral region. under a source-drain bias, entire channel region was 

photoactive, and the photodetection mechanism was attributed to heating-induced bolometric 
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effect in the NCG. The measured flat intrinsic responsivity was not only limited to the above 

wavelength range and can be extended to other parts in the electromagnetic spectrum by suitably 

adjusting the layer thickness of NCG and SiO2. The spectrally flat optimization was possible 

because of the absorptance of graphite is wavelength-independent up to 30 nm thickness (≈ 87 

layers). Compared to previous works with thin NCG, the bolometric photoresponse at low source-

drain bias is nearly two orders of magnitude larger. Further improvements in the responsivity can 

be easily realized by device modifications as described in the outlook section below. 

 

In Chapter 5, the large-area, large-diameter SWCNTs networks grown directly on the SiO2/p-Si 

substrate with a diameter distribution tuned for NIR light absorption were investigated. Since 

single-tube devices have a very weak absolute absorption, networks or films are required to boost 

the absorption for practical photodetection applications. The diameter distribution and the 

electronic type of the SWCNTs in the network were studied by multi-wavelength Raman 

spectroscopy using the radial breathing mode (RBM) frequency; a diameter distribution of 1.1 nm 

– 2.1 nm was confirmed from the Raman data analysis. The Raman spectra show an enrichment 

of the semiconducting-SWCNTs in the network, with a signature of metallic-SWCNTs still being 

detected. The spatial photocurrent and photovoltage distribution, with a nearly-flat spectral 

response, indicate a photothermoelectric origin of the zero-bias photoresponse. The spectral 

response in the 1100 nm – 1800 nm spectral region confirms the broad E11 peak expected for a 

broad-diameter distribution of the SWCNTs in the network. These SWCNT networks are, 

therefore, suitable for broadband NIR photodetection. The metallic content and the tube-tube 

junctions in the CNT networks could limit the photodetection efficiency. The aligned SWCNT 

networks, however, would further enhance the photoresponse as the intertube junctions are 

minimized, and further, a polarization-dependent photoresponse could be tailored. 

 

In the chapter 6, plasmonic-photonic (PPhC) structures with optical resonances in the visible and 

near-infrared spectral region are described. By adjusting the structural parameters of the PPhC 

structure; lattice parameter and air-hole diameter, the spectral position of the resonances was 

tuned for the enhancements in vis-NIR spectrum. The near-field local enhancements and the far-

field reflectance of the resonances were investigated using complementary near-field and far-field 

FDTD simulations. The Raman enhancement of graphene transferred on the PPhC structures was 

then studied using multi-wavelength laser excitation. The enhancement factors up to 30 were 

reported. 
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In conclusion, the results described in the above chapters show that by tailoring the optical 

properties of nanocarbon materials the photoresponse can be optimized for braodband detection 

in the near-infrared spectral region. The scanning photocurrent technique is advantageous as the 

photocurrent generation mechanisms can be directly deduced from the local photocurrent 

distribution. Furthermore, the technique is particularly useful in characterizing substrate-

supported CNT networks (directly grown) that are otherwise difficult to characterize by absorption 

spectroscopy due to the strong signal domination from the underlying substrate. By extending the 

photocurrent spectroscopy to the visible spectral region, the full absorption spectrum of the CNT 

networks can therefore be reconstructed. 

 

Outlook and Future work 

 

For optoelectronic applications, devices from nanocrystalline graphite have the following 

advantages over some of the 2D materials discussed in Table 4.2; large photoactive device areas, 

ease of large-scale fabrication, thickness-controlled growth on desired substrates, and use of non-

toxic materials. However, a few important challenges still have to be addressed to make the NCG 

devices marketable and competitive to the current state-of-the-art infrared detectors, including 

the improvements in photoresponsivity and detection of low light signals. 

The local electric field determines the bolometric response as discussed in connection to 

Figure 4.6, and the response is dominated by the regions of high resistance, implying that the 

device design and geometry influences the photodetection performance. The bolometric 

response can be maximized in the center of the channel region, away from the metal electrodes, 

by creating a bow-tie-shaped channel. The applied source-drain bias would then drop mainly 

across the narrow region of the NCG channel rather than at the wide NCG-metal contacts. Riaz et 

al. realized such a structure to maximize the photocurrent from the NCG in the channel 

constriction.[37] Further improvements in the photoresponsivity can be achieved by suspending 

the NCG layer. As shown in the Figure A7 (see Appendix) suspending NCG in a gold back reflective 

geometry would result in near unity absorptance in a very wide spectral range. Besides, the 

thermal sinking to the substrate can be reduced and a high ΔT in the NCG film can be reached. 

