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The main goal of this dissertation was to study electrical properties of single-walled carbon 

nanotube (CNT) films as new conductive and transparent materials.  First, the ability to 

efficiently pattern CNT films with good selectivity and directionality down to submicron lateral 

dimensions by photolithography or e-beam lithography and oxygen plasma etching was 

demonstrated and the effect of etch parameters on the nanotube film etch rate and selectivity was 

studied.  Then by fabricating standard four-point-probe structures using this technique, it was 

demonstrated that the resistivity of the films increases over three orders of magnitude as their 

width and thickness shrink close to the percolation threshold. A Monte Carlo simulation platform 

was then developed to model percolating conduction in CNT films, which could fit the 

experimental results and confirm the strong scaling of resistivity with various nanotube and 

device parameters. These experimental and computational capabilities were then used to study 

the 1/f noise behavior in CNT films. The results from the computational calculations were in 

good agreement with previous experiments. It was shown that the 1/f noise amplitude depends 

strongly on both device dimensions and on the film resistivity.  The variation of resistivity and 

1/f noise as a function of temperature was then studied experimentally and it was concluded that 

at very low temperatures 3D variable range hopping was the dominant mechanism for both. At 
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40 K and above, however, the fluctuation induced tunneling model explained the resistivity 

behavior and the fluctuations within or at the surface of the SiO2 substrate underneath the CNT 

film were the probable dominant source of the noise in this regime. Finally, metal-

semiconductor-metal photodetectors were fabricated based on CNT film-Gallium Arsenide 

(GaAs) and CNT film-Silicon(Si) Schottky contacts to show the application of CNT film in 

optoelectronic devices.  The Schottky barrier heights of CNT film contacts on GaAs and Si were 

extracted by measuring the dark I-V characteristics in the thermionic emission regime. The 

extracted barrier heights corresponded to a CNT film workfunction of about ~ 4.6 eV, which was 

in excellent agreement with previously reported values.   
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CHAPTER 1 
SINGLE-WALLED CARBON NANOTUBE NETWORKS AND FILMS 

Introduction 

Single-walled carbon nanotubes (CNTs) have attracted significant research attention in the 

last decade because of their remarkable physical and electronic properties, including their high 

mobility, current density, mechanical strength, high surface-to-volume and length-to-diameter 

aspect ratios [1-13]. In addition, small and medium scale growth/fabrication of nanotubes is 

readily available with approaches such as arc-discharge, laser ablation and chemical vapor 

deposition (CVD) being the more common ones (Fig. 1-1 [14]). These favorable properties have 

encouraged several groups to try to incorporate nanotubes in various device structures to 

improve their performance. For example, because of the existence of semiconducting nanotubes 

that show short range ballistic transport characteristics even at room temperature, several groups 

have utilized them as the channel material for nano-scale transistors [11,12,15-29]. An example 

of a field effect transistor successfully fabricated is shown in Fig. 1-2 [28]. In these structures, 

the bandgap and doping density of the channel are controlled by the diameter/chirality of the 

tube and the environment that it is exposed to. Metallic nanotubes also have applications of their 

own, such as interconnects [30-35]. In general, electronic properties of nanotubes (such as their 

Fermi level) vary in response to their environment due to their small diameter, exposed atoms 

and large surface to volume ratio. Therefore, they are very suitable for gas and molecule sensing 

applications [36-41]. Their mutual electrical and mechanical properties have also encouraged 

their use in applications such as nano-composites and Atomic Force Microscopy (AFM) tips [42-

47]. Other nanotube applications include Field Emission Displays (FED) [48,49] and single-

electron transistors [13]. 
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Despite all these outstanding properties, controlling the diameter, chirality, location, and 

direction of individual nanotubes has proven to be very challenging [50]. The control over some 

of these parameters is necessary for successful commercialization of the applications that depend 

on the superb properties of individual nanotubes. Up to date, the efforts to improve the 

fabrication process of carbon nanotubes include the use of 1) electric field to control the 

direction of nanotubes during CVD growth [51,52] (not very flexible and only suitable for small 

scale fabrication), 2) PECVD [53] (e.g. microwave plasma, very successful, but only for vertical 

alignment), 3) self-assembly techniques using DNA’s, molecules and polar materials for 

alignment and positioning [54-56] (good results, sometimes incompatible with current device 

fabrication technology), 4) gas flow techniques [57] (local, non-uniform, small scale) and 5) 

special substrates such as quartz [58] (not very suitable for device fabrication). Other less 

developed and more difficult approaches use magnetic field, multi-layers of catalyst particles and 

surface topography to achieve positioning and alignment. But still, lack of reproducibility, 

reliability, and manufacturability of nanoelectronic devices based on individual CNTs remains 

the showstopper in carbon nanotube research. In this thesis, I am going to focus on a carbon 

nanotube-based material that does not have these limitations. 

Single-Walled Carbon Nanotube (CNT) Films 

A single-walled carbon nanotube (CNT) film is a three-dimensional film of tens of 

nanometers thickness, consisting of an interwoven mesh of single-walled nanotubes, as shown in 

the inset of Fig. 1-3 [59].  The CNT film exhibits uniform physical/electronic properties 

independent of the diameter, chirality, location, and direction of individual tubes making up the 

film [50] due to ensemble averaging [60-64].  As a result, it is highly manufacturable compared 

to individual nanotubes.  Furthermore, the CNT film is simultaneously conductive (resistivity 

~10-4 Ωcm) and optically transparent over the visible and near-infrared portions of the spectrum 



 

16 

[61,63,65].  For example, it has been demonstrated that an as-prepared nanotube film of 50 nm 

thickness has a transmittance greater than 70% over the visible part of the spectrum, and this 

transmittance increases to more than 90% in the near-IR, as shown in Fig. 1-3 [61].  The 

resistivity and transmittance of CNT films in the visible and infrared range are comparable to 

transparent, conductive oxides, such as indium tin oxide (ITO), which are commonly used as 

electrodes in optoelectronic device applications [61,66,67].  ITO, however, is brittle, and 

repeated bending of ITO layers lead to cracking and delamination [68].  CNT films, in contrast, 

combine strength and flexibility, and exhibit extreme durability during bending [69].  These 

outstanding properties establish CNT films as a new class of optically transparent, electrically 

conducting, and mechanically flexible electrodes that can be easily integrated with conventional 

semiconductors for use in photovoltaic and optoelectronic devices.  Several promising device 

applications of CNT films have recently been demonstrated, such as ohmic contacts in organic 

and GaN light-emitting diodes (LEDs) [70-73], organic solar cells [74-77], and electrochromic 

devices [78], thin film transistors [79-82], flexible microelectronics [69,83-85], and MEMS and 

chemical sensors [59,86-92]. Two of these applications are shown in Fig. 1-4.  

I am interested not only in developing practical methods to incorporate CNT films in 

various device structures, but also in studying the electronic and optical properties of CNT films, 

as well as their interface with common semiconductors such as Silicon (Si) and Gallium 

Arsenide (GaAs). The interest is partially due to the complex structure of the CNT film: As a 

percolation system composed of nanotubes with nano-scale diameters and micron-scale lengths, 

CNT film properties should depend strongly on the interaction between nanotubes, their 

organization within the film and the dimensions of the film relative to those of nanotubes. A 

better physical understanding of geometry-dependent percolating transport in single-walled 
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carbon nanotube films is essential for characterizing and evaluating their performance in 

potential electronic and optoelectronic device applications. 

Organization 

This thesis is organized as follows. In chapter 2, I show successful patterning of CNT films 

down to 100 nm lateral dimensions by photolithography or e-beam lithography and subsequent 

O2 plasma etching using an inductively coupled plasma reactive ion etching system.  I 

systematically study the effect of ICP-RIE etch parameters, such as substrate bias power, 

chamber pressure, and substrate cooling on the nanotube film etch rate and etch selectivity, and 

demonstrate the advantages of ICP-RIE system over conventional parallel plate RIE plasma 

systems.  I also characterize the effect of the line width etched on the nanotube film etch rate for 

widths ranging from 50 µm down to 100 nm. I study the transport characteristics of the films 

patterned into four point probe structures (with down to 200 nm lateral dimensions) as a function 

of their dimensions in chapter 3. I depict that the resistivity of the films is independent of device 

length, while increasing over three orders of magnitude compared to the bulk films, as their 

width and thickness shrink. Furthermore, I investigate the effect of different resist processes on 

the resistivity of patterned CNT films, and the effect of ICP reactive ion etching on the resistivity 

of partially etched films. Chapter 4 is devoted to my investigation of geometry-dependent 

resistivity scaling in CNT films as a function of nanotube and device parameters using Monte 

Carlo simulations. I first demonstrate that these simulations can model and fit the experimental 

results on the scaling of the film resistivity with device width. Then, I systematically study the 

effect of four parameters, namely tube-tube contact resistance to nanotube resistance ratio, 

nanotube density, nanotube length, and nanotube alignment on the film resistivity and its scaling 

with device width, providing explanation for the trends observed. I also study the effect of the 
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nanotube length distribution on the resistivity.  I find that, for junction resistance-dominated 

random networks, such as CNT films, the resistivity correlates with root mean square (RMS) 

element length and not the average length. In chapter 5, I demonstrate the Schottky behavior of 

CNT film contacts on GaAs and Silicon by fabricating and characterizing Metal-Semiconductor-

Metal photodetectors with CNT film electrodes.  I determine the mechanisms responsible for the 

transport and extract the Schottky barrier height of CNT film contacts on GaAs and Si by 

measuring the dark I-V characteristics as a function of temperature.  Furthermore, I characterize 

the effect of device geometry on the dark current and compare the dark and photocurrent of the 

CNT film-based photodetectors with standard metal-based ones. In chapter 6, I study both 

theoretically and experimentally the low frequency 1/f noise in CNT films and its scaling with 

device dimensions, as well as with temperature. On the computational front, I consider noise 

sources due to both tube-tube junctions and nanotubes themselves. By comparing the simulation 

results with my own and previous experimental data, I determine which noise source is the 

dominant one. I also systematically study the effect of device length, device width, and film 

thickness, and nanotube degree of alignment on the 1/f noise scaling in CNT films. I study the 

temperature dependence of 1/f noise in CNT films experimentally by fabricating four-point-

probe structures and measuring their resistivity and noise amplitude as a function of temperature 

and frequency. I analyze the resistivity data to determine the mechanisms that are responsible for 

electronic transport in CNT films in various temperature regimes. I then interpret my noise data 

in accordance with the resistivity results, considering different transport mechanisms that might 

be responsible for both. Finally, in chapter 7 I summarize my findings and future possibilities. 
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Figure 1-1.  Scanning Electron Microscope (SEM) images of 1.5 mm long single-walled carbon 
nanotubes grown using a CVD approach [14].  

 

 

 

Figure 1-2.  Room-temperature electrical properties of a high-performance carbon nanotube field 
effect transistor with diameter of 3.5 nm and channel length of 3.5 µm (taken from 
[28]): (a) Transfer characteristics under three different drain-source voltages (b) 
Output characteristics under 8 different gate-source voltages from -0.5 V to -7.5 V in 
steps of -0.5 V.  
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Figure 1-3.  Transmittance spectra for two CNT films of thickness 50 nm (on quartz) and 240 nm 
(free-standing) [61]. The curves with greater transmittance (upper left) are for the 50-
nm film. Gray curves denote the charge-transfer, hole-doped films and black curves 
denote those films after dedoping. The inset shows an AFM image of a CNT film of 
25 nm thickness [59]. 
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Figure 1-4.  Various applications of CNT films: (a) SEM image of an opto-mechanical actuator 
composed of bi-layer beams of CNT film(CNF) and SU8 [92]. Inset shows a 3×3×3 
actuator array. (b) SEM image of the squared region in (a) showing the bilayer cross 
section of the actuator. The inset shows the profile of the CNT film patterned. (c) The 
displacement of the CNT film/SU8 actuator as a function of the laser intensity. (d) 
Optical microscope image of an array of CNT film TFTs on plastic [93]. Inset shows 
an SEM image of channel. (e) Transfer characteristics of the CNT film TFT. Channel 
length and channel width are 100 and 250 µm, respectively, and drain-source voltage 
is -0.5 V. Inset shows the output characteristics when gate-source is ranging from -
100 to 0 V with steps of -10 V. (f) Device mobilities versus channel length on plastic 
(squares) and on the SiO2 /Si CVD growth substrate (circles). Inset shows the on/off 
ratio versus channel length. A 100 nm thick layer of SiO2 formed the gate dielectric in 
the latter case, while a 1.7 µm thick layer of epoxy formed the gate dielectric in the 
former case. 
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CHAPTER 2 
FABRICATION AND PATTERNING OF CNT FILMS 

Introduction 

Any potential device application utilizing CNT films requires the capability to efficiently 

pattern them.  Nanotube networks have been patterned recently by a variety of techniques 

including the use of a CO2 snow jet [64], transfer printing [60,94], and O2 plasma etching [79] in 

the micron regime.  In addition, more recently, nanotube films with various thicknesses have 

been patterned into micron size features using photolithography and inductively coupled plasma 

(ICP) reactive ion etching (RIE) [92].  Although line widths down to about 1.5 µm have been 

successfully patterned using this method, patterning of submicron features in CNT films has not 

been demonstrated.  Moreover, the effect of ICP-RIE etch parameters on the CNT film etch rate 

and etch selectivity has not been systematically characterized.  In this chapter, I use 

photolithography or e-beam lithography, and subsequent O2 plasma etching in an ICP-RIE 

system to pattern nanotube films down to submicron lateral dimensions.  I experimentally show 

that features with linewidths less than 100 nm can be successfully patterned using this technique 

with good selectivity and directionality.  In addition, I systematically study the effect of ICP-RIE 

etch parameters, such as the substrate bias power and chamber pressure, on the CNT film etch 

rate and etch selectivity.  I also compare O2 plasma etching of CNT films in an ICP-RIE system 

to that in a conventional parallel plate RIE system.  I find that using an ICP-RIE system 

significantly increases the CNT film etch rate and improves the etch selectivity between the CNT 

film and polymethylmethacrylate (PMMA) compared to a conventional RIE system, making it 

possible to pattern CNT films down to ~100 nm lateral dimensions by e-beam lithography.   
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Fabrication and Patterning Process 

CNT films were deposited by a vacuum filtration method as described in detail in a few 

publications [59,61,70].  In summary, a dilute suspension of purified CNTs was vacuum-filtered 

onto a filtration membrane. The nanotubes used in the film were grown by dual pulsed laser 

vaporization.  The nanotubes deposit as a thin film on the membrane with the thickness of the 

film controlled by the concentration of nanotubes in the suspension and the volume of the 

suspension filtered.  During the film formation, the first nanotubes to land on the flat membrane 

surface are forced to lie parallel to the surface. Subsequently deposited nanotubes take on the 

same planar orientations. The result is a film morphology where the nanotubes have random in 

plane orientations but are preferentially aligned parallel to the surface of the substrate. After the 

filtration step, the film can be transferred onto a desired substrate by placing the film side against 

the substrate, applying pressure, and drying the film. To complete the process, the filtration 

membrane is dissolved in a solvent, leaving only the nanotube film adhered to the substrate.   

Since the growth process produces nanotubes with a wide length distribution and most 

nanotubes in the film are entangled, it is difficult to precisely determine the length of the 

nanotubes used in the film.  However, based on further AFM measurements, it is estimated that 

most nanotubes in the film have lengths in the range 1-10 µm.  

Following the deposition step, the CNT film was patterned either by photolithography or e-

beam lithography.  For photolithography, three different types of resist processes were used as 

the mask.  The first process used a 1.3 µm thick layer of Shipley Microposit S1813 photoresist.  

It was found by extensive AFM imaging that when the S1813 resist is deposited directly on top 

of individual nanotubes, it leaves a residue [95].  On the other hand, it was observed that 

Microchem LOR3B lift-off resist and PMMA do not contaminate the nanotubes [95].  The 
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LOR3B lift-off resist can be removed by standard developer solutions, with the dissolution rate 

determined primarily by the prebake temperature.  To protect the CNT film from potential 

contamination due to the S1813 resist, for the second process, a dual layer resist structure 

consisting of a 1.3 µm thick S1813 layer on top of a 250 nm thick LOR3B layer was used.  

Finally, for the third process, a dual layer resist process consisting of a 1.3 µm thick Shipley 

S1813 layer on top of a 250 nm thick PMMA layer (950K, 4% in anisole) was used.  Since the 

S1813 resist is not in direct contact with the nanotubes in the second and third processes, no 

residue is left on the nanotube film during fabrication.  However, PMMA cannot be exposed by 

the 365 nm light source available in the Karl Suss MA-6 contact mask aligner that was used for 

photolithography.  As a result, for the third process, the S1813 layer was first exposed by the 

mask aligner and developed.  Subsequently, the PMMA layer was patterned by O2 plasma 

etching with the S1813 layer acting as the mask.  In all three resist processes, Shipley Microposit 

MF319 was used as the developer.  The particular resist process used was found to affect the 

resistivity of the CNT film, as presented in detail later. For e-beam lithography, a single layer of 

PMMA (950K, 2 or 4% in anisole depending on the feature size patterned and PMMA thickness 

desired) was used as the masking layer, and a Raith 150 e-beam writer was used for exposure.  

After exposure and development, the nanotube film not protected by the resist mask was 

etched using an O2 chemistry in a Unaxis Shuttlelock ICP-RIE system.  The schematic of the 

ICP etcher is shown in Fig. 2-1.  The ICP-RIE system decouples plasma density (controlled by 

the ICP power supply) and ion energy (controlled by the substrate power supply).  As a result, 

compared to conventional diode RIE systems, very high plasma densities (>1011 ions cm-3) can 

be achieved at lower pressures, resulting in more anisotropic etch profiles and significantly 

higher etch rates [96,97].  Etching in ICP systems has a large physical component combined with 



 

25 

a smaller chemical component.  O2 plasma is commonly used for removing organic materials 

such as photoresist, and has also been used to etch carbon nanotubes [79,92].  The reaction 

between oxygen and organic materials produces volatile species such as CO and CO2, which are 

pumped out during the etch process [96]. The etch parameters for my initial CNT etch recipe 

were 300 W power on the 2 MHz ICP RF supply, 100 W power on the 13.56 MHz substrate RF 

supply, 45 mTorr chamber pressure, and a 20 sccm O2 flow rate.  In addition, a helium flow rate 

of 10 sccm was used to cool down the substrate.  In the next section, I discuss how changing 

various etch parameters affects the etch rates of the CNT film and resists. After the ICP-RIE 

etch, the resist mask layers were stripped in acetone when S1813 or PMMA were used as the 

mask, and in Microchem Nanoremover PG when LOR3B was included in the mask, since 

LOR3B does not dissolve in acetone.   

Resulting CNT film etch profiles were characterized by a Digital Instruments Nanoscope 

III AFM.  Figure 2-2(a) shows the AFM image of a ~3 µm line etched in a ~20 nm thick 

nanotube film using the LOR3B/S1813 dual resist photolithography process (i.e. the second 

process) and the initial ICP etch recipe given previously. The cross-sectional height profile for 

the same AFM image is plotted in Fig. 2-2(b), showing clearly the transition between the film 

and the etched regions.  Similar etch profiles were obtained using the other two resist processes 

described previously.  Figure 2-2(c) shows an AFM image of a series of lines with nanotube film 

width and spacing of about 500 nm patterned by e-beam lithography and ICP etching of a CNT 

film of about 20 nm thickness.  The cross-sectional height profile for the same AFM image is 

plotted in Fig. 2-2(d), showing a clear transition between the film and the etched regions even at 

these submicron lateral dimensions. 
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The etch profiles in Figs. 2-2(b) and 2-2(d) are not sufficient to determine how sharp the 

actual etch profile is, since the radius of curvature and the sidewall angle of the AFM tip could 

decrease the sharpness of the observed transition profile. Figs. 2-3(a) and (b) show SEM images, 

respectively, of concentric nanotube film rings and letters printed in nanotube film using e-beam 

lithography and ICP etching.  The width of the text characters are on the order of 200-300 nm 

and the CNT film thickness is 20 nm, demonstrating that the nanotube film can indeed be 

patterned into nanometer size structures of arbitrary shape by this fabrication method. 