As described in chapter 4, the detectivity of NCG is rather very low when compared to the other 

NIR detectors, it is on the order of 106 Jones. Therefore, for the detection of low light signals the 

detectivity of NCG devices is insufficient.  
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𝐷∗ = −
𝛼 ∙ 𝑡

𝑙
√

𝑉

2 ∙ 𝑞 ∙ 𝑡 ∙ 𝜌
 

 

The specific detectivity D* can be expressed in terms of NCG properties (resistivity ρ and 

temperature coefficient of resistance α) and device parameters (thickness t and channel length l). 

By tuning the NCG parameters suitably and/or increasing the bias voltage V, an enhancement in 

the detectivity appears feasible (See Appendix A7 for derivation of detectivity). 
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Appendix 

A1 Transfer Matrix Methods 

 

Figure A1: (a) Multilayer dielectric stack system with the light propagation in X-Z plane and the 

corresponding refractive indices of each layer are indicated. (b) Reflection and transmission at the interface 

Xi. (c) light propagation within a layer of a certain thickness and refractive index. Adapted from [[178]]. 

 

Transfer Matric Method (TMM) is an indispensable tool to calculate the light propagation in a 

stratified medium. The total reflectance and transmittance in the multilayer stack system can be 

estimated from the layer thicknesses in the stack and the wavelength-dependent complex 

refractive index of each layer. In TMM, the stratified medium is treated as an optical system where 

the electric and magnetic field components at the incident layer are related to the field 

components at the final layer through a cascade of matrices that contain information about the 

light propagation in the individual layers and at the layer interfaces.[178],[179] Figure A1 shows the 

x-z view of the multilayer structure, where the x-axis is the normal to the interfaces between the 

layers that are in turn parallel to the y-z plane. The multilayer structure consists of individual layers 

with thickness d and complex refractive index denoted by n, where di and ni denote the thickness 

and refractive index of the layer i, and the position of the interface between the layers i and i+1 is 

denoted by Xi. The Xi+1 – Xi gives the layer thickness di. In the Figure A1, the wavevector of the 

incident light lies only in the x-z plane with the y-component (ky) being zero. Since the incident 

wave can be defined with two orthogonal polarizations TE (s-wave) or TM (p-wave), in the 

following section, the discussion here is restricted to the TE case, that is when the electric field is 

parallel to the layer interface. The electric field in each layer can be expressed in terms of its 

amplitude (Eq. A1.1) and all the forward propagating waves in the positive x-direction have the 

same sign and form a plane wave. The same holds for the backward propagating waves in the 
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negative x-direction. The total electric field in a layer can thus be expressed as a summation of 

amplitudes/complex amplitude of forward (FP) and backward (BP) propagating waves. 

 𝐸(𝑥, 𝑦, 𝑧) = 𝐴𝐹𝑃𝑒
−𝑗(𝑘𝑥,𝑖𝑥+𝑘𝑧𝑧) + 𝐴𝐵𝑃𝑒

−𝑗(−𝑘𝑥,𝑖𝑥+𝑘𝑧𝑧) (A1.1) 
 

 = 𝐸𝐹𝑃(𝑥)𝑒
−𝑗(𝑘𝑧𝑧) + 𝐸𝐵𝑃(𝑥)𝑒

−𝑗(𝑘𝑧𝑧) (A1.2) 

 

In the relation A1.1, the x-component of the wavevector ki in the layer i is denoted by kx,i and is 

given by,  

 𝑘𝑥,𝑖 = √[(𝑛𝑖𝑘0)
2 − 𝑘𝑧

2] 

 

(A1.3) 

In equation (A1.2), i = 0,1,2..N and 𝑘0 = (
𝜔

𝑐0
), where ω is the frequency, and c0 being the speed of 

light in vacuum. Due to the boundary conditions (phase is continuous at the boundary x = 0) and 

the resulting relationship between the field amplitudes of incident, reflected and transmitted 

waves at the interfaces, kz thus remains constant. At a given z, the complex electric fields before 

the first interface (X0) and behind the last interface (XN-1) in the multilayer stack are related via. 

the full transfer matrix in the following way.  

 

 
[
𝐸𝐹𝑃(𝑥0

−)

 𝐸𝐵𝑃(𝑥0
−)
] = 𝑇0𝑁  [

𝐸𝐹𝑃(𝑥𝑁−1
+ )

 𝐸𝐵𝑃(𝑥𝑁−1
+ )

] =  [
𝑇11
0𝑁  𝑇12

0𝑁

𝑇21
0𝑁  𝑇22

0𝑁] [
𝐸𝐹𝑃(𝑥𝑁−1

+ )

 𝐸𝐵𝑃(𝑥𝑁−1
+ )

] 

 

(A1.4) 

The transfer matrix for the complete multilayer stack can be decomposed into the following two 

building blocks (i) transfer matrix at an interface and (ii) transfer matrix for the wave propagation 

within the layer. Transfer matrices are thus calculated for every layer and every interface and their 

product is the resultant full matrix of the multilayer stack. Figure A1-b shows the wave 

propagation through an interface between layer i and layer j, and the complex electric fields 

amplitudes of the waves propagating in the forward and backward direction on the either side of 

the interface (Xi) can be understood by the following relation.  

 
[
𝐸𝐹𝑃(𝑥𝑖

+)

 𝐸𝐵𝑃(𝑥𝑖
−)
] = [

𝑡𝑖𝑗     𝑟𝑖𝑗
𝑟𝑖𝑗   𝑡𝑗𝑖

] [
𝐸𝐹𝑃(𝑥𝑖

−)

 𝐸𝐵𝑃(𝑥𝑖
+)
] 

 

(A1.5) 

In the relation, t and r are the complex transmission and reflection coefficients (from the Fresnel 

equations[180]), and for the case of TE polarization they are described as 

 

 
𝑟𝑖𝑗 = 

 𝐸𝐵𝑃(𝑥𝑖
−)

𝐸𝐹𝑃(𝑥𝑖
−)

=  
𝑘𝑥
𝑖 − 𝑘𝑥

𝑗

𝑘𝑥
𝑖 + 𝑘𝑥

𝑗
 

 

(A1.6) 
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𝑡𝑖𝑗 = 

 𝐸𝐹𝑃(𝑥𝑖
+)

𝐸𝐹𝑃(𝑥𝑖
−)
= 1 + 𝑟𝑖𝑗 = 

2𝑘𝑥
𝑖

𝑘𝑥
𝑖 + 𝑘𝑥

𝑗
 

(A1.7) 

 

The Fresnel equations in terms of the refractive indices and angle of incidence are given by, 

 

 
𝑟𝑖𝑗 = 

 𝐸𝐵𝑃(𝑥𝑖
−)

𝐸𝐹𝑃(𝑥𝑖
−)

=  
𝑛𝑖 cos 𝜃𝑖 − 𝑛𝑗 cos 𝜃𝑗

𝑛𝑖 cos 𝜃𝑖 + 𝑛𝑗 cos 𝜃𝑗
 

 

(A1.8) 

 

 
𝑡𝑖𝑗 = 

 𝐸𝐹𝑃(𝑥𝑖
+)

𝐸𝐹𝑃(𝑥𝑖
−)
= 1 + 𝑟𝑖𝑗 = 

2𝑛𝑖 cos 𝜃𝑖
𝑛𝑖 cos𝜃𝑖 + 𝑛𝑗 cos𝜃𝑗

 
(A1.9) 

 

Using the Fresnel equations (eq. A1.8 & eq. A1.9) and rewriting the eq. A1.6 results in the following 

relation for backward and forward propagating waves. 

 

 
 

[
𝐸𝐹𝑃(𝑥𝑖

−)

 𝐸𝐵𝑃(𝑥𝑖
−)
] =

[
 
 
 
 
1

 𝑡𝑗𝑖
             −

𝑟𝑖𝑗

 𝑡𝑖𝑗
  

𝑟𝑖𝑗

 𝑡𝑖𝑗
      𝑡𝑗𝑖 −

𝑟𝑖𝑗

 𝑡𝑖𝑗
𝑟𝑗𝑖
]
 
 
 
 

 [
𝐸𝐹𝑃(𝑥𝑖

+)

 𝐸𝐵𝑃(𝑥𝑖
+)
] 

(A1.10) 

 

From the symmetry relations (eq. A1.11 and eq. A1.12) of the Fresnel equations, the eq. A1.10 can 

be simplified and is expressed in eq. A1.13  

 𝑟𝑖𝑗 = − 𝑟𝑗𝑖  (A1.11) 

 

 𝑡𝑖𝑗𝑡𝑗𝑖 − 𝑟𝑖𝑗𝑟𝑗𝑖 =  1 (A1.12) 

 