Effect of Various Process Parameters on the Results  

 In order to characterize quantitatively the CNT film and resist etch rates using the initial 

ICP-RIE etch recipe given previously, a series of lines with equal width and spacing were 

partially etched in 50-100 nm thick nanotube films, such that some nanotube film still remained 

in the etched areas.  Figure 2-4(a) shows an AFM image of such a series of lines with ~200 nm 

width and spacing partially etched in a 75 nm thick CNT film.  Unlike the lines in Fig. 2-2(c), the 

lines in Fig. 2-4(a) have not been etched all the way down to the substrate, as evident from the 

texture of the remaining film visible in the etched areas.  By measuring the height difference 

between the partially etched and not-etched film lines using cross-sectional AFM analysis, the 

average etch depth, and as a result, the etch rate can be calculated.  For example, Fig. 2-4(b) 

shows the cross-sectional AFM profile for the lines shown in Fig. 2-4(a), giving an average etch 

depth of about 19 nm for this particular sample.  Dividing this depth by the etch time of 8 s, a 

nanotube film etch rate of ~2.4 nm/s is obtained.   

The S1813, LOR3B, and PMMA etch rates were determined by measuring the initial and 

final resist thicknesses using a Nanometrics Nanospec spectrometer, and dividing by the etch 

time.  Using the initial recipe (i.e. 300 W ICP power, 100 W substrate bias power, 45 mTorr 

chamber pressure, 20 sccm O2 flow rate, and 10 sccm helium flow rate for substrate cooling), 
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etch rates of 2.37, 4.59, 4.58, and 6.65 nm/s were observed for CNT film, S1813, LOR3B, and 

PMMA, respectively, as listed in the first column of Table 2-1.  The error bar on these etch rates 

is approximately %10± .  The CNT film etch rate is similar in magnitude to the ~4 nm/s observed 

in recent work using another ICP system [92].  For CNT films of tens of nm thickness, such as 

those used in this work, the 2.37 nm/s etch rate of the initial recipe provides both reasonably 

short etch times and a good control of the etch uniformity.  The selectivity S of the etch between 

the nanotube film and the resist mask is defined by 

RESISTSWNT rrS :=                                                           (2-1) 

where SWNTr  is the etch rate of the CNT film and RESISTr  is the etch rate of the particular 

resist used as the mask.  Using this definition, selectivity values of 1:1.94, 1:1.93, and 1:2.81 are 

obtained for S1813, LOR3B, and PMMA masking layers, respectively.   

Carbon nanotubes are much harder to etch compared to photoresists since they are 

chemically resistant and structurally stable [98].  As a result, the etch rate of the CNT film is 

slower than that of resists in an O2 plasma, and the selectivity values are less than unity.  Since 

the resists are used as the etch mask, they need to be thick enough to withstand the nanotube film 

etch.  The minimum resist thickness required for a given CNT etch process is determined by the 

selectivity S of the etch process.  Typical S1813 only and LOR3B/S1813 dual layer resist 

thicknesses used for photolithography are larger than 1 µm; as a result, based on the selectivity 

values given above, hundreds of nm thick CNT films can easily be patterned by 

photolithography.  More importantly, since the PMMA etch rate is not significantly higher than 

the nanotube film etch rate, typical PMMA thicknesses necessary for e-beam lithography (100-

300 nm) can be used to pattern thin CNT films (i.e. less than 100 nm) down to very small (<100 
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nm) lateral features.  In short, although the etch selectivity between the CNT film and PMMA is 

less than unity (S = 0.36), it is still large enough to allow for e-beam patterning of CNT films.   

Aspect ratio dependent etching has been observed in some etch processes, such as silicon 

trench etching, resulting in a lower etch rate for smaller width trenches [96].  Using the approach 

described in the preceding paragraph, I systematically studied the effect of the line width on the 

nanotube film etch rate for widths ranging from 50 µm all the way down to 100 nm.  The spacing 

between the etched lines was set equal to the width of the lines in all cases.  The etch rate was 

found to be almost constant at 2.37±0.3 nm/s, independent of the line width etched.  This is most 

likely due to the fact that all of my samples have a CNT film thickness t < 100 nm.  The aspect 

ratio AR of the nanotube film etched, defined as t/w, where w is the width of the line etched, 

always satisfies 1≤AR  for all the samples.  In other words, the plasma density is high enough 

and the aspect ratio is small enough so that reactant species are able to make it to the bottom of 

the etched lines even for the smallest (100 nm) linewidths. 

I also systematically studied the effect of changing various ICP etch parameters on the etch 

rates of the CNT film and different resists, as listed in Table 2-1, using the procedure described 

previously.  To investigate the effect of the substrate bias power on the etch rate, I decreased the 

substrate power from 100 W to 15 W, keeping all the other etch parameters constant as in the 

initial recipe.  Table 2-1 shows that the nanotube film and resist etch rates are decreased by about 

a factor of 10 compared to those of the initial recipe.  By reducing the substrate bias, the ion 

energy is reduced resulting in a substantially slower etch rate.  A slow etch rate could be useful 

in applications where the CNT film thickness is very small and the etch rate and uniformity 

needs to be precisely controlled. 
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To investigate the effect of chamber pressure on the etch rate, I decreased the chamber 

pressure from 45 mTorr to 10 mTorr, keeping all the other etch parameters constant as in the 

initial recipe.  Table 2-1 shows that the nanotube film and resist etch rates increase by a factor 

between 1.7 and 3.5 compared to those of the initial recipe.  A lower chamber pressure results in 

a more directed etch, higher ion energy, and increased etch rates due to fewer gas-phase 

collisions.  A faster etch rate could be useful in applications where the CNT film thickness is 

large.  Furthermore, by taking the ratio of the etch rates listed in Table 2-1, selectivity values of 

1:0.95, 1:1.21, and 1:1.59 are obtained for S1813, LOR3B, and PMMA masking layers, 

respectively.  These selectivity values are higher than those of the initial recipe.  This is likely 

due to an increase in the physical etch component, which etches the nanotube film and resists at 

similar rates.  In addition, increasing the chamber pressure from 45 mTorr to 100 mTorr 

(maximum pressure achievable in my system) was found not to change the etch rates of the 

nanotube film and resists significantly, showing that the etch rate has already saturated at 45 

mTorr pressure. 

Furthermore, I have investigated the effect of substrate cooling on the etch rates of the 

CNT film and resists.  Increasing the helium flow rate (which actively cools the substrate) from 

10 sccm to 40 sccm, keeping all other etch parameters constant as in the initial recipe, did not 

change the etch rates of the CNT film and resists compared to those of the initial recipe. 

The optimum etch conditions depend on the nanotube film thickness that needs to be 

etched.  Based on my results, for thick films, etching at low pressures would be the best option.  

On the other hand, for thin films, where the etch rate and uniformity needs to be better 

controlled, etching at low substrate bias power would be the best choice.  For intermediate 

thicknesses, the initial recipe would work the best.  Furthermore, my experiments indicate that 
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the substrate bias power can be used to control the nanotube film etch rate without significantly 

changing the selectivity.  Therefore, one can lower the chamber pressure to achieve the best 

selectivity and then adjust the substrate bias power to achieve the optimum etch rate based on the 

film thickness. 

To compare the etch rates of CNT film and the three resists in an ICP-RIE system to those 

in a conventional parallel plate RIE system, I have also etched the CNT film and resists using a 

Plasma Sciences RIE 200W etcher, in which there is only one RF power source of 13.56 MHz 

frequency, and as a result, the plasma density and the ion energy are no longer decoupled.  Using 

an RF power of 20 W, O2 flow rate of 12.5 sccm, and a chamber pressure of 140 mTorr, I have 

observed that the etch rates of both the CNT film and resists are substantially lower in this 

system, as listed in the last column of Table 2-1.  The etch rate of the CNT film in the 

conventional RIE system was 0.05 nm/s, which is about 5 times slower than that in the ICP-RIE 

system even with a low substrate bias power of 15 W (See Table 2-1).  This is due to a lower 

plasma density in the conventional RIE system.  Furthermore, for the conventional RIE system, 

the etch selectivity between the CNT film and the resist mask has decreased to 1:2.8, 1:3.8, and 

1:11 for S1813, LOR3B, and PMMA, respectively.  This is due to a reduction in the physical 

etching component using the conventional RIE system.  These results demonstrate that the use of 

an ICP etcher provides significant advantages, such as faster etch rates and better selectivity, 

over conventional parallel plate plasma systems in order to be able to pattern submicron features 

in nanotube films. 

 In the following chapters, I use the techniques developed in this chapter and pattern CNT 

films for characterization and device applications.  
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Figure 2-1.  The schematic of the ICP-RIE system showing the separate ICP and substrate power 
supplies. 

 

Figure 2-2.  CNT film patterning results studied by AFM: (a) Top view AFM image of a ~3 µm 
line etched in a ~20 nm thick CNT film using the LOR3B/S1813 dual layer resist 
photolithography process and the initial ICP etch recipe described in the text. The 
SiO2 substrate is exposed in the center area, where the film is completely removed.  
The CNT mesh making up the nanotube film is clearly visible at the left and right of 
the AFM image. The scale bar is 1 µm. (b) Cross-sectional height data for the AFM 
image of part (a).  (c) AFM image of a series of nanotube film lines having equal 
widths and spacings of ~500 nm, patterned on SiO2 by e-beam lithography and ICP-
RIE etching, as described in the text.  The film thickness is ~20 nm and the scale bar 
is 1 µm. (d) Cross-sectional height data for the AFM image of part (c).   
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Figure 2-3.  CNT film patterning results studied by SEM: (a) SEM image showing concentric 
nanotube film rings having widths of about 50 nm patterned by my fabrication 
method. The textured area is the nanotube film and the smooth area is the exposed 
SiO2 substrate where the film is completely etched. (b) SEM image of “GATORS” 
patterned on nanotube film by e-beam lithography and ICP-RIE etching.  The widths 
of the text characters are on the order of 200-300 nm and the CNT film thickness is 
20 nm. The scale bars are 100 nm and 2 µm in parts (a) and (b), respectively. 

 

Figure 2-4.  Nanoscale CNT film patterning results studied by AFM: (a) AFM image of a series 
of nanotube film lines having equal widths (and spacings) of ~200 nm half-way 
etched in a 75 nm thick CNT film by e-beam lithography and ICP-RIE etching, as 
described in the text.  Unlike the lines shown in the AFM image of Fig. 2-2(c), the 
lines in this AFM image have not been etched all the way down to the substrate, as 
evident from the texture of the remaining film mesh visible in the etched areas. The 
scale bar is 200 nm. (b)  Cross-sectional height data for the AFM image of part (a), 
showing an average etch depth of about 19 nm for this particular sample.  The etch 
rate can be calculated by dividing this etch depth by the total etch time. 
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Table 2-1.  Etch rates of the CNT film and three different resists (S1813, LOR3B, and PMMA) 
under different plasma etch conditions using the Unaxis Shuttlelock ICP-RIE system 
and the Plasma Sciences RIE 200W system.  The initial ICP-RIE recipe in column I 
corresponds to an ICP power of 300 W, substrate bias power of 100 W, chamber 
pressure of 45 mTorr, and O2 flow rate of 20 sccm.  In addition, a Helium flow rate 
of 10 sccm was used to cool down the substrate.  The headings of the other columns 
indicate the parameters changed compared to the initial recipe, with all the other 
parameters kept constant.  The parallel plate RIE system etch parameters were RF 
power of 20 W, O2 flow rate of 12.5 sccm, and a chamber pressure of 140 mTorr. 

Material 

ICP-RIE System Etch Rates (nm/s) Parallel 
Plate RIE 
System 

Etch Rate 
(nm/s) 

Initial 
recipe 

Low 
Substrate 

Bias Power 
(15 W) 

Low 
Chamber 
Pressure 

(10 mTorr) 
CNT film 2.37 0.23 8.28 0.05 

S1813 
 

4.59 0.39 7.85 0.14 
LOR3B 

 
4.58 0.44 10.0 0.19 

PMMA 
 

6.65 0.63 13.2 0.55 
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CHAPTER 3 
EXPERIMENTAL STUDY OF RESISTIVITY SCALING IN CNT FILMS  

Introduction 

The first step to validate the usefulness of CNT networks and films for potential 

electronics and optoelectronics applications is to understand their electrical properties as a 

function of various geometrical, compositional and environmental parameters. These parameters 

include (but are not limited to) film dimensions (length, width and thickness), quality of 

individual nanotubes (CNT length, diameter and chirality) and the junctions between the tubes, 

nanotube density and alignment within the film, temperature, stress, electrical and magnetic field 

and finally pressure and type of gases that the film is exposed to. Specifically, it is expected that 

due to the percolative nature of conduction in the film, its electrical properties would show a 

strong dependence on some of these parameters, such as the film dimensions. A few groups have 

studied the transport properties of thin 2D nanotube networks and thick 3D CNT films 

[61,62,64,84,99-110] with a few reports focusing on the CNT film resistivity dependence on 

device geometry [64,84,99].  However, how electrical properties of nanotube films scale as a 

function of device geometry, particularly device width, at submicron dimensions remains 

unexplored.  

In this chapter, I use the aforementioned patterning capability to fabricate standard four 

point probe structures for experimentally studying the dependence of CNT film resistivity on its 

dimensions and the resist process used for its etching. At room temperature and ambient air 

pressures, measured resistivity values for lithographically patterned nanotube films are found to 

be independent of device length, while increasing over three orders of magnitude compared to 

bulk films, as the width and the thickness of the films shrink.  
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Resistivity Scaling with Device Dimensions 

CNT film fabrication steps were same as the ones explained in chapter 2 [61]. The 

substrate  used here was (100) silicon with a 500 nm layer of thermally grown SiO2 on top. 

Following deposition, the CNT film was patterned by photolithography or e-beam lithography, 

and subsequently etched using the ICP-RIE setup [111]. Structures with lengths L = 10 to 1000 

µm, and widths W = 2 to 100 µm have been fabricated on samples with film thickness t = 35, 55, 

and 75 nm by photolithography, and structures with L = 7, 50, and 200 µm and W = 200 nm to 

20µm were fabricated on samples with t = 15 and 35 nm by e-beam lithography. For all samples, 

the average thickness of the nanotube film, as measured by AFM, randomly sampled at 

numerous locations over a substrate area of more than 4 cm2, was found to be within ± 5 nm. 

Figure 3-1 shows an optical microscope image of a typical four-point probe structure that was 

fabricated.  Chromium/Palladium metal contacts, which are labeled 1-4 in Fig. 3-1, were 

patterned on the nanotube film pads by e-beam evaporation and subsequent lift-off. After 

fabrication, I electrically characterized the four point probe structures at room temperature and in 

ambient atmosphere. The resistivity ρ of each structure was obtained from the usual formula,

)Wt/L(R ρ= , where R is the resistance extracted from the slope of the measured I-V curves, 

which exhibited linear behavior in all cases.  The effects of contact resistance are eliminated with 

the use of a four point probe measurement. 

Figure 3-2 plots the resistivity versus length L for 4-point-probe structures with different 

widths and thicknesses fabricated by photolithography. The data shows that, for a given width 

and thickness, the resistivity does not change significantly over a length span of two orders of 

magnitude. Each of the data points in Fig. 3-2 represents an average of 6 devices having the 

same geometry. The device-to-device variation in the resistivity for devices of identical 
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dimensions was found to be less than 20% for the data presented in Fig. 3-2, which is also in 

agreement with previous experimental and theoretical work for a device above the percolation 

threshold [64,99]. Although the resistivity is constant for devices with L larger than about 10 µm, 

as is shown in Fig. 3-2, for devices with smaller lengths (where the nanotube length is 

comparable to device length) resistivity starts to decrease as L shrinks [64,99]. I will explain this 

observation in the following chapter.  

Next, I study the effect of film thickness on resistivity. As can be seen in the inset of Fig. 

3-2, resistivity dependence on thickness is very weak above approximately 50 nm.  Independent 

experimental results by another group also show that the resistivity saturates above a thickness of 

50 nm [62].  On the other hand, resistivity increases significantly as the devices get thinner. This 

behavior is also in agreement with previous work, in which an inverse power law scaling of the 

form ηρ −−∝ )tt( c  was observed, where tc is the critical thickness at the percolation threshold, 

and η is the critical exponent [62]. Using tc = 3 nm from Ref. [62], and fitting this equation to my 

experimental data shown in the inset of Fig. 3-2, I obtain η = 2.3. Reducing the thickness causes 

the film to approach the percolation threshold by decreasing the density of nanotubes. Standard 

percolation theory predicts an inverse power law behavior for the nanotube density dependence 

of resistivity near the percolation threshold with η = 1.94 for an ideal 3D system, which is close 

to my fitted value [112].  

 The inset of Fig. 3-3 shows the resistivity as a function of device width for a 55 nm thick 

film for W = 5 to 50 µm patterned by photolithography. It is clear that for wide devices (>20µm), 

the resistivity saturates at a constant value of 6.7×10-4 Ωcm. This value is greater than previously 

reported for similar CNT films [61], which will be explained later in this chapter. 



 

37 

 It is clear from the inset in Fig. 3-3 that the resistivity starts to increase for widths smaller 

than 20 µm. To study the effect of width scaling in greater detail, I used e-beam lithography to 

fabricate devices with submicron widths, as shown in Fig. 3-3.  For W < 1 µm, up to a factor of 2 

variation in resistivity was observed for identical devices. This variation is much larger than the 

20% scatter observed for W > 2 µm.  As the device dimensions are scaled, statistical variations in 

nanotubes making up the film start to become more observable, and the electrical properties of 

the film become less uniform. It is clear from Fig. 3-3 that the resistivity increases about two 

orders of magnitude when the width goes from 20 µm down to 200 nm.  

My resistivity vs. width data can be fit by an inverse power law of the form αρ −∝ W  with 

the critical exponent α = 1.43 for the 35 nm thick sample and α = 1.53 for the 15 nm thick 

sample. The nanotube film consists of many parallel conducting paths, each path being made up 

of multiple nanotubes in series. Since the in-plane orientation of individual nanotubes in the film 

is random, conduction paths are not perfectly aligned with direction of current flow (device 

length L). As a result, reducing the device width W eliminates not only those conducting paths 

that lie entirely in the etched area, but also those that partially lie in that area. Consequently, 

reducing W increases the resistance at a rate faster than 1/W. Furthermore, the observed inverse 

power law dependence on width is similar to the dependence on thickness.  This is not surprising 

since reducing the width also causes the film to approach the percolation threshold by decreasing 

the density of conducting paths in the film, and should exhibit an inverse power law behavior 

[112]. However, because the film is preferentially aligned parallel to the substrate surface, the 

length scales associated with width and thickness scaling are very different. Strong scaling with 

width is observed starting below 2 µm, whereas strong scaling with thickness is not observable 
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until below 50 nm. The width begins to affect resistivity for values on the order of the nanotube 

length in the film, as expected. 

Resistivity Dependence on Process Parameters 

As I mentioned above, the values of resistivity I observed in the experiments for a device 

with large dimensions is higher than the values reported for a similar film [61]. One of the 

sources for the increase in the resistivity can be the fabrication process itself. In order to 

characterize the effect of the process chemistry on the resistivity of the patterned nanotube films, 

I have fabricated standard four-point-probe structures with the three types of resist processes 

mentioned in chapter 2. The structures are fabricated with 50 µm width and 750 µm length. My 

experiments showed that identical resistivity values are extracted regardless of whether the 

electrical probes are placed on the Cr/Pd metal contacts or directly on the nanotube film pads, 

since the effects of contact resistance are eliminated in a four point probe measurement.  The 

resistivity values to be reported in this section were obtained from four point probe structures 

which did not have the metal contacts.  This enables us to compare the effects of the three types 

of resist processes on the resistivity of nanotube films directly, without introducing any 

contamination due to the second lithography process used for metal contact patterning. 

I observed before that the resistivity of patterned nanotube films increases significantly 

compared to bulk films as their width and thickness shrink, particularly for devices having 

submicron dimensions. Therefore, for this experiment, I designed structures with large length (L 

= 500 and 1000 µm), large width (W = 10, 20, 30, 50 and 100 µm), and large thickness (t = 75 

nm) to avoid geometrical effects on the resistivity of patterned nanotube films.  In other words, 

the resistivity values measured using these large structures are the minimum resistivity values 
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representative of those of bulk CNT films [113]. After fabrication, the devices were measured at 

room temperature and in ambient atmosphere.   