 
[
𝐸𝐹𝑃(𝑥𝑖

−)

 𝐸𝐵𝑃(𝑥𝑖
−)
] =

1

 𝑡𝑗𝑖
 [
 1    𝑟𝑖𝑗
𝑟𝑖𝑗   1

] [
𝐸𝐹𝑃(𝑥𝑖

+)

 𝐸𝐵𝑃(𝑥𝑖
+)
] 

(A1.13) 

 

 

The transfer matrix through the interface can be thus described by eq. A1.14 

 

 
𝑇𝑖𝑗 =

1

 𝑡𝑗𝑖
 [
 1    𝑟𝑖𝑗
𝑟𝑖𝑗   1

] 
(A1.14) 

 

Having described the transfer matrix for the interface, the next step involves the construction of 

the matrix for the wave propagation inside a layer. In Figure A1-c, at a given z, the amplitudes for 
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the forward and backward traveling waves in the layer i at positions Xi-1 and Xi are related through 

the following relations. 

 
 

𝐸𝐹𝑃(𝑥𝑖
−) =  𝐸𝐹𝑃(𝑥𝑖−1

+ )𝑒−𝑗𝑘𝑥,𝑖𝑑𝑖 (A1.15) 

 

 

The corresponding transfer matrix for the wave propagation through the layer can be obtained 

using the relation A1.17. 

 
𝑇𝑖 = [

𝑒𝑗𝜙𝑖        0
0      𝑒−𝑗𝜙𝑖

] 
(A1.17) 

 

Where, 𝜙 = 𝑘𝑥,𝑖𝑑𝑖 is a complex quantity and can be expressed as, 

 

 
𝜙𝑖 = 𝑘𝑥,𝑖𝑑𝑖 = 

2𝜋

𝜆0
𝑛𝑖𝑑𝑖 cos𝜃𝑖  

(A1.18) 

 

The complete transfer matrix for the layers in the multilayer structure in Figure A1-a can now be 

described using the equation A1.19. 

 
 [

𝐸𝐹𝑃(𝑥0
−)

 𝐸𝐵𝑃(𝑥0
−)
] = 𝑇0𝑁  [

𝐸𝐹𝑃(𝑥𝑁−1
+ )

 𝐸𝐵𝑃(𝑥𝑁−1
+ )

]

=  [
𝑇11
0𝑁  𝑇12

0𝑁

𝑇21
0𝑁  𝑇22

0𝑁] [
𝐸𝐹𝑃(𝑥𝑁−1

+ )

 𝐸𝐵𝑃(𝑥𝑁−1
+ )

] 

(A1.19) 

 

With  𝑇0𝑁 expressed as, 

 𝑇0𝑁 = 𝑇01𝑇1𝑇12𝑇2… . 𝑇𝑁−1𝑇(𝑁−1)𝑁  (A1.20) 

   

Equation A1.20 represents the matrix formalism for the wave propagation in a multilayer system. 

Since the incident wave is only in one direction (positive x) and there is incoming light from the 

right side of the stack, that is  𝐸𝐵𝑃(𝑥𝑁−1
+ ) = 0. Hence the equation A1.19 reduces to the following. 

 
 

[
𝐸𝐹𝑃(𝑥0

−)

 𝐸𝐵𝑃(𝑥0
−)
] = 𝑇0𝑁  [

𝐸𝐹𝑃(𝑥𝑁−1
+ )
0

]

=  [
𝑇11
0𝑁  𝑇12

0𝑁

𝑇21
0𝑁  𝑇22

0𝑁 ] [
𝐸𝐹𝑃(𝑥𝑁−1

+ )
0

] 

(A1.21) 

 

The matrix formalism in eq. A1.21 results in two equations with two unknowns (𝐸𝐹𝑃(𝑥𝑁−1
+ )  and 

 𝐸𝐵𝑃(𝑥0
−)). And for an arbitrary stack of multi-layers the amplitude reflection and transmission 

coefficients can be calculated using the relations described in equations A1.8 and A1.9. 

 

 𝐸𝐵𝑃(𝑥𝑖−1
+ ) =  𝐸𝐵𝑃(𝑥𝑖

−)𝑒−𝑗𝑘𝑥,𝑖𝑑𝑖 (A1.16) 
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𝑟 =  

 𝐸𝐵𝑃(𝑥0
−)

𝐸𝐹𝑃(𝑥0
−)

=  
𝑇21
0𝑁  

𝑇11
0𝑁   

(A1.22) 

 

 
𝑡 =  

𝐸𝐹𝑃(𝑥𝑁−1
+ )

𝐸𝐹𝑃(𝑥0
−)

=
1

𝑇11
0𝑁  

(A1.23) 

 

From the above reflection and transmission coefficients, the reflected and transmitted (R and T) 

power coefficients can be calculated from the Poynting vector. The Poynting vector (S) is defined 

as the net energy in a given volume that propagates through a given area at a certain time and 

has the units Watts/m2. The real part of the Poynting vector gives the power density of the forward 

or backward propagating plane wave in a given layer and is given by eqns. A1.24 and A1.25. 

 
𝑺 = 𝑬 ×𝑯 = 𝑬 ×

𝑩

𝜇0
 

(A1.24) 

  

〈𝑃(𝑥)〉 = 𝑅𝑒(𝑆(𝑥)) 

 
(A1.25) 

 

From 𝐸 = 𝑐𝐵, where 𝑐 =
𝑐0

𝑛
, and 𝑐0 = 

1

√𝜇0𝜖0
 and the free-space impedence 𝑍0 = √

𝜇0

𝜀0
, the time 

averaged power density can be expressed as[181] 

 
〈𝑃(𝑥)〉 = 𝑅𝑒(𝑛)

|𝐸(𝑥𝑖)|
2

2𝑍0
 

(A1.26) 

 

The power density parallel to the layers is given by, 

 
〈𝑃(𝑥)∥〉 = 𝑅𝑒(𝑛) cos 𝜃𝑖

|𝐸(𝑥𝑖)|
2

2𝑍0
 

(A1.27) 

 

Next, the local absorption in given layer at a given depth can be calculated in terms of the energy 

density (power per volume), which can also be expressed in the multiples of incoming power 

density (power per area), this ratio would then result in absorptance or the absorbed energy 

density in units of 1/length:[181] 

 
𝛼(𝑥) =

|𝐸(𝑥𝑖)|
2𝐼𝑚(𝑛 cos𝜃𝑖)𝑘𝑥,𝑖

𝑅𝑒(𝑛0 cos 𝜃0)
 

(A1.28) 
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A2.1 Photoresponse of thin NCG film (under a source-drain bias) 

 

 

 

Figure A2.1: Scanning photocurrent imaging at -0.25 V source-drain bias. (a-k) Measurements taken 

between 1100 nm and 2100 nm wavelength with a device with 11 nm NCG layer thickness and 5 μm channel 

length. (l) Scanning reflectance images were recorded simultaneously, here shown at 1500 nm during the 

photocurrent scan. The reflectance data were superimposed on the photocurrent maps in (a-k) as grey 

shaded areas to indicate the position of the electrodes. 



 

141 
 

A2.2 Photoresponse of thin NCG film (short-circuit condition) 

 

Figure A2.2: Scanning photocurrent imaging under short-circuit conditions. (a-k) Measurements taken 

between 1100 nm and 2100 nm wavelength with a device with 11 nm NCG layer thickness and 5 μm channel 

length. (l) Scanning reflectance images were recorded simultaneously, here shown at 1500 nm during the 

photocurrent scan. The reflectance data were superimposed onto the photocurrent maps in (a-k) as grey 

shaded areas to indicate the position of the electrodes. 
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A2.3 Spectroscopic analysis of thin NCG film) 

 

 
Figure A2.3: Spectroscopic analysis. (a) Integrated photocurrent obtained from the scanning photocurrent 

maps in Figure A2.1 of the 11 nm thick NCG device. (b) Calibrated power spectrum measured after 

wavelength-specific intensity adjustment of the supercontinuum light source by the AOTF. (c) Extrinsic 

photoresponse from the normalization of the integrated photocurrent with the power spectrum. (d) 

Intrinsic photoresponse from the normalization of the extrinsic photoresponse with the graphite 

absorptance. 
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A3 Simulation result from solving the continuity equation for the bolometric photocurrent 

 

 
Figure A3: Simulation result from solving the stationary continuity equation of the bolometric photocurrent 

in 2 dimensions with a finite element method (FEM) solver shown here for a 10x10 lattice. The top/bottom 

and left/right boundaries fulfill Dirichlet and Neumann conditions, respectively. The observed enhancement 

and reduction of the photocurrent at the boundaries are similar to what has been observed by Darwish et 

al., Org. Electron. 2018, 62, 474–480. The graph to the right shows that summing up the photocurrents IPC
loc 

calculated for raster scanning the illumination spot is equivalent to the photocurrent IPC
glob for global 

illumination, if the difference between ρlight and ρdark, the resistivity with and without illumination, 

respectively, is small.  
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A4 Raman spectroscopy of CNT networks 