Table 3-1 lists the average resistivity values measured using four point probe structures 

patterned by the three different resist processes, showing that the LOR3B/S1813 dual layer resist 

process results in the highest resistivity, followed by the PMMA/S1813 process, with the S1813 

only process giving the lowest resistivity.  Furthermore, for all three resist processes, the 

resistivity values are higher than those measured for the as-prepared nanotube film, which is 

about 1.5×10-4 Ωcm [61].  It is known that nitric acid, which is used for purifying CNTs, dopes 

them and hence decreases the film resistivity during nanotube film preparation [61].  The 

increase in resistivity after lithography is likely due to the partial de-doping of the acid purified 

nanotubes during the processing steps associated with the patterning.  The results in Table 3-1 

suggest that the level of de-doping depends on the resist chemistry, yielding different resistivity 

values for different resist processes.   

The fabricated four point probe structures were also used to investigate the effect of ICP 

reactive ion etching (that I used for etching the film) on the resistivity of partially etched 

nanotube films.  Nanotube film devices with an initial thickness of 100 nm were etched by the 

initial recipe for 10 seconds (so that the film becomes about ~ 24 nm thinner) and the resistivity 

of the film before and after etching was compared.  An AFM image of a CNT film partially 

etched in shown in Fig. 2-4. Regardless of the size and location of the devices, their resistivity 

increased between two to three orders of magnitude, showing that the remaining film has been 

significantly damaged by the O2 plasma during etching.  Since the nanotube film is porous, 

reactant species can penetrate into the film and damage the nanotubes deeper in the film.  
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Nanotubes that have been damaged can no longer contribute to electrical conduction, and 

therefore the film resistivity increases significantly. 

 

Figure 3-1.  Optical microscope image of a four point probe structure I have fabricated with 
length L = 200 µm, width W = 2 µm, and thickness t = 75 nm. Cr/Pd metal contacts, 
labeled 1–4, are visible as bright squares on top of the nanotube film pads and the 
scale bar is 100 µm. 

 

Figure 3-2.  Effect of device length and film thickness on resistivity: Main panel is a log-log plot 
of resistivity versus length for 4 point probe structures with different widths W and 
thicknesses t.  Each symbol shows a different combination of W and t values, as 
labeled in the figure.  The lines are fits to the data.  The inset shows the resistivity 
versus thickness for devices with L = 200 µm and different W values as labeled.  The 
dashed line is an inverse power law fit with a critical exponent η = 2.3.   
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Figure 3-3.  Effect of device width on resistivity: Main panel is a log-log plot of resistivity versus 
width for structures with t = 15 and 35 nm and L = 7, 50, and 200 µm. For W < 2 µm, 
the data can be fit by ρ α W -1.53 for t = 15 nm and ρ α W -1.43 for t = 35 nm, as shown 
on the plot by different style dashed lines.  The inset shows ρ versus W on a linear 
scale for W in the range 5-50 µm.  The film thickness is 55 nm.  The line connecting 
the average of the data points at a given width provides a guide to the eye. 

 

Table 3-1.  Average nanotube film resistivity values measured using standard four point probe 
structures for nanotube films patterned by S1813 only, PMMA/S1813, and 
LOR3B/S1813 resist processes. 

Resist Process S1813 
Only 

PMMA/S1813 
Dual Layer 

LOR3B/S1813 
Dual Layer 

Resistivity (10-4 Ωcm) 5.2 6.3 6.9 
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CHAPTER 4 
COMPUTATIONAL STUDY OF RESISTIVITY SCALING IN CNT FILMS 

Introduction 

In the previous chapter, I observed the strong dependence of CNT film resistivity on its 

geometrical parameters close to percolation threshold. Other groups have also experimentally 

studied the effect of nanotube length [105], density [64] and alignment [110] on the resistivity of 

thin networks and thick films of nanotubes. In order to investigate the physical and geometrical 

origins of these experimental findings more systematically, simulation and modeling techniques 

have to be employed.  Although there have been several experimental reports on CNT films and 

networks, relatively little work has been done on their modeling and simulation [82,99,114-119].  

In a previous numerical simulation work, resistivity scaling with device length has been studied 

for different nanotube densities [99].  In another work, the effect of nanotube alignment on the 

percolation probability of nanotube/polymer composites has been calculated by 2D Monte Carlo 

simulations [110]. Also, there have been a few works on the optimization of CNT film 

parameters such as nanotube alignment and the fraction of metallic to semiconducting nanotubes 

for improving device characteristics in thin film transistors [117,119]. As an example, well 

aligned dense networks of nanotubes have been grown on quartz wafers and used as the channel 

material in thin film transistors [58,118].  The performance of these transistors was studied using 

a numerical stick-percolation-based model [118].  There have been a few other theoretical 

studies on the conductivity of networks and composites made up of conducting “sticks”, but with 

an emphasis on investigating the effect of stick alignment on the percolation threshold [120-122].  

However, a systematic study of the effects of various nanotube and device parameters on the 

CNT film resistivity has not been reported previously. 
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In this chapter, I study the geometry-dependent resistivity scaling in CNT films using 

Monte Carlo simulations by randomly generating nanotubes on stacked 2D rectangular planes. I 

first demonstrate that these simulations can model and fit the recent experimental results on the 

scaling of nanotube film resistivity with device width.  Then, I systematically study the effect of 

four parameters, namely tube-tube contact resistance to nanotube resistance ratio, nanotube 

density, nanotube length (including the effect of length distribution) and nanotube alignment on 

the CNT film resistivity and its scaling with device width. I then explain these simulation results 

by simple physical and geometrical arguments.   

Modeling Approach 

Simulation of the electrical properties of the nanotube film was performed by randomly 

generating the nanotubes using a Monte Carlo process.  In particular, each nanotube in the film is 

modeled as a “stick” with fixed length lCNT.  The position of one end of the nanotube and its 

direction on a two-dimensional (2D) plane are generated randomly.  This process is repeated 

until the desired value for the nanotube density n in the 2D layer is achieved.   Additional 2D 

layers are generated using the same approach to form a three-dimensional (3D) nanotube film. 

An example of a 2D nanotube layer produced by this method is shown in Fig. 4-1(a).  For profile 

comparison, Fig. 4-1(b) shows an experimental AFM image of a nanotube film that I have etched 

into a series of lines with width and spacing of 500 nm using the approach mentioned in chapter 

2.  

After the 2D nanotube layer is generated, the locations of the junctions between pairs of 

nanotubes (which I call internal nodes) and between the nanotubes and source/drain electrodes 

(which I call boundary nodes) are determined by the simulation code. I explained in chapter 2 

that the nanotubes in the film have random in plane orientations but are mostly ordered to lie in 

stacked planes.  As a result, in the 3D film created by stacking several 2D nanotube layers, it is 
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assumed that only nanotubes in nearest neighbor 2D layers form junctions and the locations of 

these junctions are also determined by the simulation code.  Therefore, the effective integrated 

density of a 3D film consisting of l layers of density n per layer is always less than nl ⋅ , since 

only nanotubes in nearest neighbor 2D layers are electrically connected.  In general, the 

relationship between n and the effective integrated density depends on other device and nanotube 

parameters, and cannot be expressed in a simple analytic form. The value of the contact 

resistance at each tube-tube junction depends on whether the junction is metallic/semiconducting 

(MS), semiconducting/semiconducting (SS), or metallic/metallic (MM) and also on other 

properties of the junction, such as the diameter of the tubes and their atomic structure at the 

junction [123-132].  In particular, it has been shown that MS junctions have a significantly larger 

contact resistance than MM or SS junctions due to the fact that they form Schottky barriers 

[123].  In my simulations in this chapter, each tube-tube junction is modeled by an “effective” 

contact resistance RJCT regardless of the type of junction, following the simplified approach of 

Ref. [99]. 

After the locations of the junctions are determined, coordinates of the neighbors of each 

internal node, which are defined as other nodes that are in direct electrical contact with that node, 

are located. By this definition, a node must be connected by nanotube segments to all of its 

neighbors. The resistance between two neighboring nodes can easily be determined by 

calculating the length of the nanotube segment connecting them. The resistance of a single-

walled carbon nanotube segment RCNT as a function of its length l is calculated using the 

expression  

λ
lRRCNT 0= ,                                                        (4-1) 
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where R0 is the theoretical contact resistance at the ballistic limit (~6.5 kΩ) and λ is the 

mean free path, assumed to be 1 µm in my simulations based on previous experimental results 

[133-137].   

Writing Kirchoff’s Current Law (KCL) at each internal node for a mesh with n internal 

nodes, I get a set of n equations with n unknowns, where the n unknowns are the voltages Vn at 

each node.  The voltages applied to the source/drain electrodes set up the necessary boundary 

conditions.  Once the voltage at each node is solved, the total current in the film is calculated by 

a summation over the currents flowing into the drain boundary nodes.  Finally, the resistance, 

and as a result, the resistivity ρ of the nanotube film in the linear regime is calculated by dividing 

the voltage drop between the source and drain electrodes by the total current in the film.  

For each data point presented in this section, 200 or more independent nanotube film 

configurations were randomly generated and their results were averaged in order to remove 

statistical variations in the data calculated from different realizations of the nanotube film.  In 

addition, the percolation probability P, defined as the probability that the nanotube film is 

conducting (i.e. the probability of finding at least one conducting path between the source and 

drain electrodes) is also calculated to complement the resistivity data.  

Results and Discussion 

Fig. 4-2(a) shows the normalized resistivity of the CNT film as a function of device width 

W.  The symbols are the experimental data points presented in Fig. 3-3 for a nanotube film with 

device length L = 7, 50, and 200 µm, and average thickness t = 15 nm.  The solid line represents 

the theoretical fit to the experimental data using my simulations.  In Fig. 4-2(a), both the 

theoretical and experimental resistivity values have been normalized by dividing the absolute 

value of resistivity at each data point by its value at large W, where the resistivity saturates at a 
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constant minimum value ρmin.  The same normalization procedure is used for all figures in this 

chapter.  When several resistivity curves are shown in a single figure, all curves are normalized 

by the ρmin of only one of them, preserving their relative resistivity magnitudes. 

In my simulations, I have used a device length of L = 7 µm, as explained in detail below, 

and nanotube length of lCNT  = 2 µm, since the average nanotube length in the nanotube films 

used in my experimental work is estimated to be around 2 µm based on AFM images, within the 

range mentioned in chapter 2. In addition, I have estimated the average “thickness” (i.e. vertical 

height) of a single nanotube layer in the nanotube film to be ~ 3 nm, which is about twice the 

average diameter of the CNTs making up the film.  This estimation takes into account the extra 

volume that interwoven nanotubes occupy.  As a result, five stacked 2D nanotube layers were 

used to model the experimental film thickness of t = 15 nm. 

With those nanotube and device values fixed, two fitting parameters were used to match 

the experimental data: (1) Nanotube density n per nanotube layer and (2) Resistance ratio (Rratio), 

which I define as the ratio of the tube-tube junction contact resistance RJCT to the theoretical 

contact resistance at the ballistic limit R0: 

0R
RR JCT

ratio =                                                           (4-2) 

By this definition, Rratio >> 1 implies tube-tube junction resistance limited transport, 

whereas Rratio << 1 implies nanotube resistance limited transport in the film.   

As I mentioned in the previous chapter and is shown in Fig. 4-2(a), below the critical width 

(WC) of about 2 µm, resistivity starts to increase and near the percolation threshold its scaling can 

be characterized by an inverse power law of the form αρ −∝ W with α as the critical exponent 

for width scaling. As I will show in detail later, changing the resistance ratio affects only the 
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critical exponent, whereas changing the nanotube density changes both the critical exponent and 

the critical width.  As a result, to fit the experimental data of Fig. 4-2(a), first, the nanotube 

density was varied to match the critical width WC, and then the resistance ratio was varied to 

match the critical exponent α.  The best fit shown by the solid line in Fig. 4-2(a) was obtained 

with n = 2 µm-2 per nanotube layer and Rratio = 100. The extracted density value is consistent 

with the density of nanotubes estimated from AFM images of the nanotube films used in the 

experimental work. The error bar on the nanotube density n extracted using the fitting procedure 

is 15± %.  The extracted value for the resistance ratio can also be compared to estimates from 

previous work.  In particular, it has been shown by several experiments that tube-tube junction 

resistance is larger than the resistance of the nanotubes themselves by a factor of around 30-70 

for SS and MM junctions, and by a factor of at least an order of magnitude higher than that for 

MS junctions [123]. Since MS junctions are more resistive, they do not contribute to conduction 

as much as SS and MM junctions do.  As a result, Rratio defined in Eq. (2) is expected to be 

higher than but close to the range 30-70 observed for SS and MM junctions.  The value of Rratio = 

100 I have extracted using the fitting procedure is consistent with these observations.  The 

experimentally observed value of α could still be matched by the simulation even when Rratio 

was changed by 50± %, putting a bound on the sensitivity of the α fit to the value of Rratio. 

It is clear from Fig. 4-2(a) that the simulation results agree well with the experimental data.  

However, the decrease in resistivity for widths above 2 µm observed experimentally (although 

not as strong as below W < 2 µm) is not captured by the simulations.  This discrepancy can be 

explained by the presence of some nanotubes much longer than 2 µm in the experimental 

nanotube films, whereas in the simulations all nanotubes were assumed to have a fixed length 

lCNT  = 2 µm.  As I will show explicitly later, when lCNT increases, WC moves to higher widths.  
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As a result, the decrease in resistivity observed experimentally is consistent with the existence of 

some much longer nanotubes in the film.  Furthermore, experiments on thicker films have shown 

that, even in the presence of some longer nanotubes, the resistivity eventually saturates for 

device widths above 20 µm, as is also clear in the inset of Fig. 3-3. 

It can also be seen from the experimental data in Fig. 4-2(a) that for longer devices, the 

inverse power law behavior seems to hold up to a wider device width.  This can be explained by 

the fact that for longer devices, there is a higher probability that some conduction paths are 

eliminated sooner as the device width shrinks, resulting in a larger critical width WC.  However, 

the number of experimental data points is too few for a conclusive fit for each separate length, 

and the simulation time becomes prohibitively long for device lengths above approximately 10 

microns.  Due to these limitations, I have chosen to use the smallest length device (L = 7 µm) for 

my simulations, and fit all the experimental data points with a single inverse power law curve.  

Although this is an approximation, it can still capture the essential physics of the experimentally 

observed resistivity scaling in single-walled nanotube films. 

Figure 4-2(b) illustrates normalized resistivity versus device length L for three different 

nanotube densities calculated using my simulation code for a device with W = 2 µm.  All other 

simulation parameters are the same as those in Fig. 4-2(a).  Unless otherwise mentioned, the 

same device and nanotube parameters will be used in the remainder of this chapter.  It is evident 

from Fig. 4-2(b) that the resistivity starts to decrease from its maximum constant value when the 

device length L becomes smaller, in agreement with previous experimental and theoretical 

results [64,99]. At large L, each conduction path consists of many nanotubes in series, and the 

total length and the number of junctions of each conduction path vary linearly with the device 

length.  As a result, the total film resistance also varies linearly with L and the film behaves like 
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a homogeneous material with a constant resistivity.  On the other hand, when L becomes 

comparable to the nanotube length, the statistical distribution of nanotubes in the film can result 

in short conduction paths consisting of only a few nanotubes connecting source to drain, 

decreasing the total resistance of the film.  Fig. 4-2(b) shows that the effect of L on resistivity is 

more pronounced when the nanotube density is lower.  This is because if the nanotube density is 

low, the number of conduction paths between source and drain decreases drastically as the 

device length increases, which increases the resistivity more strongly.  This effect has also been 

observed in previous theoretical and experimental work [64,99].   

In addition to matching the experimental data, as is presented in Fig. 4-2, I have also used 

numerical simulations to systematically study the effects of four parameters, namely resistance 

ratio, nanotube density, nanotube length and its distribution, and nanotube alignment on the CNT 

film resistivity and its scaling with device width.   

Effect of Resistance Ratio 

Fig. 4-3 shows the normalized resistivity versus device width for Rratio ranging from 10-2 to 

104.  It is evident from Fig. 4-3 that increasing Rratio increases the critical exponent α, but does 

not have a significant effect on the critical width WC, since WC is only determined by nanotube 

density and geometrical parameters.  In particular, α increases from 0.52 to 1.95 when Rratio 

changes from 10-2 to 104.  When Rratio is very low, nanotubes form low resistance contacts with 

each other, and the film resistivity depends mainly on the total length of the conduction paths.  

On the other hand, when Rratio is very high, film resistivity mainly depends on the number of 

contacts in the conduction paths.  When the device width is reduced, the number of tube-tube 

junctions in the remaining conduction paths increases significantly due to the random angular 

distribution of the remaining nanotube segments, whereas the lengths of the remaining 
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conduction paths do not increase that strongly.  As a result, increasing Rratio results in a larger 

value of the critical exponent α.  

To illustrate this point further, the inset of Fig. 4-3 depicts α as a function of Rratio.  In the 

nanotube resistance-limited transport regime, α is constant at a value of about 0.5.  It starts to 

increase as the resistance ratio increases above 1 and finally saturates at a value of around 2 in 

the junction resistance-limited transport regime. Since α also depends on several other 

parameters, such as nanotube density, length, and alignment, the lowest and highest values 

obtained from the inset of Fig. 4-3 do not give the absolute limits on α.  However, the inset does 

show that, other parameters being constant, the critical exponent exhibits a minimum and a 

maximum at the two limiting cases of the resistance ratio. 

Effect of Nanotube Density 

Figure 4-4(a) shows the normalized resistivity versus device width for different nanotube 

densities ranging from 1 to 3 µm-2. It is evident from this figure that as the density increases, 

three events take place: First, the resistivity of the film decreases.  Adding more nanotubes to the 

film increases the number of conducting paths and decreases the average path length between 

source and drain, and as a result, decreases the resistivity.  Secondly, the critical width WC shifts 

to lower widths.  At higher densities, there are more conduction paths which have narrower 

width distributions. As a result, for dense films, width scaling effects become visible only at 

smaller widths, which results in a smaller value of WC. Finally, the critical exponent α increases.  

This is due to the increased number of paths per width (relative to the total number of paths) 

removed from the film because of the higher nanotube density.  In other words, for a film with 

higher nanotube density, resistivity starts to increase at a smaller WC, but the rate of power law 

increase is much faster.   
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Figure 4-4(b) depicts these trends from a different point of view by plotting the percolation 

probability P, defined earlier, versus width for different densities ranging from 1 to 3 µm-2.  For 

all densities, the probability of having a conduction path goes from 1 at large widths to zero at 

very small widths.  However, as the width decreases, the percolation probability transition profile 

from 1 to zero is quite different for different densities.  At higher densities, the transition starts at 

smaller widths, which indicates a smaller WC, but the transition slope is steeper, which indicates 

a higher value of α. 

For a general 3D percolation problem, it has been shown that, near the percolation 

threshold, the resistivity exhibits an inverse power law dependence on density given by 

   βρ −−∝ )( Cnn ,                                                       (4-3) 

where nC is the critical density at the percolation threshold and β is the critical exponent for 

density [138].  I have also studied this dependence as shown in the inset of Fig. 4-4(b), where 

normalized resistivity versus density is plotted for a device with L = 4 µm and W = 4 µm.  It is 

evident from this inset that the resistivity as a function of density obeys Eq. (4-3) near the 

percolation threshold with a critical exponent β = 2.5 extracted from the simulation data.  When 

more nanotubes are added to the film, the number of conducting paths increases and the average 

path length between source and drain decreases, both of which reduce the film resistivity.  

Furthermore, the rate of change of resistivity decreases at high density values, since adding more 

nanotubes to an already dense film is less likely to introduce a significant number of new 

conduction paths or reduce the length and the number of junctions in existing paths.  

Effect of Nanotube Length 

It is clear from Figs. 4-2(a) and (b) that the device geometry-dependent resistivity scaling 

behavior in nanotube films is observed when the device length or width becomes comparable to 
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the length of individual nanotubes making up the film.  Figure 4-5(a) shows normalized 

resistivity versus device width for three different nanotube lengths ranging from lCNT = 1.5 to 4 

µm, for a device with L = 4 µm.  It is evident from this figure that as lCNT increases, the critical 

width WC moves to higher widths and the critical exponent increases. For tube-tube junction 

resistance limited transport (i.e. high Rratio), when lCNT is longer, conduction paths have a wider 

width distribution. Therefore, as W is decreased, conduction paths start to get disconnected at 

higher values of WC. Furthermore, due to the increased number of paths per width removed from 

the film because of the higher nanotube length, critical exponent also increases for films with 

longer lCNT once the width decreases below WC.  