 

 
 

Figure A4: Multi-wavelength Raman spectra of the CNT networks. The measurements were performed by 

Dr. Feng Zhang in the group of Prof. Chang Liu at IMR, China. 
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A5 Scanning photocurrent maps of CNT device with 5 μm channel length 

 

 

Figure A0.1: Scanning photocurrent imaging under short-circuit conditions. (a-e) Measurements taken 

between 1200 nm and 1700 nm wavelength with a device of 5 μm channel length. The reflectance data are 

superimposed onto the photocurrent maps in (a-e) as grey shaded areas to indicate the position of the 

electrodes. 
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A6 Near-field maps of PlasPhCs with different lattice parameters at laser, D, G and 2D excitation 

 

a = 470 nm 

 

a = 500 nm 
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a = 560 nm 

 

a = 590 nm 
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A7 Strategies for responsivity and detectivity improvement 

 

 

 

 

 

 

 

 

 

 

 

Figure A7: (a) calculated absorptance (in green) shown for the stack in (b). 

 

Low light level detection 

The strategies towards improving the detectivity are discussed in the following. The bolometric 

current density 𝑗 expressed in terms of the temperature coefficient of resistance (𝛼), resistivity 

(𝜌) as described in eq. 4.1 (chapter 4) is given by, 

𝑗 =  −
𝛼

𝜌
∙ ∆𝑇 ∙ 𝐸 

∆𝑇 is the light induced temperature change and can be expressed in terms of optical power 𝑃 and 

channel area (length 𝑙 x width 𝑤). Electric field 𝐸 can be expressed in terms of voltage 𝑉 and 

channel length. The bolometric current density 𝑗 is related to the current 𝐼 and the film 

thickness t,. 

𝐼 = 𝑗 ∙ 𝑤 ∙ 𝑡 

𝐼 = −
𝛼

𝜌
∙ ∆𝑇 ∙ 𝐸 ∙ 𝑤 ∙ 𝑡 

𝐼 = −
𝛼

𝜌
∙
𝑃

𝑤 ∙ 𝑙
∙
𝑉

𝑙
∙ 𝑤 ∙ 𝑡 

Photoresponsivity 𝑅 in terms of current (I) and incident power (P) can be expressed as,  

𝑅 =  
𝐼

𝑃
=  −

𝛼

𝜌
∙
𝑉

𝑙2
∙ 𝑡   

𝐴 = 𝑙 ∙ 𝑤 

Dark current 𝐼𝑑 in the device is given by, 
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𝐼𝑑 =
𝑉

𝑅𝑑
=

𝑉

𝑅𝑠 ∙
𝑙
𝑤

 

Now, making use of the above relations to express the detectivity 𝐷∗ in terms of the device 

parameters and film properties. 

𝐷∗ = 𝑅 ∙ √
𝐴

2 ∙ 𝑞 ∙ 𝐼𝑑
 

 

The sheet resistance is given by, 𝑅𝑠 =
𝜌

𝑡
 

𝐷∗ = −
𝛼

𝜌
∙
𝑡

𝑙
∙ √
𝑅𝑠 ∙ 𝑉

2𝑞
 

𝐷∗ = −
𝛼 ∙ 𝑡

𝑙
√

𝑉

2 ∙ 𝑞 ∙ 𝑡 ∙ 𝜌
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Figure 4.10: Spectroscopic analysis. (a) Integrated photocurrent obtained from the scanning photocurrent 

maps in Figure 3 of the 24 nm thick NCG device. (b) Calibrated power spectrum measured after 

wavelength-specific intensity adjustment of the supercontinuum light source by the AOTF. (c) 

Extrinsic photoresponse from the normalization of the integrated photocurrent with the power 

spectrum. (d) Intrinsic photoresponse from the normalization of the extrinsic photoresponse with 

the graphite absorptance. ------------------------------------------------------------------------------------------------- 78 

Figure 4.11: (a) Local absorption, (b) Poynting vector, and (c) resulting absorptance in the graphite layer 

versus the graphite layer thickness at 1550 nm wavelength. (d) Bolometric photocurrent (Iphoto) and 

dark current (Idark) measured for 11nm-NCG and 24nm-NCG devices (dots) with extrapolations based 

on simulation data from (c) and the measured resistivities. ----------------------------------------------------- 81 

Figure 5.1: Fabrication and characterization of CNT devices. (a) SEM micrograph of CNT film on SiO2/Si 

substrate. Scale bar equals 2 μm. (b) Optical micrograph of CNT devices on 300nm-SiO2/Si substrates 

with different channel lengths. Scale bar equals 10 μm. Inset shows a cross-sectional view with the 

Pd source (S) and drain (D) electrodes. (c), (d) Raman spectra of CNT/300nm-SiO2/Si. ------------------ 86 

Figure 5.2: The calculated optical resonances ΔE = Eii for SWCNTs in the 100 – 220 cm-1 frequency range. 

The Eii versus ωRBM (Kataura plot) was calculated using the equations presented in the work of Araujo 

et al.134 The solid lines in color indicate the Elaser used in the Raman measurements and the narrow 

color strips correspond to the respective width of the resonance region (Elaser ± 0.06) eV. The grey 

shaded region represents the laser excitation energies in the photocurrent experiment. The vertical 

dashed lines correspond to the measured radial breathing mode frequency region of the SWCNT 

network. ------------------------------------------------------------------------------------------------------------------------ 87 

Figure 5.3: RBM data from Araujo et al. shown in open circles.154 The RBM frequency range (105 - 200 cm-

1) of the SWCNT film (from Figure 5.2) is mapped here as the dashed horizontal lines, and the 

corresponding vertical lines indicate the diameter range in the film. ----------------------------------------- 88 

Figure 5.4: Electrical characterization of the SWCNT devices. (a)-(c) Transfer characteristics. (d) current -

voltage (Isd-Vsd) characteristics with no applied gate voltage. --------------------------------------------------- 90 

Figure 5.5: Scanning photocurrent imaging under short-circuit conditions. (a-k) Measurements taken 

between 1200 nm and 1800 nm wavelength with a device of 10 μm channel length. (l) Scanning 

reflectance images were recorded simultaneously, here shown at 1550 nm during the photocurrent 

scan. The electrode with current amplifier and grounded electrode are indicated. The reflectance 

data are superimposed onto the photocurrent maps in (a-k) as grey shaded areas to indicate the 

position of the electrodes. ------------------------------------------------------------------------------------------------- 92 
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Figure 5.6: Scanning photocurrent and photovoltage imaging under short-circuit conditions at 1500 nm of 

the 10 μm device. (a-b) Photocurrent maps in linear and log scale, respectively. (c) Phase of the 

photocurrent signal. (d-e) Scanning photovoltage image in linear and log scale. (f) Phase of the 

photovoltage signal. --------------------------------------------------------------------------------------------------------- 94 

Figure 5.7: Spectroscopic analysis of the 10 μm device in short-circuit conditions. (a) Integrated 

photocurrent obtained from the scanning PC maps in Figure 5.5. The absolute quantity of the 

positive and negative real photocurrents is shown. (b) Calibrated source spectrum. (c,d) Extrinsic 

photocurrent obtained after the normalization of the integrated photocurrent with the source 

spectrum in (b). --------------------------------------------------------------------------------------------------------------- 96 

Figure 5.8: Scanning photocurrent imaging under a source-drain bias at 1300 nm and 1500 nm with a 

device of 10 μm channel length. The reflectance data were superimposed onto the photocurrent 

maps as grey shaded areas to indicate the position of the electrodes. (a-c) at 1300 nm with Vsd = -

0.3V, 0V and 0.3V. (d-f) at 1500 nm with Vsd = -0.3V, 0V and 0.3V. -------------------------------------------- 97 

Figure 5.9: (a) Gate voltage dependent line scans of the short-circuit photocurrent (Isc) in the device On 

state (Vg = -1.5 V) and Off state (Vg = 0 V). Dashed vertical lines indicate the electrode edges. The 

device scheme is shown in the inset of (b) with the device center at x = 0. (b) Gate voltage map: Isc as 

a function of the gate voltage along the device x-axis. (c) In red shows the open-circuit voltage (VOC) 

as a fuction of gate voltage measured at x = 1.8 μm. Open circles in blue represent the Seebeck 

coefficient from sc-SWCNT measured by Small et al.89 Reproduced from88 --------------------------------- 98 

Figure 5.10: Scanning photovoltage imaging under different gate polarities at 1500 nm with a device of 

10 μm channel length. (a,b) photovoltage maps under gate voltage -6 V shown in the linear and 

symlog scale. (c) corresponding phase map at -6 V. (d,e) photovoltage maps under gate voltage 7 V 

shown in the linear and symlog scale. (f) corresponding phase map at 7 V. -------------------------------- 100 