I have also studied resistivity scaling as a function of nanotube length for three different 

length-density relationships, as shown in Fig. 4-5(b). In the first case, where the density is kept 

constant (at a value of 2 µm-2), the resistivity increases sharply as lCNT decreases. Nanotubes with 

shorter lengths have a lower chance to make junctions and form a continuous path between 

source and drain, which results in a higher resistivity.  Below a critical nanotube length, this 

strong resistivity scaling with lCNT can be fit by an inverse power law of the form γρ −∝ CNTl , 

where γ = 5.6 is the critical exponent for nanotube length scaling extracted from the simulation 

data.   

In the second case, the resistivity versus nanotube length is plotted when the density-

nanotube length product is kept constant.  Physically, this corresponds to the case when the net 

weight of the nanotubes vacuum-filtered to form the film is kept constant while the nanotubes 

are cut into smaller lengths.  Figure 4-5(b) shows that the resistivity still increases with 

decreasing nanotube length in this case, but with a critical exponent of 2.5, which is less than the 

previous case. Although the increase in nanotube density in this case decreases the resistivity as 
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explained previously, it is not enough to compensate for the increase in resistivity due to the 

decrease in lCNT.   

In the third case, the product of density and the square of the nanotube length (i.e 2
CNTln ⋅ ) 

is kept constant.  In this case, resistivity remains almost constant, which indicates that the 

resistivity increase due to reduced lCNT is balanced by the resistivity decrease due to higher n.  As 

a result, the resistivity dependence on lCNT and n near the percolation threshold can be fit by an 

inverse power law of the form β
β
γ

ρ −⋅∝ )( CNTln , where γ/β ~ 2.  In general, the value of the ratio 

γ/β depends on other device and nanotube parameters, such as L, W, and Rratio.  However, for 

large L, large W, and a high Rratio, such as the third curve plotted in Fig. 4-5(b), γ/β equals 

approximately 2.  In fact, if we divide the value of γ = 5.6 extracted from the first curve in Fig. 4-

5(b) by the value of β = 2.5 extracted from the inset in Fig. 4-4(b), we get ~2.2, which is very 

close to 2.  Furthermore, this value of γ/β physically makes sense because increasing the 

nanotube length increases the number of nanotubes in a 2D area element proportional to the 

square of the length, whereas increasing the density increases this number only linearly.  It has 

been previously shown that the nanotube density at the percolation threshold is proportional to 

2
CNTl in an isotropic 2D network [64].  

Effect of Nanotube Alignment 

As I mentioned above, there has been a great deal of recent research interest in aligning 

single-walled carbon nanotubes, either individually or in a thin film network or composite 

[58,110,117,118,139,140].  Therefore, as the final parameter, I study the effect of alignment (i.e. 

in-plane angular orientation) of nanotubes in the film and the direction of the device with respect 

to the alignment direction on the resistivity and its scaling with various device parameters. 
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Nanotubes are generated at random angles θ  with respect to the horizontal axis, where θ  is 

limited to the range amam θθθθθ +≤≤−  and amam θθθθθ ++≤≤−+ 180180 .  The first angle, 

θa, is defined as the “Nanotube Alignment Angle”, which is a measure of the degree of nanotube 

alignment in the film.  When θa = 90o, the nanotubes are completely randomly distributed, 

whereas when θa = 0o, they are completely aligned in a specific direction.  The second angle, θm, 

which I call the “Measurement Direction Angle”, is the orientation of the nanotube alignment 

direction with respect to the resistivity measurement direction (i.e. the channel direction between 

the source and drain electrodes, which in my case is always chosen as the horizontal axis).  

When θm = 0o, resistivity is measured parallel to the alignment direction, while when θm = 90o, it 

is measured perpendicular to the alignment direction.  As an example, Fig. 4-6 shows a 2D 

nanotube film generated using my simulation code between the source and drain electrodes with 

θa = 27o and θm = 45o, where the definition of the two angles are illustrated in the inset.  

Figure 4-7 shows normalized resistivity versus width for three different nanotube 

alignment angles, namely θa = 18o, 36o, and 90° (at θm = 0°). It is evident from Fig. 4-7 that 

normalized resistivity, WC, and α all change as the nanotubes become more aligned (i.e. θa 

becomes smaller).  The value of ρmin initially decreases as θa goes from 90o to 36o because 

aligned nanotubes help to form conduction paths with fewer junctions and shorter lengths 

between the source and drain electrodes. Surprisingly, however, resistivity starts to increase 

when the degree of alignment in the film is increased even further (i.e. when θa = 18o).  In that 

case, each nanotube forms too few junctions with its neighbors, because nanotubes mostly lie 

parallel to each other. Therefore, many existing conduction paths are eliminated and resistivity is 

increased.  
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Furthermore, it can be seen from Fig. 4-7 that as the nanotube alignment angle θa 

decreases, both WC and α decrease.  This is because as the nanotubes become more aligned, the 

width distributions of conduction paths in the film become narrower.  As a result, width scaling 

becomes visible only at smaller widths, which decreases WC, and relatively fewer conduction 

paths per width are removed, which decreases α.  In short, although ρmin first decreases then 

increases as θa decreases, WC and α decrease monotonically with decreasing θa. 

The inset in Fig. 4-7 illustrates the effect of alignment on width scaling from a different 

point of view.  Normalized resistivity versus nanotube alignment angle θa is plotted in this figure 

for W = 2 µm and θm = 0°.  It is evident from this inset that the resistivity slowly decreases as θa 

is reduced, and reaches a minimum value at θa ~ 45o, which I define as Min
aθ , the nanotube 

alignment angle at which minimum resistivity occurs. As θa is reduced even further, resistivity 

starts to increase. The reason for this behavior is the same as that discussed for ρmin in Fig. 4-7.  

In other words, the resistivity minimum occurs for a partially aligned, rather than perfectly 

aligned nanotube film.  As the nanotubes become even further aligned, the number of conduction 

paths begins to decrease significantly.  For example, in the case of almost perfect alignment, 

each nanotube forms only very few junctions with its neighbors, since it lies almost parallel to 

them.  As a result of this competition between the decrease in the number of junctions and 

lengths of the conduction paths (which decreases the resistivity) and the decrease in the number 

of conduction paths (which increases the resistivity), the resistivity minimum occurs for a 

partially aligned, rather than a perfectly aligned nanotube film.  The location of this resistivity 

minimum can depend on other device and nanotube parameters, and therefore, should be 

calculated for each device condition separately.  
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The inset of Fig. 4-7 also shows that, at small alignment angles near the percolation 

threshold, resistivity exhibits an inverse power law dependence on θa given by 

κθρ −∝ a ,                                                       (4-4) 

where κ  = 2.9 is the critical exponent for nanotube alignment extracted from the slope of 

the log-log plot.  This strong scaling with θa is due to the fact that as the nanotubes align parallel 

to each other, many conduction paths are eliminated, which increases the resistivity significantly.  

These results are in agreement with recent experimental work on the effect of nanotube 

alignment on percolation conductivity in carbon nanotube/polymer composites [110]. 

Up to this point, I have kept θm = 0o, i.e. the direction of the channel has always been same 

as the direction of alignment. For the rest of the simulations in this chapter, I use a device length 

of L = 7 µm, device width of W = 2 µm, nanotube density per layer of n = 2 µm-2, nanotube 

length of lCNT = 2 µm, and t = 15 nm and I let both the θa and θm vary. Figure 4-8(a) shows the 

plot of normalized resistivity versus nanotube alignment angle for three different measurement 

direction angles (θm = 0o, 45o, and 90o). For θm = 0o, the resistivity slowly decreases as θa is 

reduced, reaches a minimum value at θa ~ 45o, and then increases again with a significant slope 

close to the percolation threshold,  similar to the curve in the inset of Fig. 4-7.  

The above results are due to the fact that in my simulations, the device length L is always 

larger than nanotube length lCNT; as a result, a single nanotube can never connect source to drain.  

In this case, as we have seen above, strong alignment increases the resistivity.  However, if the 

nanotube length was longer than the device length (i.e. lCNT > L) [58], source and drain could be 

connected by single nanotubes, and strong alignment of nanotubes would reduce the resistivity.  

Furthermore, in contrast to well-defined values of θa in my simulations, a few completely 

misaligned nanotubes that bridge perfectly aligned tubes can exist in experimentally aligned 
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nanotube films and networks, reducing the resistivity significantly by introducing additional 

conduction paths [118].  

The effect of the measurement direction angle θm on the resistivity scaling with nanotube 

alignment is also depicted in Fig. 4-8(a).  When θa = 90o, nanotubes have completely random 

orientation, and the value of resistivity is independent of the measurement direction angle θm. As 

a result, the curves for θm = 0, 45, and 90o intersect, as shown in Fig. 4-8(a).  In contrast to the 

case when θm = 0o, for θm = 45o and 90o, as θa decreases, the resistivity increases continuously 

without exhibiting any minimum.  In these latter two cases, since the measurement direction is 

not parallel to the alignment direction, the number of junctions and lengths of the conduction 

paths between the source and drain do not decrease significantly with more alignment.  As a 

result, the reduction in the number of conduction paths dominates the resistivity change, and the 

resistivity continuously increases. 

For all three θm values in Fig. 4-8(a), the resistivity exhibits an inverse power law 

dependence on θa (equation 4-4) as the film approaches the percolation threshold at small 

alignment angles with the exponents κ = 2.9, 3.6, and 3.9 for θm = 0o, 45o, and 90o, respectively. 

The alignment critical exponent κ increases for large θm values since the reduction in the number 

of conduction paths begins to dominate the resistivity change as θm increases.   

 To compliment the resistivity data, the inset of Fig. 4-8(a) shows the percolation 

probability P, defined above, versus nanotube alignment angle for the same set of θm.  For 

measurement directions that are not parallel to the nanotube alignment direction, the percolation 

threshold (i.e. the transition point where the percolation probability drops from one to zero) 

occurs at higher values of θa.  This is due to the fact that it becomes more difficult to form a 

conduction path for strongly aligned films if the measurement direction is very different from the 
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alignment direction.  For example, for θm = 0o, the transition from P = 1 to 0 starts when θa 

becomes smaller than 10o, whereas for θm = 90o, it starts when θa gets lower than 40o. 

To illustrate the effect of the measurement direction angle from a different perspective, 

Fig. 4-8(b) shows the plot of normalized resistivity versus θm for six different values of θa 

ranging from 18o to 90o.  It is evident from Fig. 4-8(b) that when the nanotubes are randomly 

distributed (i.e. θa = 90o), resistivity is almost independent of θm.  In contrast, even for slightly 

aligned tubes (such as θa = 72o), resistivity starts to increase with increasing θm, and for well-

aligned nanotubes (such as θa = 18o), this increase becomes very strong.  Furthermore, the 

resistivity exhibits an inverse power law dependence on θm as the film approaches the 

percolation threshold at large measurement direction angles, given by  

τθρ −−∝ )( m90 ,                                                   (4-5) 

where τ is the measurement direction critical exponent.  The value of τ extracted from the 

slope of the log-log plots in Fig. 4-8(b) increases from 0.65 to 2.9 when θa goes from 72o to 18o, 

which is a manifestation of the stronger dependence of resistivity on θm as the nanotubes in the 

film become more aligned.  

As a measure of the sensitivity of film resistivity to the measurement direction angle, I 

define Max
mθ  as the maximum θm above which the resistivity of an aligned film becomes larger 

than that of a completely random film (within %5±  error).  In other words, Max
mθ is a measure of 

the degree of misalignment in the measurement direction that can be tolerated before the aligned 

film becomes more resistive than a random film.  By this definition, Max
mθ  is only meaningful for 

alignment angles at which the resistivity (when θm = 0o) is lower than that of a completely 

random film, which is around θa = 22o in my case, as seen from Fig. 4-8(a).  The plot of Max
mθ  vs. 
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θa is shown in the inset of Fig. 4-8(b).  We can see that Max
mθ  increases as the film becomes less 

aligned. This demonstrates once again that for well-aligned nanotubes, the film resistivity 

becomes very sensitive to the measurement direction.   

The location of the resistivity minimum and the values of κ and τ are not universal, but 

depend strongly on other device and nanotube parameters.  As a result, I now study the effect of 

three parameters, namely nanotube length, nanotube density per layer, and device length on the 

scaling of resistivity as a function of θa and θm, as I have done above for the effects of these three 

parameters on the absolute value of resistivity.  

Figure 4-9(a) shows the plot of normalized resistivity versus nanotube alignment angle for 

three values of lCNT when θm = 0o.  As the nanotube length is increased from lCNT = 1.5 to 3.0 µm, 

Min
aθ  decreases from 55o to 30o, and the critical exponent κ decreases from 2.9 to 1.6.  Longer 

nanotubes form more junctions with each other, and therefore, even when they are strongly 

aligned, the number of conducting paths is not reduced as strongly as in the case of shorter 

nanotubes.  In other words, increasing the alignment does not eliminate as many conduction 

paths for longer tubes as it does for shorter ones.  This shifts both Min
aθ and κ to lower values as 

lCNT increases.  The inset of Fig. 4-9(a) shows Min
aθ versus nanotube length.  It is evident that as 

the nanotubes get shorter, the rate of change of Min
aθ  increases.  A film consisting of shorter 

nanotubes is closer to the percolation threshold, and therefore, even a slight increase in alignment 

can remove a significant number of additional conduction paths from the film. As a result, for 

very short nanotubes, Min
aθ approaches 90o.   

Fig. 4-9(b) shows the plot of normalized resistivity versus measurement direction angle for 

three values of lCNT when θa = 18o.  I have used θa = 18o for the resistivity vs. measurement 
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direction angle plots in Figs. 4-9 to 4-11, since the effect of θm on resistivity is most pronounced 

for well-aligned nanotubes, as seen in Fig. 4-8(b). A lower θa value was not chosen since for 

lower nanotube alignment angles, the nanotube film falls below the percolation threshold even at 

small values of θm.   

A higher θa value was not chosen, because at higher θa, the effect of the measurement 

direction on resistivity is not as pronounced as at θa = 18o, and therefore the effects of device and 

nanotube parameters illustrated in Figs. 4-9 to 4-11 would not be as evident. 

The measurement direction critical exponent τ  extracted from  Fig. 4-9(b) shows an 

increase with increasing nanotube length (τ = 1.7, 2.9, and 3.75 for lCNT = 1.5, 2, and 3 µm, 

respectively).  This is the opposite of the trend observed for κ in Fig. 4-9(a).  Since initially, the 

number of conduction paths is more for films with longer nanotubes, misaligning the 

measurement direction reduces the number of paths (and hence increases the resistivity) more 

rapidly than that for films with shorter nanotubes.  This results in a largerτ. 

Fig. 4-10(a) shows the plot of normalized resistivity versus nanotube alignment angle for 

four nanotube densities n ranging from 1 to 3 µm-2 when θm = 0o.  Compared to the case of 

nanotube length, Min
aθ  and κ do not change as significantly when the nanotube density changes.  

This can be explained by the fact that increasing the nanotube length increases the number of 

nanotubes in a 2D area element proportional to the square of the length, whereas increasing the 

density increases this number only linearly, as demonstrated above. This results in a larger 

change in both Min
aθ and κ as a function of the length of the nanotubes compared to that of their 

density.   
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To compliment the resistivity data, the inset of Fig. 4-10(a) shows the percolation 

probability P versus nanotube alignment angle for the same set of densities, illustrating that the 

percolation threshold for alignment angle is also a function of density.  For example, for n = 1 

µm-2, the transition from P = 1 to 0 starts when θa becomes smaller than ~30o, whereas for n = 3 

µm-2, it starts when θa gets lower than ~5o.  

Fig. 4-10(b) shows the plot of normalized resistivity versus measurement direction angle 

for four nanotube densities at θa = 18o. The extracted measurement direction critical exponent 

values are τ = 1.4, 2.45, 2.9, and 3.0 for n = 1, 1.5, 2, and 3 µm-2, respectively.  This change of 

τ with density is also less pronounced than that with nanotube length.  The inset of Fig. 4-10(b) 

shows the percolation probability P versus measurement direction angle for the same set of 

densities, illustrating that the percolation threshold for measurement direction angle is also a 

strong function of density. For example, for n = 1 µm-2, the transition from P = 1 to 0 starts when 

θm becomes larger than ~7o, whereas for n = 3 µm-2, it starts when θm gets higher than ~50o.  

Finally, Fig. 4-11 shows the plot of normalized resistivity versus nanotube alignment angle 

for three device lengths L ranging from 2 to 7 µm when θm = 0o.  From this figure, I extract Min
aθ

~ 35o, 45o, and 45o and κ = 0.9, 2.2, and 2.9 for L = 2, 4, and 7 µm, respectively.  When the 

device length is shorter, the source and drain are connected by conduction paths consisting of 

only a few nanotubes in series. However, as the device length is increased, more nanotubes are 

necessary to form a conduction path, which is less likely to happen when the nanotubes become 

strongly aligned.  Therefore, α is higher for longer device lengths compared to shorter ones.  

Similarly, Min
aθ  shifts to higher values for longer devices. The inset also depicts normalized 

resistivity versus measurement direction angle for two device lengths when θa = 18o.  The critical 
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exponents are τ = 4.9 and 2.9 for L = 2 and 7 µm, respectively.  Similar to the previous case, for 

shorter devices, many conduction paths that have been formed between source and drain are 

removed as the measurement angle increases. Therefore, resistivity increases faster for shorter 

device lengths, and the critical exponent increases.  

Effect of Length Distribution 

Before leaving this chapter, I study the effect of length distribution on the resistivity 

scaling trends. This investigation is motivated by the fact that in real networks and films, the 

length of the nanotubes or bundles is not a constant, but exhibits a distribution with a form that 

depends on the film’s preparation method [105]. In order to show that the effect of length 

distribution on the resistivity depends on the resistance of the tube-tube junctions, I compare my 

results for CNT film with those for a film in which the resistance of the elements is significantly 

larger the resistance of the junctions between elements (element-dominated film). I also take a 

look at the effect of alignment on the length distribution dependence of the resistivity. Then, I 

explain the physical origins of the results using geometrical arguments.  

In my simulations, length distribution on the elements is imposed when placing elements 

randomly in the layers with a length lCNT (in this case conforming to a length distribution 

)( CNTlΨ ). An example of such a film is shown in Fig. 4- 12(a). Also, like before, for aligned 

networks, θ  is limited to the range aa θθθ ≤≤−  and aa θθθ +≤≤− 180180 , as shown in Fig. 

4-12(b). I employ the lognormal distribution which is given by 








 −
−=Ψ 2

2

2
))(ln(

exp
2

1)(
σ

µ
πσ

CNT

CNT
CNT

l
l

l . Fig. 4-12(c) shows sample lognormal distributions 

with different σ and µ values, where σ and µ are the standard deviation and the mean, 

respectively.  
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Figure 4-13(a) shows normalized resistivity versus average nanotube length given by 









+= µσ

2
exp

2

CNTl  for an unaligned CNT film for four different σ - µ relationships 

represented by the four data series. The standard error bars are not larger than the size of the 

symbols for all figures. The strong scaling of the resistivity observed in this figure is similar to 

the data shown in Fig. 4-5(b) for a fixed density.  However, the resistivities for different length 

distributions at a fixed average length are distinctly separate, suggesting that, contrary to what 

one might initially expect [105], the network resistivity is not an explicit function of average 

nanotube length in this case.   

As a result of the monotonic decreasing nature of resistivity in Fig. 4-13(a), and noting that 

the widest element length distributions produce the least resistivity, I plot in Fig. 4-13(b) the 

resistivity versus RMS (second power mean) element length, given by

( )222 exp)( σµ +=Ψ= ∫
∞

∞−
CNTCNTCNTCNT dllll , for four different σ - µ relationships.  Because 

the RMS value of any distribution is always greater than or equal to its mean, the effect of Fig. 4-

13(b) is to shift the data series corresponding to wider distributions in Fig. 4-13(a) to the right so 

that they coincide with each other.  This shows that the RMS length, and not average length, is 

the relevant length parameter determining network resistivity. 

Figure 4-12(d) rationalizes the result of Fig. 4-13(b) by illustrating that within each 

network layer, each nanotube sweeps out a circular probabilistic “self-area” that is the 

superposition of all orientations it may take once anchored to a point.  This self-area represents 

all possible points of contact with other nanotubes, and as a result, the larger this area, the more 

junctions that this nanotube can make, and the lower the resistivity of the CNT film.   
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Since the concept of RMS length, by weighing the length distribution by 2
CNTl , is equivalent 

to averaging of areas swept out by an element of length lCNT, the resistivity correlates with RMS 

length for a junction-dominated film (like the CNT film).  For a film with fixed element length, 

the RMS length is equal to the average length, and as a result, the effect of one length metric is 

indistinguishable from the other (refer to Fig. 4-5(b)). 