Figure 5.11: Scanning photocurrent imaging under different gate polarities at 1500 nm with a device of 

10 μm channel length. (a,b) photocurrent maps under gate voltage -6 V shown in the linear and 

symlog scale. (c) corresponding phase map at -6 V. (d,e) photocurrent maps under gate voltage 7 V 

shown in the linear and symlog scale. (f) corresponding phase map at 7 V. -------------------------------- 101 

Figure 5.12: Schematic side view of CNT device indicating the oxide and quantum capacitance ------------ 102 

Figure 5.13: Band bending in p-type silicon substrate (a) without illumination (b) under illumination ---- 103 

Figure 6.1: (a) Side view scheme of silicon-on-insulator (SOI) stack with 250 nm-Si/3000 nm-SiO2/p-Si SOI. 

(b) Side view scheme of the PPhC structure obtained by etching air-holes into the top silicon layer of 

the SOI stack followed by gold layer deposition. (c) Optical micrograph of the fabricated PPhC field. 
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(d) SEM micrograph (top view) of the PPhC structure. The lattice distance is represented as a, and 

the air-hole diameter is represented as d. --------------------------------------------------------------------------- 108 

Figure 6.2: (a) Calculated reflectance under normal incidence of the (SOI) stack with 250 nm-Si/3 µm-

SiO2/p-Si. (b) Calculated reflectance under normal incidence of the plasmonic-photonic structure 

(Figure 6.1b) with air-hole diameter 310 nm and lattice distance 560 nm. (c) Side view scheme 

showing one air-hole and the corresponding side view near field maps showing the regions of E-field 

enhancement at 785 nm, 1525 nm, and 1690 nm. The dashed red lines indicate the top and the 

bottom surface in the PPhC structure. -------------------------------------------------------------------------------- 110 

Figure 6.3: (a) Raman spectrum of graphene on a PPhC with a = 590 nm, and d = 310 nm. (#) indicates the 

signal at different sites on the PPhC. (b) SEM image of the PPhC structure from the Figure 6.1d. (c) 

Raman spectrum of graphene on suspended graphene over a 2.5 μm wide trench. (d) Side-view 

scheme of the trench. (e) Raman spectrum of graphene on supported graphene Au-SOI stack. (f) 

Schematic of the planar stack. ------------------------------------------------------------------------------------------- 112 

Figure 6.4: (a) Fill-factor (FF) normalized peak intensities of the D, G and 2D peaks as a function of lattice 

parameter for 532 nm laser excitation. The dashed lines indicate the corresponding peak intensities 

for the case of suspended graphene (Figure 6.3d). (b) Enhancement factor obtained after normalizing 

the FF-normalized peak intensities with that of the suspended graphene. (c), (d) for 785 nm 

excitation. --------------------------------------------------------------------------------------------------------------------- 113 

Figure 6.5: (a)-(e) Simulated reflectance spectrum of PPhCs under normal incidence for different lattice 

parameters. The solid vertical dashed lines indicate the 532 nm and 758 nm laser excitation and the 

dashed lines indicate the respective D, G and 2D Raman scattered light (see Table 6.1) --------------- 115 

Figure 6.6: The near-field maps showing the electric-field distribution (E-field amplitude normalized w.r.t 

the incident E-field amplitude) at the top of the plasmonic-photonic structure in the x-y plane (See 

also Figure 6.3b for the corresponding top view SEM image) for the structure with the 530 nm lattice 

parameter and the air-hole diameter of 310 nm. The near-field maps under normal incidence in xz 

plane with p-polarization and incident electric field amplitude of 0.5 are shown for (a) laser 

excitation wavelength of 785 nm (b) at the D peak near 875 nm (c) at the G peak near 896 nm (d) at 

the 2D peak near 986 nm. (e) Reflectance of the plasmonic-photonic structure under normal 

incidence. The dashed lines indicate the laser excitation, D peak, G peak and the 2D peak, 

respectively. ------------------------------------------------------------------------------------------------------------------ 116 

Figure 6.7: Averaged electric field intensity at the top of the plasmonic-photonic surface for 785 nm laser 

excitation obtained by integrating the local electric field amplitude in the near-field maps in Figure 

6.6. The electric field is integrated over the entire area including the region between the air-holes. 
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The normalized electric-field intensity as a function of lattice parameter is plotted for the laser 

excitation, and the product of laser excitation and (D, G, and 2D) peaks (see the text). ---------------- 117 
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