For an element-dominated film, however, the situation is quite different.  Figure 4-13(c) 

shows normalized resistivity versus RMS length for a element-dominated film having the same 

dimensions as in Fig. 4-13(a) for four different σ - µ relationships. The four series separate, 

suggesting that, in contrast to the CNT film case, the film resistivity is not an explicit function of 

RMS length for element-dominated film.  Fig. 4-13(d), on the other hand, shows normalized 

resistivity versus average length for four different σ - µ relationships.  It is evident that for large 

average lengths, all four length distributions show convergence to a singular point for each 

average length.  This suggests a good correlation between resistivity and average length for 

element-dominated films.  In this case, the film resistivity is independent of the number of 

junctions, but depends on the length and number of conducting paths between the source and 

drain electrodes, which correlate with average length. 

However, it is evident from Fig. 4-13(d) that as the average length decreases, the four data 

series increasingly diverge.  Furthermore, Fig. 4-13(c) shows a corresponding convergence in the 

resistivity versus RMS length plots for small lengths. These observations can be better 

understood by plotting the percolation probability versus average length and RMS length, as 

shown in Figs. 4-14(a) and (b), respectively.  Percolation probability is a geometrical quantity 

which is independent of whether a film is junction- or element-dominated.  It is clear from Figs. 

4-14 that when the percolation probability drops below 1, it shows a better correlation with RMS 
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length compared to average length.  Physically, this is due to the fact that a conducting path may 

only extend to another element at a junction, which is proportional to the circular probabilistic 

self-area swept out by each element, as previously shown in Fig. 4-12(d) and discussed in 

previous work [141,142].  Since percolation probability correlates with RMS length, which is 

itself a formulation of average self-area, percolation effects are seen to drive the resistivity 

scaling toward RMS length for short element lengths, as observed in Figs. 4-13(c) and (d). 

At this point, it is worth discussing the applicability of the concept of “excluded area” 

introduced by Balberg et al. [142] in determining the percolation threshold [143] for a 2D 

network of elements with a length distribution.  A logical extension of the excluded area idea for 

a system of widthless sticks with a length distibution )l( CNTΨ gives the average excluded area A 

as jiCNTlA θθ −= sin2 , where θi and θj are the angles two interacting sticks labeled by i 

and j make with the horizontal axis, respectively (See Fig. 1 in Ref. [142]).  This result, which is 

proportional to average length, contradicts the simulation results in Figs. 4-14 and other Monte 

Carlo simulations reported in the literature.  As also discussed by Balberg et al. [142], the proper 

averaging of the excluded area suggested by my Monte Carlo simulations is

jiCNTlA θθ −= sin2 , which is proportional to RMS length.  This implies that the concept of 

self-area associated with an element illustrated in Fig. 4-12(d) explains the simulation results 

near the percolation threshold better when there is a length distribution, although its geometrical 

meaning is not as transparent as that of excluded area.  

Finally, I have also studied the effect of alignment of elements in the film on the resistivity 

for different length distributions.  Figure 4-15(a) shows normalized resistivity as a function of 

alignment angle aθ for the CNT film, where each data series has a fixed RMS of 1.8 µm, but a 
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different σ-µ relationship.  As reported above for the case of fixed element length (see Fig. 4-8), 

the curves are not monotonic, but rather they reach a minimum at some intermediate aθ that is 

neither perfectly aligned nor unaligned for all cases of σ and µ.   

As the alignment angle decreases and imposes tighter constraints on the orientations of the 

elements, the RMS correlation observed for junction-dominated films vanishes.  A similar result 

is observed for the average length correlation of element-dominated films in Fig. 4-15(b), where 

each data series has a fixed average length of 1.8 µm, but a different σ - µ relationship.  Similar 

to the explanation of Fig. 4-13(b), since wider length distributions exhibit a smaller resistivity in 

Figs. 4-15, and m m
CNT

n n
CNT ll ≥  for n > m for a particular length distribution, these results 

indicate that the correlation for aligned films shifts towards higher power mean lengths, namely 

towards the third power mean 3 3
CNTl  for both resistive regimes.  Indeed, the increasing 

divergence of the plots with alignment represents an increasing reliance on longer elements to 

carry charge from source to drain. 

In an attempt to explain this result, first let us consider a network with fixed element length 

lCNT [121,142,144].  For aligned elements (i.e. small aθ ), I compute the average longitudinal 

(source-drain direction) displacement of an element for allθ , given by 

a

a
CNTCNT ldl

a

a
θ

θ
θθψ

θ

θ
θ

)sin(
)cos(2 =∫

−

 where 1)4( −= aθψ θ  is the uniform angular distribution.  

Physically, this quantity measures how much a particular conducting element aids in ferrying 

charge from source to drain, which we see increases with decreasing aθ . This effect competes 

with the corresponding shrinking probabilistic contact self-area, which rationalizes the region of 

minimum resistivity observed in Fig. 4-15 for slight network anisotropy as the region where the 
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two effects reverse in dominance.  In order to combine the contribution of these effects into one 

quantity, a natural choice is to multiply these effects together; interestingly, the result is a 

formulation proportional to 3l .  Although it seems possible to generalize this to 3l  (and 

therefore 3 3l ) for a length distribution, the literature suggests there is no obvious correlation 

for systems with even slight anisotropy, such as alignment [142,145].  Regardless, increasing 

alignment can be seen to increase the relative weight of longer elements to the overall 

conduction, hence driving the resistivity scaling toward higher power mean lengths.  

To summarize, my study of the CNT film in this chapter using Monte Carlo simulations 

illustrates clearly that near the percolation threshold, the resistivity of the nanotube film exhibits 

an inverse power law dependence on all of the discussed parameters.  In other words, regardless 

of how we approach the percolation threshold, we observe an inverse power law behavior, which 

is a distinct signature of percolating conduction. However, the strength of resistivity scaling for 

each parameter, represented by the corresponding critical exponent, is different.  This strength 

depends on how strongly a particular parameter changes the number or characteristics of 

available conduction paths in the film. Furthermore, these parameters are not completely 

independent. For example, as I have demonstrated explicitly, the strength of resistivity scaling 

with device width depends on nanotube density, length, and alignment. I have also studied the 

effect of nanotube length distribution on the resistivity-length scaling for CNT films and films 

with elements that are significantly more resistive compared to the element-element junctions. I 

have observed that network resistivity correlates well with RMS length for CNT films and with 

average length for element-dominated networks.  In the latter case, percolation effects drive the 

correlation towards RMS length for short average lengths. Furthermore, in each case, alignment 
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of nanotubes/elements in the network places increasing weight on the longest elements, shifting 

the correlation to higher power means. 

The results presented above show that, despite their relative simplicity, the models I have 

used can capture the essential physics of the experimentally observed resistivity scaling in 

single-walled nanotube films, and they can provide valuable physical insights into the effects of 

various nanotube and device parameters on the geometry-dependent resistivity scaling in these 

fi lms. Furthermore, these results are not limited to carbon nanotubes, but are applicable to a 

broader range of problems involving percolating transport in networks, composites, or films 

made up of one-dimensional conductors, such as nanowires and nanorods. 
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Figure 4-1.  Comparison of the texture of computationally and experimentally generated CNT 
networks: (a) A 2D random nanotube network generated using a Monte Carlo process 
for a device with device length L = 4 µm, device width W = 4 µm, lCNT = 2 µm and n 
= 4 µm-2. (b) AFM image of a nanotube film etched into a series of lines with width 
and spacing of 500 nm by e-beam lithography and reactive ion etching (chapter 2). 
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Figure 4-2.  Computational analysis of the effect of device length and width on normalized 
resistivity: (a) Log-log plot of normalized nanotube film resistivity versus device 
width. The individual data points are the experimental results from chapter 3, Figure 
3-3, for a nanotube film with device length L = 7, 50, or 200 µm (labeled by different 
symbols) and average thickness t = 15 nm.  The solid line represents my simulation 
best fit to the experimental data with Rratio = 100 and n = 2 µm-2.  The other 
simulation parameters are L = 7 µm, lCNT  = 2 µm, and t = 15 nm. (b) Log-log plot of 
normalized resistivity versus device length L for three different nanotube densities n, 
as labeled by different symbols in the plot, calculated using my simulation code for a 
device with W = 2 µm.  
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Figure 4-3.  Effect of resistance ratio on resistivity: Main panel is a log-log plot of normalized 
resistivity versus device width for Rratio ranging from 10-2 to 104, labeled by different 
symbols. The values of the critical exponent α extracted from the slopes of the ρ vs. 
W curves near the percolation threshold (i.e. at small W) are 0.5, 0.8, 1.55, and 1.95 
for Rratio = 10-2, 1, 102, and 104, respectively.  The inset shows the critical exponent α 
as a function of the resistance ratio.  The symbols are the simulation results and the 
solid line represents a sigmoidal fit showing a smooth transition between α ≈ 0.5 and 
α ≈ 2. 
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Figure 4-4.  Effect of nanotube density on resistivity and percolation probability: (a) Log-log plot 
of normalized resistivity versus device width for four nanotube densities n ranging 
from 1 to 3 µm-2, labeled by different symbols. The values of the critical exponent α 
extracted from the slope of the ρ vs. W curves near the percolation threshold are 1.1, 
1.35, 1.55, and 2.2 for n = 1, 1.5, 2, and 3 µm-2, respectively.  (b) Percolation 
probability P versus device width for n ranging from 1 to 3 µm-2. The inset shows the 
log-log plot of normalized resistivity versus nanotube density plotted for a device 
with L = 4 µm, W = 4 µm.  
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Figure 4-5.  Effect of nanotube length on resistivity: (a) Log-log plot of normalized resistivity 
versus device width for three nanotube lengths lCNT ranging from 1.5 to 4 µm, labeled 
by different symbols.  Simulation parameters are the same as in Fig. 4-2(a) except for 
L = 4 µm. The values of the critical exponent α extracted from the slope of the ρ vs. 
W curves near the percolation threshold are 1.0, 1.55, and 2.05 for lCNT  = 1.5, 2, and 4 
µm, respectively. (b) Log-log plot of normalized resistivity versus nanotube length 
for three different n-lCNT relationships.  Simulation parameters are the same as in Fig. 
4-2(a), except L = 3 µm.  
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Figure 4-6.  A 2D nanotube network generated using a Monte Carlo process for a device with 
device length L = 4 µm, device width W = 4 µm, lCNT = 2 µm, n = 2 µm-2, and t = 15 
nm. In this case, the nanotube alignment angle θa = 27o and the measurement 
direction angle θm = 45o, where the definition of the two angles are illustrated in the 
inset. 

 

Figure 4-7.  Effect of nanotube alignment angle on resistivity scaling with device width: Main 
panel is a log-log plot of normalized resistivity versus device width at three nanotube 
alignment angles θa ranging from 18o (partially aligned) to 90o (completely random). 
The values of the critical exponent α extracted from the slope of the ρ vs. W curves 
near the percolation threshold are 0.7, 1.35, and 1.55 for θa = 18o, 36o, and 90o, 
respectively.  The inset shows the log-log plot of normalized resistivity versus 
nanotube alignment angle θa for a device with W = 2 µm.  
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Figure 4-8.  Effect of nanotube alignment angle and measurement direction angle on resistivity: 
(a) Log-log plot of normalized resistivity versus nanotube alignment angle for three 
measurement direction angles ranging from 0o to 90o. Device length L = 7 µm, device 
width W = 2 µm, lCNT = 2 µm, n = 2 µm-2, and t = 15 nm. The inset shows the 
percolation probability versus nanotube alignment angle θa for the same set of θm. (b) 
Log-log plot of normalized resistivity versus measurement direction angle for six 
nanotube alignment angles ranging from 18o to 90o.  The values of the measurement 
direction critical exponents τ extracted from the slope of the ρ vs. θm curves near the 
percolation threshold (i.e. at large θm) are τ = 2.9, 2.9, 2.7, 1.85, 0.65, and 0 for θa = 
18o, 27o, 36o, 45o, 72o, and 90o, respectively. The inset shows θm

Max vs. θa.  
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Figure 4-9.  Effect of nanotube length on resistivity scaling with nanotube alignment angle and 
measurement direction angle: (a) Log-log plot of normalized resistivity versus 
nanotube alignment angle for three nanotube lengths ranging from 1.5 to 3 µm when 
θm = 0o.  Resistivity minima are located at θa

min ~ 55o, 45o, and 30o and alignment 
critical exponent values are κ = 2.9, 2.9, and 1.6 for lCNT = 1.5, 2, and 3 µm, 
respectively. The inset depicts θa

min versus nanotube length. (b) Log-log plot of 
normalized resistivity versus measurement direction angle for three nanotube lengths 
ranging from 1.5 to 3 µm when θa = 18o. 
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Figure 4-10.  Effect of nanotube density on resistivity scaling with nanotube alignment angle and 
measurement direction angle: (a) Log-log plot of normalized resistivity versus 
nanotube alignment angle for four nanotube densities per layer ranging from 1 to 3 
µm-2 when θm = 0o. θa

min values are located at ~ 50o, 45o, 45o, and  40o and κ = 2.8, 
3.0, 2.9, and 2.9 for n = 1, 1.5, 2, and 3 µm-2, respectively.  The inset shows the 
percolation probability versus nanotube alignment angle θa for the same set of n. (b) 
Log-log plot of normalized resistivity versus measurement direction angle for four 
nanotube densities per layer ranging from 1 to 3 µm-2 when θa = 18o.  The inset shows 
the percolation probability versus θm for the same set of n. 



 

78 

 

Figure 4-11.  Effect of device length on resistivity scaling with nanotube alignment angle: Main 
panel is a log-log plot of normalized resistivity versus nanotube alignment angle for 
three device lengths ranging from L = 2 to 7 µm, when θm = 0o.  The inset depicts log-
log plot of normalized resistivity versus measurement direction angle for two device 
lengths (L = 2 and 7 µm) when θa = 18o. 

 

Figure 4-12.  Generated CNT networks consisted of nanotubes with a length distribution: (a) A 
random 2D network in which nanotubes are generated with various lengths following 
a lognormal length distribution. (b) Illustration of the definition of the alignment 
angle θa (Same definition as in Fig. 4-6) (c) Various lognormal length distributions 
with the solid and long-dashed curves sharing the same average length and solid and 
short-dashed curves sharing the same RMS length.  (d) Illustration of the circular 
probabilistic self-area swept out by a particular element (shaded). 
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Figure 4-13.  Effect of nanotube length distribution on resistivity: (a) Log-log plot of normalized 
resistivity of a CNT film versus (a) average element length and (b) RMS length for 
four different σ-µ relationships (labeled by different symbols).  The network has a 
thickness of five-layers with device length L = 15 µm, device width W = 15 µm, and 
density per layer n = 1.2 µm-2.  Log-log plot of normalized resistivity of an element-
dominated network versus (c) RMS length and (d) average length using the same 
device parameters as in parts (a) and (b). 
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Figure 4-14.  Effect of nanotube length distribution on percolation probability: Percolation 
probability versus log (a) average and (b) RMS length for the resistivity data in Fig. 
4-13.  Only two plots are shown since percolation probability is a geometrical 
quantity which is independent of whether a film is junction- or element-dominated. 

 

Figure 4-15.  Effect of nanotube length distribution on resistivity scaling with alignment angle: 
Log-log plot of normalized resistivity versus alignment angle for (a) CNT (junction-
dominated) film with fixed RMS length = 1.8 µm and (b) element-dominated film 
with fixed average length = 1.8 µm for four different σ - µ relationships, as labeled by 
different symbols.  Both plots show a progressive divergence of the data for highly-
aligned networks. 
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CHAPTER 5 
METAL-SEMICONDUCTING-METAL PHOTODETECTORS BASED ON CNT FILM-

GAAS AND CNT FILM-SI SCHOTTKY CONTACTS 

Introduction  

As I mentioned in chapter 1, CNT film is a conductive and transparent material [61-63,65], 

making it promising as a contact layer for optoelectronic and photovoltaic devices, such as light-

emitting diodes (LEDs) [70-73], organic solar cells [74-77], and electrochromic devices [78]. 

Recently, CNT films have been used as ohmic contacts on GaN [70] and organic materials [72-

77] in LEDs and solar cells. Also, the contact between a single nanotube and highly doped GaAs 

substrate is studied before [146]. Furthermore, a previous study on the transport between vertical 

nanotubes and Si substrate has shown that the transport mechanism was a combination of 

tunneling and thermionic emission [147,148]. Nevertheless, optoelectronic devices where the 

CNT film is used as a uniform Schottky contact material have not been previously demonstrated.   

In this chapter, I demonstrate the Schottky behavior of CNT film contacts on GaAs and Si 

by fabricating and characterizing Metal-Semiconductor-Metal (MSM) photodetectors with CNT 

film electrodes.  First, we look at DC electrical characteristics (i.e. dark and photocurrent) of 

MSM photodetectors, their potential applications and the use of highly transparent and 

conductive electrodes for performance improvement. Then I explain the fabrication process of 

MSM structures with interdigitated CNT film finger electrodes. By studying the temperature-

dependence of the dark current of the fabricated MSM devices, I find the mechanisms 

responsible for transport in these devices and extract the Schottky barrier height of the CNT film 

on GaAs and Si. In order to determine the type of carrier responsible for the current transport, I 

also fabricate MSM structures with asymmetric CNT film contact areas, without the 

interdigitated fingers between the electrode pads.  Furthermore, I characterize the effect of 

device geometry on the dark current, and find that dark current scales rationally with geometrical 



 

82 

parameters such as finger width, finger spacing, and device active area. I also compare the dark 

and photocurrent of the CNT film-based MSM photodetectors with standard metal-based MSMs.  

My results not only provide insight into the fundamental properties of the CNT film-GaAs and 

CNT film-Si junctions, but also successfully demonstrate the integration of CNT films as 

Schottky electrodes in conventional semiconductor optoelectronic devices.   

Characteristics of MSM Photodetectors   

MSM photodetectors consist of two back-to-back Schottky diodes, formed from a 

semiconducting material and two metallic contacts, as can be seen in Fig. 5-1 [149,150]. As for 

the fabrication, usually semiconductor material is used as the substrate and metallic contacts are 

patterned on the surface of the semiconductor. Although the structure is usually symmetric, 

asymmetric structures can be fabricated by patterning two metallic contacts with different 

surface areas. For such a structure, when a bias is applied between the metallic contacts, one of 

the diodes operates in the forward bias, while the other diode operates in the reverse bias and its 

depletion region extends into the semiconductor. If the bias is high enough, all the surface of the 

semiconductor becomes depleted. In that case, if a light source shines on the surface, electron-

hole pairs that are generated in the substrate can be collected efficiently by the contacts.  

In order to optimize the operation of such a device, there are several device parameters that 

need to be designed carefully. First, the substrate is usually chosen with a light level of doping, 

so that depletion region can extend easily in the substrate by applying a small amount of voltage. 

Similarly, the distance between the contacts should be designed carefully. Usually, contact pads 

are designed as interdigitated fingers, which results in an increase in the effective area that the 

contacts cover (see Fig. 5-1). Quality of the Schottky contacts is also of critical importance; 

device performance can be degraded due to the low quality of the interface, which lowers the 

amount of current and affects the transient response of the device.     
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If the diodes are ideal and identical, the transport is due to the thermionic injection of 

electrons/holes over the barriers or their tunneling through them. Drift/diffusion mechanisms are 

also responsible for the transport of the minority carriers through the semiconductor. At room 

temperature, tunneling is important only when the barrier is thin or if the contacts are very close 

to each other. Thin barriers are a result of highly doped substrates or high electric fields. For 

low-doped substrates and moderate voltage values, tunneling should be negligible at room 

temperature. However, at lower temperatures, electrons/holes do not have enough energy to 

surpass the barrier. In that case, tunneling might become significant.  

In this section, I am going to employ thermionic emission theory to derive the current 

equations at various applied voltages (Va) for an MSM photodetector with a donor concentration 

(equal to ND) under dark conditions. Figure 5-2 illustrates a simple schematic and band diagram 

of the symmetric device under study at equilibrium. As defined in the figure, S is the spacing 

between the metal contacts, and φBn and φBp represent the electron and hole barrier heights, 

respectively, and Vbi denotes the built-in potential. The depletion layer width, W at each contact 

is given by:  

D

biS

qN
VW ε2

=       (5-1) 

where q is the electron charge and εS is the semiconductor permittivity. 

When a small positive voltage (smaller than the reach-through voltage VRT to be defined 

below) is applied to contact 2 with respect to contact 1, contact 1 is reverse-biased, whereas 

contact 2 is forward-biased. The quantity qV1 is the difference between the Fermi level (EF) of 

contact 1 and EF of the semiconductor, and the quantity qV2 is the difference between the EF of 
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the semiconductor and EF of contact 2. Please note that 21 VVVa += . There is an electron current 

Jn due to the thermionic emission of electrons from contact 1, given by 
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where *
nA  is the effective Richardson constant for electrons, T is absolute temperature, kB 

is the Boltzmann’s constant, and *
Bnφ  is the effective electron barrier height under the applied 

electric field. 

There is also a hole current Jp due to the thermionic emission of holes from contact 2 and 

then their diffusion through the substrate, given by  
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where Dp is the hole diffusion coefficient, pno is the equilibrium hole density, Lp is the diffusion 

length, *
pA  the effective Richardson constant for holes, Bpφ  is the hole barrier height, and W2-W1 

is the distance that the holes diffuse. The value of the total dark current density (JDark) is the sum 

of the electron current density and the hole current density:  

pnDark JJJ +=      (5-4) 

As the applied voltage increases, the sum of the depletion widths also increases. The 

voltage at which the two depletion widths touch each other is defined as the reach-though 

voltage, VRT. This condition is illustrated in Fig. 5-3(a) where the device is fully depleted. The 

expression for the reach-through voltage VRT can be found by setting the sum of the depletion 

widths equal to the spacing between the two metal electrodes S: 
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When the applied voltage exceeds VRT, the hole current in Eq. (5-3) reduces to  
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and the total dark current is given by the sum of Eqs. (5-2) and (5-6). As the applied voltage is 

increased even further, the electric field at the edge of the contact 2 becomes zero and the energy 

band at contact 2 becomes flat as shown in Fig. 5-3(b). This is known as the flat-band condition 

with the corresponding flat-band voltage, VFB given by 

   2

2
SqNV

S

D
FB ε

= .     (5-7) 

For Va > VFB, the expression for the electron current density is still given by Eq. (5-2). 

However, the hole current reduces to )exp(
*
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q
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φ
−= , where *

Bpφ  is the effective hole 

barrier height under the applied electric field.  As a result, the total dark current can be written as  
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Based on equations (5-2) to (5-8), total amount of dark current density, as well as its 

electron and hole components can be calculated, as is shown in Fig. 5-4 for a symmetric GaAs 

MSM structure with ND = 1014 cm-3 and S = 20 µm at T = 300oK. Other parameters used in this 

calculation are mo = 9.11×10-31 Kg, me = 0.067mo, mp = 0.45mo, Lp = 0.01 cm and Dp = 100 

cm2/sec. In Fig. 5-4(a), where φBn = 0.82 V and φBp = 0.60 V, respectively. In this case, the 

electron current density is much larger than the hole current density for voltages less than the 

reach-through voltage. As a result, the Jn term in Eq. (5-4) dominates the current behavior. On 
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the other hand, for voltages greater than VRT, the neutral region reduces to zero and the hole 

current increases exponentially, according to Eq. (5-6). Consequently, the total current density is 

now dominated by the hole current density Jp.  Above the flat-band voltage, Jp increases slowly 

according to the second term in Eq. (5-8). 

In Fig. 5-4(b), on the other hand, the barrier height for holes was taken to be larger than 

that for electrons, i.e., φBn = 0.60 V and φBp = 0.82 V. In this case, the hole current density is 

always smaller than the electron current density. As a result, the total current density is given 

simply by Eq. (5-2), which slowly increases until breakdown conditions are reached.  

Finally, in Fig. 5-4(c), the barrier height of electrons was set equal to that of the holes, i.e., 

φBn = φBp = Eg/2 = 0.71 V. In this case, the total current density for voltages larger than the 

flatband voltage (i.e., Va > VFB) is smaller than that in the previous two cases. Since the dark 

current is a function of the competition between electron injection at contact 1 and hole injection 

at contact 2, the lowest dark current is achieved when the electron Schottky barrier height φBn is 

approximately equal to half the bandgap of the semiconductor material, which is 0.71 eV for 

GaAs, which is expected to be the case theoretically, as well as experimentally [151].  

The photocurrent or optical response of a photodetector is usually characterized by either 

quantum efficiency or the responsivity. Quantum efficiency is defined as the number of electron-

hole pairs collected to produce the photocurrent Iph divided by the number of incident photons, 

i.e.,  

ν
η

hP
qI

inc

ph

/
/

= ,      (5-9) 

where Pinc is the incident optical power and ν is the frequency of the incident light source. The 

responsivity of a photodetector is defined as the photocurrent generated per incident power:  
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where λ is the wavelength of the light source in micrometers. Ideally, R should increase 

linearly with the wavelength for a fixed value of η. In reality η is dependent on the absorption 

coefficient α, which also depends on the incident wavelength. Figure 5-5 compares the 

responsivity for an ideal and a real photodetector. In this schematic, we see two cut-off 

frequencies: λc (short) which is due to the absorption of the incident optical energy very close to 

the surface because of the large absorption coefficient in most semiconductors, and λc (long) due 

to the inefficiency of the incident light (its energy being smaller than the bandgap of the 

semiconductor) to generate electron hole pairs.  

In addition, the responsivity of a photodetector depends on its effective absorption area. 

For a regular MSM photodetector, incident light is mostly reflected over the area covered by the 

metal electrode fingers. Consequently, the effective absorption area under illumination is 

reduced. If a transparent material is used as the metal electrode, it can be expected that the 

effective area and therefore responsivity will be increased. As CNT film is transparent, the use of 

CNT film as the transparent electrode in MSM photodetectors is promising.  

Fabrication and Characterization of MSM Photodetectors  

GaAs-based MSM photodetectors with CNT film electrodes were fabricated on nominally 

undoped (~ 8101.2 ×  Ωcm) (100) GaAs substrates. After the GaAs substrate was cleaned by 

solvents, a ~100 nm thick silicon nitride (SiN) isolation layer was deposited on the substrate 

using plasma enhanced chemical vapor deposition (PECVD) (Fig. 5-6(a)).  Subsequently, active 

area windows of various dimensions were opened in the SiN film using plasma etching.  This 

was followed by the deposition of ~40 nm thick CNT film, using the vacuum-filtration method 

explained in chapter 2 (Fig. 5-6(b)).  The deposited CNT film had a resistivity of about 10-4 
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Ω.cm.  The CNT film was then patterned into interdigitated finger electrodes based on the recipe 

mentioned in chapter 2 (Fig. 5-6(c)).  Finally, for ease of electrical probing, a 

Chromium/Palladium (7 nm/43 nm) metal stack was patterned on the nanotube film contact pads 

using photolithography, e-beam evaporation, and subsequent lift-off (Fig. 5-6(d)). The CNT film 

contact pads end up on top of the SiN isolation, which eliminates parasitic leakage paths, and 

therefore reduces the dark current [152]. Figure 5-6(e) shows the optical microscope image of a 

finished MSM photodetector and Fig. 5-6(f) shows the AFM image of the area between two 

CNT film electrode fingers.  In order to study the effect of device geometry on the dark current, 

MSM devices with different active area width FW, finger length FL, finger width W and finger 

spacing S were fabricated.  These dimensions are labeled in Fig. 5-6(e).  Finger widths smaller 

than 5 µm were not used, since I showed by 4-point-probe measurements and Monte Carlo 

simulations in chapters 3 and 4 that the CNT film resistivity increases strongly at smaller widths, 

because the film approaches the percolation threshold. In order to compare the CNT film-based 

MSM photodetectors with the standard metal-based MSMs, a control sample with e-beam 

evaporated Cr/Pd (7/43 nm) metal electrodes instead of the CNT film was also fabricated.   

Si-based MSM structures with CNT film electrodes were fabricated using the same 

approach. They were fabricated on lightly doped (1014 -1015 cm-3) n- and p-type Si substrates. 

After the growth of a 400 nm thick thermal oxide, active area windows of various dimensions 

were etched in the oxide using HF.  This was followed by the deposition of a ~50 nm thick CNT 

film. The CNT film was then patterned into interdigitated finger electrodes by photolithography 

and inductively coupled plasma (ICP) etching, and for electrical probing, a Chromium/Palladium 

metal stack was patterned on the CNT film contact pads using e-beam evaporation.  Figure 5-

7(a) shows an optical microscope image of a finished Si-based MSM device, illustrating the 
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various device dimensions (as in Fig. 5-6), such as FW, FL, W, and S. Figure 5-7(b) shows the 

AFM image of the area between two CNT film electrode fingers. 

Let us first study the dark current of the fabricated MSM photodetectors. Figures 5-8(a) 

and (b) show the I-V and C-V characteristics (measured using a Keithley 4200 Semiconductor 

Characterization System and an HP 4294A Impedance Analyzer), respectively, at room 

temperature for a CNT film-Si MSM device with W = S = 50 µm and FL = FW = 300 µm.  Other 

devices with different dimensions have resulted in similar characteristics.  The data in Fig. 5-8 

clearly exhibit the characteristic I-V and C-V curves of two back-to-back Schottky diodes [149], 

demonstrating that the CNT film forms a Schottky contact on Si.  Moreover, the symmetry of the 

I-V and C-V curves indicates that the two Schottky diodes are identical, confirming that the CNT 

film acts as a uniform electronic material. 

The concave increase of the current and the appearance of a transition point at small 

voltages displayed in Fig. 5-8(a) are not expected for an ideal MSM device [149].  As previous 

studies on the current transport in metal-insulator-semiconductor-insulator-metal (MISIM) 

structures suggest, the existence of a thin layer of oxide between the CNT film and Si would 

result in an I-V curve with a shape similar to that in Fig. 5-8(a) [153].  Since the CNT film is 

porous, it is likely that native oxide forms at the CNT film-Si interface, resulting in the observed 

features in the I-V curves.  Since any native oxide that forms would be very thin, thermionic 

emission theory can still be used to analyze the transport across the CNT film-Si junction, as 

discussed below. Also, as I have shown above, in an MSM structure, at high applied voltage, the 

reverse biased contact limits the current and results in current saturation.  Fig. 5-8(a), however, 

shows that the current does not saturate at high voltages, but rather increases monotonically with 

applied voltage.  This could result from Schottky barrier lowering due to charge accumulation at 
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surface states and due to the strong electric field at the edges of the electrodes [154] or individual 

nanotubes. 

The inset in Fig. 5-9(a) shows the dark I-V characteristics for a CNT film-GaAs MSM 

device with W = S = 15 µm and FL = FW = 300 µm at room temperature (294 °K) in linear scale.  

The data clearly exhibit the characteristic I-V curves of two back-to-back Schottky diodes 

making up the MSM photodetector (similar to Si-based devices), demonstrating that the CNT 

film makes a Schottky contact to GaAs.   

The main panel in Fig. 5-9(a) shows the dark (i.e. no illumination) log I-V characteristics 

for the same device measured at 6 different temperatures between 230 and 340 °K using a 

Lakeshore Cryotronics TTP4 low temperature probe station.  During these measurements, the 

substrate was under vacuum and electrically floating.  Fig. 5-9(a) shows that after the first steep 

rise, the current does not completely saturate at high voltages, but slowly increases with 

increasing voltage. Like the Si case, this slow increase in the current at higher voltages can be 

explained by Schottky barrier lowering due to charge accumulation at surface states, and image 

force lowering at the edges of the electrodes where there is a strong electric field, as previously 

reported for MSM photodetectors [154,155].  

The Schottky barrier height of the CNT film-GaAs or CNT film-Si junction can be 

extracted from the temperature-dependent I-V measurements.  At high bias voltages (i.e. voltages 

larger than the flat-band voltage), the total dark current in an MSM device based on thermionic 

emission theory is given by equation (5-8), repeated here for convenience: 

              TkqTkq
p

TkqTkq
n

BBpBBpBBnBBn eeTAAeeTAAI //2*//2* φφφφ ∆−∆− += ,                           (5-11) 

where A is the effective area, *
nA  and *

pA  are the effective Richardson constants for 

electrons and holes, respectively, T is the absolute temperature, q is the electronic charge, Bnφ  
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and Bpφ are the electron and hole Schottky barrier heights, respectively, and Bnφ∆  and Bpφ∆ are 

the Schottky barrier height lowerings for electrons and holes, respectively.  If BpBn φφ <<  or 

BpBn φφ >> , only one of the terms in Eq. (5-11) dominates.  On the other hand, if Bnφ and Bpφ are 

comparable, both terms must be included.  Furthermore, since both MS contacts are identical, 

gBpBn E=+ φφ , where Eg is the bandgap of GaAs or Si.  As a result, if  /2or  gBpBn E<<φφ , only 

the electron or the hole term, respectively, dominates the total current. In such a case where only 

one type of carrier dominates Eq. (5-11), the corresponding Schottky barrier height can be 

obtained from the slope of the Richardson plot of log I/T2 versus 1/T.  The Richardson plot of the 

current-temperature data in the temperature range 280 to 340 °K for the MSM device in Fig. 5-

9(a) at V = 3 V, together with the corresponding data for two other devices, which have the same 

active area but different width and spacing, are shown in Fig. 5-9(b).  From the slope of these 

plots, Schottky barrier heights of Bφ = 0.53, 0.54, and 0.54 eV are extracted for devices with W = 

S = 15, 20, and 30 µm, respectively.  The similarity in the barrier height values extracted for 

these devices confirms that the CNT film-GaAs interface is uniform from device to device and 

does not depend on contact geometry. Extracted barrier heights represent an “effective” value 

resulting from an ensemble averaging of barriers formed between the GaAs substrate and 

metallic/semiconducting nanotubes in the CNT film with various chirality, diameter, and doping 

levels.  Since the Richardson plots exhibit a straight line and the extracted barrier height value of 

~0.54 eV is much smaller than half the GaAs bandgap of Eg ~1.42 eV, either holes or electrons, 

but not both, must be the dominant carriers responsible for the current transport in the MSM 

devices.  However, based on this temperature-dependent I-V data alone, the type of carrier 

cannot be determined.   
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In order to determine the type of carrier responsible for the current transport, I have also 

fabricated GaAs-based MSM structures with asymmetric CNT film contact areas, without the 

interdigitated fingers between the electrode pads, as illustrated in Fig. 5-10(a).  Figure 5-10(b) 

shows the dark I-V characteristics for one of these structures with a source contact area of 

41016× µm2 and a drain contact area of 4104× µm2.  The voltage is applied to the smaller drain 

contact and the larger source contact is grounded, as shown in Fig. 5-10(a).  The band diagrams 

corresponding to positive and negative voltage bias are shown in Figs. 5-10(c) and (d), 

respectively.  At positive voltage bias, when electrons are injected over the large contact and 

holes over the small contact, the current is large, and at negative voltage bias, when electrons are 

injected over the small contact and holes over the large contact, the current is small.  This proves 

that electrons dominate the current transport in these devices.   

As a result, my dark current characterization of the CNT film-GaAs MSM devices implies 

that thermionic emission of electrons over a Schottky barrier of height 540.Bn ≈φ eV is the 

dominant transport mechanism at temperatures above 260 °K. Assuming an ideal MS junction 

where the Fermi level is not pinned, this extracted barrier height corresponds to a CNT film 

workfunction of 64.M ≈φ  eV, which is in excellent agreement with the range of previously 

reported workfunction values [156,157]. 

The inset in the Richardson plot of Fig. 5-9(b) shows current versus 1/T for the device with 

W = S = 20 µm in a wider temperature window (from 150 °K to 340 °K) at V = 3 V. As it can be 

seen, the current starts to saturate at temperatures lower than ~260 °K, which suggests that 

tunneling, which depends weakly on temperature, begins to dominate the transport across the 

CNT film-GaAs junction at lower temperatures [158,159].  
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Similar approach was followed to extract the Schottky barrier height between the CNT 

film and Si, i.e. the I-V characteristics of several MSM devices as a function of temperature was 

measured.  Figure 5-11(a) shows the log I-V curves of a CNT film- p-type Si MSM device at 

temperatures between 150 and 340°K.  The Schottky barrier height of the CNT film-Si junction 

have been extracted from the slope of the Richardson plot of log I/T2 versus 1/T at a fixed 

voltage.  Figure 5-11(b) depicts the Richardson plots for two n-type Si and two p-type Si MSM 

devices with CNT film electrodes in the temperature range 260° to 340°K at 3 V voltage bias. 

From the slopes of Richardson plots for eight n-type Si and five p-type Si MSM structures, an 

electron barrier height of 03.045.0 ±=Bnφ  eV and a hole barrier height of 04.051.0 ±=Bpφ eV 

were extracted, respectively, showing that thermionic emission dominates the current transport in 

this temperature range. Table 5-1 shows the details of the extracted barrier height values and 

device dimensions for all of n-type and p-type devices, indicating that the variation in extracted 

values is quite small for various device dimensions.  Furthermore, the types of carriers 

responsible for conduction in n- and p-type Si devices were confirmed as electrons and holes, 

respectively from the asymmetric device measurements. Under the assumption that the Fermi 

level is not pinned, the workfunction of the CNT film was determined to be 030504 ..M ±=φ  eV 

and 040664 ..M ±=φ  eV from the n-type and p-type Si MSM device measurements, respectively 

(Again, in good agreement with the previously reported carbon nanotube workfunction values). 

It is worth noting that the barrier height and workfunction values reported here include the 

effect of Schottky barrier lowering since they have been extracted at high bias.  Furthermore, the 

dedoping of the film during the fabrication process [113] most likely reduces the extracted 

workfunction value. As a result, measurements on isolated M-S junctions in a controlled 

environment are necessary for a more accurate determination of the zero-bias barrier heights and 
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the effect of film doping and dedoping on its workfunction.  The inset of Fig. 5-11(b) shows log I 

vs. 1/T for one p-type Si and one n-type Si MSM device in the temperature range 150-340°K.  

Once again, the saturation of the current at temperatures below 240°K suggests that tunneling, 

which depends weakly on temperature, becomes the dominant current transport mechanism 

across the CNT film-Si junction at lower temperatures [158]. 

Next, I study the effect of the device geometry on the dark I-V characteristics at room 

temperature (294 °K). Figure 5-12(a) shows the dark I-V curves for GaAs-based devices with 

identical W, FL, and FW, but with S ranging from 10 to 20 µm. Increasing the spacing in these 

devices (with the same area) decreases the number of finger pairs n, which is given by n = FW / 

2(W + S).  This decrease in turn reduces the amount of dark current in the device, in agreement 

with the trend observed in Fig. 5-12(a).  Figure 5-12(b) shows the dark I-V curves for devices 

with identical FL and FW, but with W = S ranging from 15 to 30 µm.  The dark current is found 

to monotonically decrease with an increase in W.  It has been observed that in MSM detectors, 

beyond a certain finger width, the dark current becomes roughly independent of the width W, and 

is proportional to the product of FL and n [160].  This is due to current crowding at the edges of 

the electrodes as illustrated explicitly in Fig. 5-12(c), which shows a MEDICI simulation of the 

cross-sectional current density distribution in the GaAs substrate between two electrode fingers 

(W = S = 20 µm) at V = 3 V bias using the value of the barrier height obtained previously.  It is 

evident from this simulation that current crowding occurs at the electrode edges, which results in 

the effective device area to be weakly dependent on the width of the electrode. Therefore, since 

FL and FW are constant and W = S for all the devices shown in Fig. 5-12(b), n, thus the dark 

current should be inversely proportional to W, in agreement with the observed trend in the figure.  

Finally, Fig. 5-12(d) shows the dark I-V curves for devices with identical W and S, but with FL = 
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FW ranging from 200 to 400 µm.  In this case, both FL and n (which depends linearly on FW) 

vary, resulting in a strong change in the amount of dark current, in agreement with the trend 

observed in Fig. 5-12(d).  These results show that the dark current in CNT film-GaAs MSM 

devices scales rationally with device geometry. 

After the dark current, I characterize the photoresponse of the CNT film-GaAs MSM 

photodetectors using an optical bench equipped with a 633 nm Beam Scan HeNe laser (6.5 mW 

power, ~830 µm spot size) at room temperature and compare it with the Cr/Pd metal control 

samples.  Figure 5-13 shows both the dark and the photo I-V curves for the CNT film and Cr/Pd 

metal control MSM devices of identical dimensions (W = S = 30 µm and FL = FW = 300 µm). 

Due to the low resistivity of the CNT film, the CNT film finger electrodes do not limit the 

photocurrent even under illumination at high voltage bias. For example, for the device in Fig. 5-

13, the series resistance due to the CNT film electrode fingers is more than two orders of 

magnitude smaller than the measured MSM device resistance at 10 V and under laser 

illumination.    

It can be seen in Fig. 5-13 that the dark current of the CNT film-GaAs MSM device is 

significantly lower than that of the Cr/Pd control device, while the photocurrents are comparable 

particularly at high applied bias voltages.  This results in a significantly improved normalized 

photocurrent-to-dark current ratio (NPDR [161]) for the CNT film MSM device relative to that 

of the control device while achieving a comparable responsivity (defined as the photocurrent 

generated per unit incident optical power).  Responsivity and NPDR values extracted for the 

CNT film-GaAs MSM photodetector in Fig. 5-13 are 0.161 A/W and 3.62×106 mW-1 at V = 10 

V, respectively.  The lower dark current of the CNT film device is most likely the result of the 

smaller effective contact area between the mesh of nanotubes making up the porous CNT film 
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and the GaAs substrate, considering that the reported values of the Schottky barrier height for as-

deposited Cr layers on GaAs are typically higher than the barrier height that I have extracted for 

the CNT film contact on GaAs [162-164]. Since the morphology of the CNT film and its 

interface with a substrate are very different than those of a planar spatially homogeneous metal 

thin film having the same workfunction, more controlled fundamental measurements of the 

interface properties of CNT film-GaAs junctions are necessary in order to better elucidate the 

link between the structural and electronic properties of the CNT film-GaAs metal-semiconductor 

junctions.  

Figure 5-13 also shows that photocurrents of the control device and particularly the CNT 

film do not saturate, but increase with applied voltage.  This dependence on voltage is much 

more pronounced than that of the dark current.  In an MSM structure, the depletion region depth 

inside the semiconductor increases with higher applied voltages, which enables the collection of 

more photogenerated electron-hole pairs. However, the depletion region depth of the nominally 

undoped GaAs substrates used in this work (1.59 cm at 3 V) is significantly larger than the 

absorption length of GaAs at λ  = 633 nm wavelength (5.9×10-5 cm).  As a result, the depletion 

depth increase cannot account for the increased current in this case.  An alternative explanation is 

that an increase in bias induces an increase in current by Schottky barrier lowering due to charge 

accumulation at the CNT film-GaAs interface states and image force lowering at the edges of the 

electrodes, similar to the dark current case [154]. The electric field and current density are 

highest at the edges of the electrodes, as illustrated in the MEDICI simulation of Fig. 5-12(c), 

and as a result, the majority of the photogenerated carriers are collected there, amplifying the 

effect of image-force lowering at these edges.  
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I also characterized the photoresponse of the CNT film-Si MSM structures and compared it 

with the photoresponse of metal control samples.  For Si-based metal control samples, e-beam 

evaporated Ti/Au (30/70 nm) metal electrodes were deposited instead of CNT film electrodes.  

Figure 5-14 shows the dark and photo I-V curves for the CNT film and Ti/Au control p-type Si 

MSM devices with identical dimensions. Both the dark and photocurrent of the CNT film MSM 

device is seen to be lower compared to the Ti/Au control.  As the Schottky barrier height Bpφ

between Ti and Si is not smaller than that between the CNT film and Si (I have extracted slightly 

higher Bpφ  values for the control samples compared to those for the CNT film samples [165]), 

the lower dark current of the CNT film device is most likely the result of the smaller effective 

contact area between the mesh of nanotubes making up the porous CNT film and the Si 

substrate.  It is also evident from Fig. 5-14 that at high voltages, the photocurrent of the CNT 

film MSM device approaches to that of the Ti/Au control, resulting in a comparable responsivity 

and a higher photocurrent-to-dark current ratio.  Responsivity and NPDR values extracted for the 

CNT film-Si MSM device at V = 5 V are 0.133 A/W and 1.71×104 mW-1, respectively.  The 

stronger increase in the photocurrent of the CNT film MSM device compared to the Ti/Au 

control is most likely because of more defects at the CNT film-Si interface, which result in 

stronger Schottky barrier lowering [154]. 
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Figure 5-1.  Schematics of MSM structure: (a) top view of an MSM structure with interdigitated-
finger design (b) cross-sectional view of the same device along the AA’ line in part 
(a) (courtesy of Leila Noriega [166]). 

 

Figure 5-2.  Physical representation of MSM structure: (a) device schematic in its simplest form 
(spacing between metal contacts S) (b) band diagram under equilibrium for an N-type 
semiconductor. Barrier heights and built-in voltages are defined for both contacts 
[150].  

 

Figure 5-3.  Band diagrams of the symmetric MSM structure, showing the (a) reach-through and 
(b) flat-band conditions [150].  
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Figure 5-4.  Calculated current density versus applied bias for a symmetric GaAs MSM structure 
with ND = 1014 cm-3 and S = 20 µm at T = 300oK, with (a) φBn = 0.82 eV and φBp = 
0.60 eV, (b) φBn = 0.60 eV and φBp = 0.82 eV and (c) φBn = φBp = 0.71 eV (courtesy of 
Leila Noriega [166]). 

 

 

 

Figure 5-5.  Responsivity for an ideal (dotted line) and a real (solid line) photodetector. 
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Figure 5-6.  Fabrication of GaAs-based MSM photodetectors: (a)-(d) Schematic of the process 
flow for GaAs-based MSM photodetectors with CNT film electrodes along the 
dashed line AB shown in part (e): (a) SiN isolation layer deposited on a GaAs 
substrate, (b) CNT film prepared by vacuum-filtration deposited on the substrate after 
opening the active windows in the SiN layer, (c) CNT film patterned into 
interdigitated electrode fingers by photolithography and ICP etching, and (d) Cr/Pd 
metal contacts patterned on the nanotube film contact pads using photolithography, e-
beam evaporation, and subsequent lift-off. (e) Optical microscope image of the 
finished MSM photodetector, showing the various device dimensions. (f) AFM image 
showing the area between two CNT film electrode fingers of the MSM device of part 
(e). 
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Figure 5-7.  Fabrication of Si-based MSM photodetectors: (a) Top view optical microscope 
image of a CNT film-Si MSM structure, showing the definition of various device 
dimensions. (b) AFM image showing the area between two CNT film electrode 
fingers of the MSM structure.   

 

 

 

Figure 5-8.  Si-based MSM dark characteristics: (a) Current-voltage and (b) Capacitance-voltage 
characteristics measured at room temperature for a CNT film- n-type Si MSM 
structure with FL = FW = 300 µm and W = S = 50 µm. 
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Figure 5-9.  Temperature-dependence of the GaAs-based MSM dark current: (a) Dark current 
versus applied voltage measured at 6 different temperatures between 230 and 340 °K 
for a CNT film-GaAs MSM device with W = S = 15 µm and FL = FW = 300 µm.  
The inset shows the dark I-V characteristics of this device at room temperature (294 
°K) in linear scale.  (b) The Richardson plot of log I/T2 versus 1/T at V = 3 V voltage 
bias in the temperature range 280 to 340 °K for three CNT film-GaAs MSM devices 
of identical active area (FL = FW = 300 µm), but different finger width W and 
spacing S, as labeled in the figure.  The dashed lines are linear best-fits to the 
experimental data, from the slope of which Schottky barrier heights of фB = 0.53, 
0.54, and 0.54 eV are extracted for devices with W = S = 15, 20, and 30 µm, 
respectively.  The inset shows log current versus 1/T for the MSM device with W = S 
= 20 µm in a wider temperature window (from 150 to 340 °K) at V = 3 V bias. 
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Figure 5-10.  Characterization of asymmetric GaAs-based MSM structures: (a) The schematic 
and (b) measured dark current versus applied voltage for a CNT film-GaAs MSM 
device without the interdigitated fingers between the electrode pads, but with 
asymmetric CNT film contact areas.  The source contact area is 16×104 µm2 and the 
drain contact area is 4×104 µm2.  The voltage is applied to the smaller drain contact 
and the larger source contact is grounded, as shown in (a). The band diagrams 
illustrating electron thermionic emission over the Schottky barrier for (c) positive and 
(d) negative voltage bias. 
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Figure 5-11.  Temperature-dependence of the Si-based MSM dark current: (a) Log current versus 
applied voltage measured at nine different temperatures between 150 and 340°K for a 
CNT film- p-type Si MSM device with W = 5 µm, S = 10 µm, and FL = FW = 300 
µm.  (b) The Richardson plot of log I/T2 versus 1/T at V = 3 V bias in the temperature 
range 260 to 340°K for four CNT film-Si MSM devices of identical active area (FL = 
FW = 300 µm) and finger width (W = 5 µm), but different finger spacing S and 
different Si doping type. From the slope of the linear fits Schottky barrier heights of 
фBn = 0.45 and 0.46 eV and фBp = 0.50 and 0.52 eV are extracted for S = 20 and 30 
µm n-type and for S = 10 and 30 µm p-type Si devices, respectively.  The inset shows 
log current versus 1/T for the n-type and p-type Si MSM structures with S = 30 µm in 
a wider temperature window (from 150 to 340°K) at V = 3 V bias. 



 

105 

Table 5-1.  Device dimensions and extracted barrier heights for 8 n-type and 5 p-type Si-based 
MSM structures. The average extracted barrier heights are 0.51 ± 0.04 for p-type 
devices and 0.45 ± 0.03 for n-type devices. 

Substrate Type FO and FW (µm) W (µm) S (µm) Extracted Barrier Height (eV) 

N-type 300 5 5 0.451 
N-type 300 5 20 0.454 
N-type 300 5 30 0.464 
N-type 400 5 10 0.454 
N-type 400 5 20 0.460 
N-type 400 10 10 0.428 
N-type 400 15 15 0.446 
N-type 400 20 20 0.417 
P-type 300 5 10 0.504 
P-type 300 5 15 0.545 
P-type 300 5 20 0.472 
P-type 300 5 30 0.521 
P-type 300 5 50 0.522 

 

 

 

 

 

 

 

 

 

 



 

106 

 

Figure 5-12.  Dependence of MSM current on device and finger dimensions: (a) Dark current 
versus applied voltage at room temperature (294 °K) for CNT film-GaAs MSM 
devices with W = 5 µm and FL = FW = 400 µm, but with spacing S ranging from 10 
to 20 µm, as labeled in the figure. (b) Dark current versus applied voltage for CNT 
film-GaAs MSM devices with FL = FW = 300 µm, but with W = S ranging from 15 to 
30 µm, as labeled in the figure. (c) MEDICI simulation of the cross-sectional current 
density distribution in the GaAs substrate between two CNT film electrode fingers (W 
= S = 20 µm) at V = 3 V bias calculated using the value of the barrier height extracted 
from the measurements. Darker colors correspond to higher current density. (d) Dark 
current versus applied voltage for CNT film-GaAs MSM devices with W = 5 µm and 
S = 15 µm, but with FL = FW ranging from 200 to 400 µm, as labeled in the figure. 
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Figure 5-13.  Measured dark and photocurrent versus applied voltage for GaAs-based MSM 
photodetectors with CNT film and Cr/Pd metal electrodes, as labeled in the figure.  
For both devices, W = S = 30 µm and FL = FW = 300 µm.  The dark current of the 
CNT film MSM device is significantly lower than that of the Cr/Pd control device, 
while the photocurrents are comparable, particularly at high applied bias voltages. 

 

Figure 5-14.  Measured dark and photocurrent applied voltage for Si-based MSM photodetectors 
with CNT film and Ti/Au metal electrodes, as labeled in the figure.  For both devices, 
W = 5 µm, S = 15 µm, and FL = FW = 300 µm and Si is p-type. 
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CHAPTER 6 
1/F NOISE SCALING AND TEMPERATURE DEPENDENT TRANSPORT IN CARBON 

NANOTUBE FILMS  

Introduction  

For some of the applications suggested for CNT films and networks, such as chemical and 

optoelectronic sensors, intrinsic signal to noise ratio is undoubtedly one of the most important 

device figures of merit that determine the detection limit of the device [89,167]. It has been 

shown that for both single nanotubes (regardless of their intrinsic parameters like diameter and 

chirality) and CNT films, 1/f noise level can be quite high compared to other conventional 

materials [168,169]. As a result, determining the magnitude of the 1/f noise, its sources, and its 

scaling with various CNT film parameters is crucial not only for understanding the fundamental 

physics of percolation transport, but also for assessing the potential of CNT films for 

applications where the device noise is an important figure of merit [170]. 

One of the first reports on 1/f noise in single-walled carbon nanotube networks and mats 

[168] observed that the noise obeys the empirical equation, 

                                                
βf

A
I
S I =2

                                                           (6-1) 

where SI is the current noise spectral density, I is the current bias, f is the frequency, β is a 

constant close to 1, and A is the noise amplitude, which is a measure of the 1/f noise level 

[168,171]. Furthermore, the noise amplitude A was reported to be proportional to the device 

resistance R, namely RA 1110−= . Later studies showed that dependence of A on device 

parameters, such as device length and resistivity, is more complicated than that [169,172]. For 

example, in CNT networks, the dependence of A on device length L was reported to be 

3.1
11109

L
RA −×=  (Fig. 6-1(a)) over a wide range of L; hence the noise amplitude dependence on 
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L is 3.0−∝ LA  instead of LA ∝  implied from a direct proportionality to resistance [169]. The 

same work also reported a power law relationship between noise amplitude and resistivity, i.e. 

6.1ρ∝A  (instead of a linear relationship ρ∝A  predicted from a direct proportionality to 

resistance) when the application of a gate bias caused the change in resistivity of the CNT 

network.  In a more recent study, 3.1ρ∝A  was reported (Fig. 6-1(b)), when the number of 

deposited CNT film layers nL (i.e. CNT film thickness) caused the change in the CNT film 

resistivity [172,173].  

In order to investigate the physical and geometrical origins of these experimental findings 

more systematically, simulation and modeling techniques need to be employed.  Although there 

has been recent modeling and simulation work on the electrical and thermal conductivity of CNT 

networks and films [99,116,174,175], a computational study of 1/f noise in CNT films has not 

been reported previously.  Furthermore, a systematic study of the sources of noise and the effects 

of various device and nanotube parameters on the percolation scaling of 1/f noise in CNT films 

remains unexplored. More information about the nature of the noise sources and their energy 

distribution in CNT films can be obtained by investigating the temperature dependence of 1/f 

noise. For individual semiconducting nanotubes, a recent study has shown a peak at around 0.4-

0.5 eV of the density of states as a function of energy extracted from the temperature dependent 

noise data (explained later), which has been related to the traps at the interface between the 

nanotube and the oxide substrate [176].  However, the temperature dependence of 1/f noise in 

CNT films remains unexplored.  Such a study for weakly doped CNT films can be expected to 

show more interesting results due to the localization effects that result in insulating behavior at 

low temperatures [108].  
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In this chapter, first I use Monte Carlo simulations to study 1/f noise scaling in CNT films 

as a function of device parameters and film resistivity. My study focuses on the noise behavior in 

CNT films at low frequencies, where the shot noise and Johnson-Nyquist noise are negligible 

and 1/f noise is the only dominant noise source. I consider noise sources due to both tube-tube 

junctions and nanotubes themselves.  By comparing the simulation results with my own and 

previous experimental data [169,172], I determine which noise source is the dominant one. I also 

systematically study the effect of device length, device width, and film thickness, and nanotube 

degree of alignment on the 1/f noise scaling in CNT films. Furthermore, I study the temperature 

dependence of 1/f noise in CNT films by fabricating four-point-probe structures and measuring 

their resistivity and noise amplitude as a function of temperature and frequency. I analyze the 

resistivity data to determine the mechanisms that are responsible for electronic transport in CNT 

films at various temperature ranges. I then interpret my noise data in association with the 

resistivity results, considering different transport mechanisms that might be responsible for both.  

Computational Modeling Approach  

The procedure for simulating resistivity is similar to the one explained in chapter 4. One 

difference is that each nanotube is assigned randomly to be either metallic or semiconducting 

with the ratio of the semiconducting to metallic nanotubes set to 2:1, as typically observed 

experimentally [25].  An example of a 2D nanotube layer produced by this method is shown in 

Fig. 6-2(b), where semiconducting and metallic nanotubes are labeled by different colors and the 

generated network can also be compared to an AFM image of a nanotube film, which is shown in 

Fig. 6-2(a). Like before, the resistance of an individual nanotube is calculated by
λ
lRRCNT 0= , 

where l is the length of the nanotube, λ is the mean free path (assumed to be 1 µm in my 

simulations), and 2
0 4/ ehR =  is the theoretical contact resistance at the ballistic limit (~6.5 kΩ).  
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The resistance of the tube-tube junctions depends on whether the junction is 

metallic/semiconducting (MS), semiconducting/semiconducting (SS), or metallic/metallic (MM) 

[29].  Based on the 2:1 ratio between the semiconducting and metallic nanotubes in the film, 

about 44% of the junctions are expected to be SS, 44% MS, and 11% MM, which is in perfect 

agreement with the percentages observed in the simulations.  In this chapter, I modeled each 

different type of tube-tube junction by a different contact resistance, instead of a single 

“effective” contact resistance as done in chapter 4.  In particular, based on previous experimental 

studies [123,131,177], RMM  = 25R0, RSS  = 75R0, and RMS  = 1000R0 were assumed, where RMM, 

RSS, and RMS are the contact resistances for MM, SS, and MS junctions, respectively.  

For computing the 1/f noise in the CNT film, I have used a model which takes into account 

the noise contributions from both the nanotubes themselves and the tube-tube junctions in the 

film.  Assuming independent noise sources (i.e. uncorrelated fluctuations), current noise spectral 

density in the film, SI, can be written as [178], 

∑
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1 ,                                                           (6-2) 

where in is the current, sn is the current noise spectral density, and rn is the resistance of the tube 

or junction associated with the nth individual noise source, and R is total resistance of the CNT 

film.  Replacing sn in Eq. (6-2) by its equivalent based on Eq. (6-1), SI can be written as 
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where An is the noise amplitude for the nth individual noise source. Finally, an equivalent 

noise amplitude Aeq can be defined for the total CNT film by normalizing Eq. (6-3), and using 
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RIri 2
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n =∑  and IRV = , where I and V are the total current and voltage in the CNT film, 

respectively: 
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In Eq. (6-4), all the parameters are known except for the noise amplitudes An for individual 

noise sources. For individual single-walled carbon nanotubes, it was initially suggested that the 

noise amplitude scales with nanotube resistance, in other words CNTn RA ∝ [168].  Later studies 

revealed that the nanotube 1/f noise amplitude follows an inverse relationship with the number of 

carriers N, and hence with the nanotube length lCNT, i.e. CNTn lA /1∝ [179]. Based on these 

experimental results, I have used CNTn lRA /10 0
10−=  for the 1/f noise amplitude of individual 

nanotubes in this work, where lCNT is expressed in microns and R0 = 6.5 kΩ.  The chosen 

coefficient of 10-10R0 results in a noise amplitude close to that observed experimentally for 

individual single-walled carbon nanotubes [179].  

Unlike individual nanotubes, determining An for tube-tube junctions based on the available 

experimental literature is rather difficult.  Although the noise in nanotube-based field effect 

transistors has been studied [179], there is hardly any experimental data on the noise amplitude 

of nanotube-nanotube junctions.  However, as I will present in the next sections, the CNT film 

noise amplitude observed experimentally and its scaling with device parameters can be fit by my 

simulations only if I assume that the total CNT film noise is dominated by the tube-tube 

junctions in the film.  The presence of defects or structural deformations [180] at the tube-tube 

junctions can be speculated as the specific source of this noise, although further experimental 

studies need to be undertaken to answer this question in depth.  In this work, a relationship 
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nn arA =  was assumed; in other words, the noise amplitude An of an individual tube-tube 

junction scales linearly with the junction resistance rn.  In all of my simulations, a proportionality 

constant of a = 10-10 was used independent of other device and nanotube parameters, determined 

from a fit to experimental data.  It has been experimentally observed that the 1/f noise of a 

junction between a single 1D nanotube and a 3D metal source/drain contact could be quite 

significant, although it does not have to necessarily scale with the contact resistance [181].  

Further experimental work is necessary for a detailed understanding of the 1/f noise at the 

junction of two individual nanotubes.  

Each data point in the following figures represents the average of 500 independent 

simulations in order to remove the statistical variations in the simulation data calculated from 

different realizations of the CNT film.  Device and nanotube parameters such as film thickness t, 

nanotube length lCNT, and nanotube density per layer n were chosen to match the experimental 

values. In addition to matching the 1/f noise data, simulations using these parameters, together 

with the chosen junction and nanotube resistances result in similar CNT film resistivity values to 

those measured in experiments [175]. 

Experimental Procedure  

For experimental noise measurements, CNT film-based four point probe structures were 

produced using the same vacuum filtration process that is described in chapters 2 and 3.  Film 

thicknesses of ~15 nm and 75 nm that are above the percolation threshold were used for noise 

measurements. The contact areas on each structure were connected to the sample holder using 

conductive silver-based epoxy glue and gold wires.  Then the samples were measured at room 

temperature or were inserted into the low temperature setup which uses a Janis variable 

temperature insert to achieve a temperature range from 300 K down to 1.2 K.  By using four-
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point-probe structures, the contribution of contacts to both resistance and noise are eliminated. 

For noise measurements, the voltage fluctuations were magnified via an ultra low noise amplifier 

(BrookDeal, 60 dB gain) and the noise voltage spectral density SV was measured using an HP 

3582A spectrum analyzer.  The effects of amplifier and resistance thermal noise sources were 

subtracted from the measured spectrum by repeating the measurement for a low-noise resistor 

with the same resistance value as that of the CNT film device. 

Three sets of CNT film devices have been prepared for experimental measurements: The 

first set (Set 1) includes devices with large dimensions well above the percolation threshold (with 

dimensions L = 1500 µm and W = 50 µm, L = 1000 µm and W = 25 µm, L = 1000 µm and W = 

50 µm, and L = 50 µm and W = 5 µm). The second set (Set 2) includes devices with narrow 

widths approaching the percolation threshold (L = 50 µm and W ranging from 0.3 to 2 µm). As 

mentioned in chapter 3, the resistivity of CNT films increases significantly for W < 2 µm, since 

the film gets closer to the percolation threshold. Devices in both of these two sets have 

thicknesses of 75 nm. The third set (Set 3) includes devices with ~15 nm thickness, 50 µm and 

1000 µm device length, and device widths ranging from 2 to 50 µm. 

An example of the noise current spectral density measured at room temperature for a 

device in Set 1 under 75 µA current bias is shown in the Fig. 6-2(c). At this current level, 1/f 

noise is dominant at low frequencies ~f < 100 Hz, obeying Eq. (6-1) with β = 0.99, whereas at 

higher frequencies Nyquist thermal noise, which has a constant current noise spectral density 

given by SI = 4kT/R, where R is the CNT film resistance, becomes the dominant noise source.  
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Simulation Results  

I first analyze the effects of device parameters such as device dimensions and nanotube 

alignment angle on 1/f noise scaling computationally to connect and explain previous 

experimental results on CNT films from various groups.   

Effect of Device Length 

Figure 6-3(a) shows the log-log plot of the noise amplitude normalized to resistance (A/R) 

versus device length (L) for a single-layer nanotube network, where filled circles denote 

experimental data points from Snow et al. [169] and open circles denote my simulation results.  

The device and nanotube parameters used in the simulations were device width W = 2 µm, 

nanotube length lCNT = 2 µm, and nanotube density per layer n = 5 µm-2, which is within the 

range of densities reported for thin networks of nanotubes above the percolation limit [64].  

Since 2D nanotube networks were used in the experimental work [169], only a single 2D 

nanotube layer was used to model the experimental data. The simulation results are in excellent 

agreement with the experimental data, clearly indicating that A/R is a strong function of device 

length.  The dashed line in Fig. 6-3(a) is the power-law fit to the experimental data, yielding

αLRA ∝/ with a critical exponent α = -1.3, in agreement with the simulation data for 8 < L < 

20 µm. The deviation of the simulation data from this fit for L < 8 µm will be discussed in detail 

later.  This deviation could hardly be noticed in the experiments due to the large scatter in the 

experimental data points.  Simulations here are performed only for L > 2 µm, because below L = 

2 µm, individual nanotubes could connect the source and drain electrodes directly (since lCNT = 2 

µm), diminishing the effects of percolation.  Furthermore, simulations were limited to L < 20 

µm, since the time it takes to run the simulations becomes prohibitively long for longer devices. 

The decrease in the noise amplitude with device length is consistent with Hooge’s classical 
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empirical law [182], where the 1/f noise amplitude A varies inversely with the number of charge 

carriers N in the device, i.e. NA /1∝  [169].  However, since the resistance of the CNT film 

device is given by
Wt
LR ρ= , where ρ is the resistivity, and N scales with the device volume, i.e. 

LWtN ∝ , A/R is expected to scale as 2/ −∝ LRA .  Previously, it was suggested that the deviation 

from this ideal result is due to nonuniformity of the CNT network [169]. My results, on the other 

hand, suggest that the observed exponent is probably due to the effect of other device parameters 

on the 1/f noise amplitude.    

To illustrate this point further, Fig. 6-3(b) shows how the film thickness t affects the 

scaling of A/R with L.  The simulation parameters are the same as in Fig. 6-3(a), except that n = 

1.25 µm-2 (which falls within the range of experimentally reported values for thin nanotube 

networks [64]) and the number of layers is more than one, which determines the thickness of the 

simulated CNT film. Two curves are illustrated, one for a film consisting of 8 layers (t ~ 16 nm, 

assuming each nanotube layer is 2 nm “thick”) and the other for a film consisting of 3 layers (t ~ 

6 nm) shown by open circles and squares, respectively.  The extracted critical exponents from 

the power-law fits to the simulation data for L > 6 µm, shown as dashed lines in Fig. 6-3(b), are 

α = -1.9 and α = -0.8 for the 8 and 3 layer CNT film, respectively.  As its thickness is reduced, 

the 3D CNT film becomes like a 2D network and approaches the percolation threshold [62,113], 

and the critical exponent α decreases significantly. Furthermore, the magnitude of the critical 

exponent extracted for the 3-layer CNT film is smaller than that for the 1-layer 2D network 

simulated in Fig. 6-3(a) due to the significantly lower density per layer, n, which is another 

parameter that affects the critical exponent α. The noise amplitude A, also exhibits an inverse 

power law dependence on n, decreasing with increasing n. For comparison with the simulation 
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data, my experimental measurements of the 1/f noise amplitude in the third set (Set 3) CNT film 

devices are also shown in Fig. 6-3(b) as filled circles (I will come back to my experimental 

results later in this chapter). As can be seen, the simulation results for the t = 16 nm CNT film 

are in excellent agreement with the experimental data, and both exhibit a critical exponent which 

is very close to the ideal case of α = -2.  In other words, as we get further away from the 

percolation threshold by changing other device and nanotube parameters, such as increasing the 

thickness or nanotube density, A/R dependence on L approaches 1/L2.  In this case, extrapolation 

of the simulation data to large values of length (L > 20 µm) is therefore valid, as the CNT film 

characteristics are similar to a uniform material for large device lengths. 

The deviation from this slope observed in the experiments [169] and my simulation data is 

a clear signature of percolation transport in the CNT film.  Furthermore, these results clearly 

show that the critical exponent α for the device length dependence of A/R is not a universal 

invariant; rather it depends strongly on other device and nanotube parameters, such as the CNT 

film thickness and nanotube density.  These results illustrate the complex interdependencies that 

exist for the scaling of the 1/f noise in CNT films arising from percolation transport.  

Another important point is that there is a significant amount of scatter (about an order of 

magnitude) in the experimental noise amplitude data from both Snow et al. [169] and my own 

measurements as shown in Figs. 6-4(a) and (b).  One of the reasons for this scatter is the 

percolative nature of the transport in the CNT film. In other words, different physical distribution 

of nanotubes in the film for devices with the same L can cause the resistivity and noise amplitude 

to vary significantly. The extent of this scatter is illustrated in the inset of Fig 6-4(b) for the t = 

16 nm CNT film simulation data. Here, distribution of the noise amplitude A for 500 different 

realizations of the CNT film generated randomly is shown for the device length of L = 2 µm.  
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The simulation data can be fit by a lognormal distribution given by 
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A y - y = with standard deviation σ ≈ 0.4.  This distribution also depends on 

the other device parameters and becomes wider (i.e. σ becomes larger) as the device dimensions 

decrease (i.e. as we approach the percolation threshold).  For example, it is evident from Fig. 6-

3(b) that there is a large scatter in the noise amplitude simulation data for the 3-layer film even 

after averaging 500 simulation results for each datapoint.  This scatter is absent in the data for the 

8-layer thick film.  In experimental noise measurements, in addition to this “intrinsic” scatter due 

to percolation, there are also experimental errors due to factors such as CNT film 

inhomogeneities and presence of defects and impurities.  As a result, the observed variation of an 

order of magnitude in the experimental noise data can be expected.   

As mentioned before, it can be seen in both Figs. 6-4(a) and (b) that the simulation data 

starts to increase from the dashed line fits for small values of L.  This increase is a result of the 

change in the resistivity ρ of the CNT film.  As the device length (L) approaches the length of 

individual nanotubes (lCNT), the statistical distribution of nanotubes in the film can result in short 

conduction paths consisting of only a few nanotubes connecting source to drain, decreasing the 

total resistivity of the film [99,175] .  The simulation plot of resistivity versus device length 

shown in the inset of Fig. 6-3(a) for the simulation dataset in the main panel of Fig. 6-3(a) 

illustrates this point.  As can be seen, while resistivity decrease with decreasing device length is 

quite significant for L < 8 µm, its variation is less than 10% for L > 8 µm, and the resistivity 

almost saturates for L > 10 µm.  For very small device lengths, the decrease in resistivity 

increases the amount of current in the device for a fixed applied bias (in addition to the increase 

due to the length shrinkage), which in turn increases the total 1/f device noise at a rate faster than 
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that observed for larger device lengths, as implied by Eq. (6-4). This increase in 1/f noise causes 

the critical exponent α to increase for small values of L as evidenced by the deviation from the 

dashed power-law fits in Figs. 6-4(a) and (b). 

The effect of the change in resistivity at small L (due to percolation) on the noise 

amplitude A can be illustrated further by re-plotting the data in Fig. 6-3(b) for the CNT film with 

t = 16 nm as A × L versus resistivity, as shown in Fig. 6-4.  We have seen above that the 

simulation data for the t = 16 nm curve in Fig. 6-3(b) exhibits approximately 2~/ −LRA , which 

indicates that A × L is a constant if ρ is constant.  As a result, by plotting A × L versus ρ in Fig. 

6-4, any explicit dependence of A on L is eliminated, except for an implicit dependence through 

resistivity, since )(Lρρ =  as seen in the inset of Fig. 6-3(a). 

The simulation data in Fig. 6-4 can be fit by a power-law relationship given by βρ∝× LA

with an extracted critical exponent of β = 0.4.  Since the resistivity is almost constant for many 

of the data points, they fall on top of or close to each other in Fig. 6-4; however, the scaling trend 

can still be observed.  This observed power law behavior is in agreement with previous results 

observed for percolation systems [172,183,184] and is a direct manifestation of percolation 

affecting the 1/f noise in the CNT film.   

  Up to this point, based on the relative noise amplitudes chosen to fit the experimental 

data, it is assumed that the tube-tube junctions dominate the 1/f noise in the CNT film.  In 

contrast, the inset in Fig. 6-4 shows the log-log plot of A × L versus resistivity, when nanotubes 

are assumed to be the only sources of 1/f noise in the film  (tube-tube junction noise amplitudes 

are set to zero, i.e. a = 0). There are two striking differences between the results in the main 

panel and the inset in Fig. 6-4.  First, the noise amplitude A has dropped more than 3 orders of 

magnitude when I exclude the junction noise.  In other words, the noise amplitude chosen for an 
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individual nanotube ( lRAn /10 0
10−= ) based on the experimental results for single tube devices 

[179] results in a total noise significantly smaller than the experimental values observed for the 

CNT film.  This reduction is expected in my simulations, as the noise amplitudes An of the tube-

tube junctions are significantly larger than those of the nanotubes themselves due to the larger 

resistance associated with the junctions. Secondly, A × L scaling with resistivity now exhibits a 

power-law decrease, which is in sharp contrast to the power-law increase observed in the main 

panel of Fig. 6-4 for the simulations that fit the experimental data shown in Fig. 6-3.  

Furthermore, power-law increase of 1/f noise with resistivity is commonly observed for CNT 

films and other systems when a particular parameter is changed to modify the resistivity close to 

the percolation threshold [169,172,183,184].  I will later show that my simulations exhibit a 

similar power-law increase of 1/f noise with resistivity, when the CNT film thickness is the 

parameter that causes the change in resistivity and 1/f noise, in agreement with experimental data 

[172].  Taken together, the above results strongly suggest that tube-tube junctions, and not the 

nanotubes themselves, dominate the overall CNT film 1/f noise.  This finding is in analogy to 

previous experimental and theoretical results [113,175], which show that the resistivity of the 

CNT film is also dominated by tube-tube junction resistance, and not the nanotube resistance. As 

long as the electronic mean free path is larger than about 100 nm, the nanotube noise remains 

negligible compared to the junction noise. 

Effect of Device Width 

Noise scaling trends with other device parameters also confirm the above results.  In 

particular, I next study the effect of device width.  The resistivity scaling with device width close 

to the percolation threshold has been experimentally observed to be significantly more 

pronounced than that with device length [113,175]. This point is also evident in the simulation 
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data shown in the inset of Fig. 6-5(a) for a device with L = 5 µm, t = 16 nm, and other 

parameters kept the same as in Fig. 6-3(b). (These parameters have been used for the rest of the 

simulations presented in this chapter). In this inset, for 2≥W  µm, resistivity is almost constant, 

while at submicron width range, it depends strongly on W.  We have also performed simulations 

to investigate the scaling of 1/f noise with device width in the CNT film, which has not been 

experimentally studied before. The main panel of Fig. 6-5(a) shows 1/f noise amplitude versus 

device width W, in which two regions can be distinguished. For 2≥W  µm, A is inversely 

proportional to W (the power-law exponent extracted from the dashed line fit to the data is W-1.1). 

This variation is expected, since NA /1∝ , and the number of carriers N increases linearly with 

device width and the resistivity is constant in this regime, as seen in the inset of Fig. 6-5(a).  

However, for W < 1 µm, there is a strong power-law relationship between A and W with a 

critical exponent extracted from the fit equal to -5.6. This shows that the variation of resistivity 

has a strong effect on the noise in this region.  To investigate this variation further, the inset of 

Fig. 6-5(b) shows A vs. ρ for the same data as in the main panel of Fig. 6-5(a).  As can be seen, 

presenting the data in this way results in a non-linear curve and its interpretation becomes 

difficult, since this data includes the effect of both W and ρ on the noise. Once again, to separate 

these two dependencies, A can be multiplied by W, which eliminates the explicit dependence of 

A on W.  The main panel of Fig. 6-5(b) shows the log-log plot of A × W (noise amplitude 

normalized with device width) versus resistivity.  Similar to the length case, the simulation data 

can be fit by a power law dependence on resistivity, δρ∝×WA , where the extracted critical 

exponent for width is δ = 1.7.  This critical exponent is different from the one extracted for noise 

scaling with resistivity that was due to the change in device length. This result shows that the 
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noise-resistivity critical exponent is not a universal invariant, rather it depends on the parameter 

that is causing the change in the 1/f noise. 

Effect of Device Thickness and Tube Alignment Angle 

As we have seen in Fig. 6-3(b), CNT film thickness has a strong effect on the noise scaling 

with device length. Several studies have shown that film thickness t also has a strong effect on 

the CNT film resistivity, especially for extremely thin films [62,113].  Recently, Soliveres et al. 

have experimentally studied the dependence of the 1/f noise amplitude on film thickness [172].  

Next, I investigate this dependence by my simulations.   

The left inset of Fig. 6-6(a) shows log-log plot of resistivity versus number of layers (i.e. 

thickness) where resistivity is almost constant for films with 10 layers or more, while strong 

inverse power law dependence of resistivity on thickness exists for thin films near the 

percolation threshold. As a result, like device width, film thickness can be expected to have a 

strong impact on noise, as shown by the experimental results of Soliveres et al. [172]. The main 

panel of Fig. 6-6(a) shows the log-log plot of the noise amplitude normalized by thickness A × t 

versus resistivity computed for the same CNT film device as in the inset.  Similar to the width 

case, the normalized amplitude A × t is used because A varies with thickness linearly in the 

regime when resistivity is constant.  The simulation data can be fit by νρ∝× tA , where the 

extracted critical exponent is ν = 1.8. These results can be compared to the experimental data of 

Soliveres et al. [172]. Although they report a critical exponent for A, not A × t, renormalization 

of their data gives ν = 1.1.  The disagreement in the simulation (1.8) and experimental (1.1) 

critical exponents reported is most likely due to differences between other device/nanotube 

parameters, such as density per layer, and the film properties such as the purity and homogeneity 

of the deposited CNT film. 
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As a confirmation of how the two possible noise sources (nanotube and junction) affect the 

noise results, the right inset in Fig. 6-6(a) shows log-log plot of A × t versus resistivity, but with 

tube-tube junction noise amplitudes set to zero, (i.e. nanotube-dominated noise).  Similar to the 

case of device length, not only the noise amplitude A drops by orders of magnitude, but also the 

critical exponent becomes negative, which is in sharp opposition to the positive value observed 

in experimental data [172]. These results once again imply that the tube-tube junctions dominate 

the 1/f noise in CNT films. 

It is worth mentioning that there is slight deviation of the simulation data from the dashed 

line fit for the highest resistivity value (very thin films) in Fig. 6-6(a). This is due to the decrease 

of the percolation probability below unity near the percolation threshold [175], and can be 

observed for noise scaling with nanotube alignment very close to the percolation threshold as 

well [Fig. 6-6(b)]. 

Finally, I study the effect of alignment of nanotubes making up the film on the scaling of 

1/f noise amplitude to show that even internal parameters of the film can strongly affect the 1/f 

noise.  I have used the same definition for alignment angle θa as in chapter 4 (also illustrated in 

the inset of Fig. 6-2(b)).  Therefore, when θa = 90o, the nanotubes are completely randomly 

distributed (which is the case for all the previous simulations), whereas when θa = 0o, they are 

completely aligned along the horizontal axis. As a reminder from chapter 4, the inset in Fig. 6-

6(b) plots resistivity versus nanotube alignment angle obtained by simulations. With a decrease 

in θa, the resistivity initially decreases, reaches a minimum (at Min
aθ ), and then starts to increase 

significantly, as observed experimentally and explained in chapter 4 [110]. 

The main panel of Fig. 6-6(b) shows the 1/f noise amplitude A versus resistivity, where the 

high resistivity section of the curve corresponds to a film with well aligned nanotubes (i.e. small 
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θa).  Unlike external device dimensions L, W, and t, the alignment angle θa changes device 

resistance R and noise magnitude A only implicitly by changing ρ and the nature of the 

conduction paths. As a result, A is not normalized in this figure.  Interestingly, it is evident from 

Fig. 6-6(b) that CNT films with the same resistivity values can have two different noise 

amplitudes, depending on their alignment angles.  As the alignment angle decreases from 90°, 

the resistivity becomes smaller, but A remains approximately constant.  However, below Min
aθ  

[about 45° in the inset of Fig. 6-6(b)], the noise amplitude starts to increase strongly with 

resistivity. A power-law fit to the noise data with an amplitude higher than 7×10-7, i.e. τρ∝A , 

yields a critical exponent of τ = 1.3.  It can be inferred from the trend in Fig. 6-6(b) that other 

parameters being constant, partial alignment of nanotubes at the minimum resistivity angle, Min
aθ

, gives the lowest resistivity-lowest noise configuration; hence in order to optimize a device 

design, it is better to have the nanotubes partially aligned in the film rather than perfectly 

aligned.  

Experimental Results  

In order to understand the noise mechanisms in CNT films better, I have analyzed the 

resistance and 1/f noise trends in these films as a function of temperature. Figure 6-7 shows the 

log-log plot of resistivity (ρ) versus temperature (T) for one of the devices in Set 1 with L = 1500 

µm and W = 50 µm (This device will be called D1 from now on).  It is clear that ρ increases over 

one order of magnitude as T decreases from 300 to 1.2 K. For CNT films, the temperature 

dependence of ρ depends strongly on parameters such as the doping of the film, the density and 

structure of the nanotubes (e.g. diameter and length), and device dimensions [101,108]. For 

example, while highly doped thick CNT films were found to show metallic behavior with very 
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weak ρ dependence on T, lightly doped or undoped thin CNT films depicted strong localization 

behavior with close to zero conductance values at very low temperatures [101,108].  

Although the CNT films in my study are not intentionally doped, nitric acid, which is used 

for purifying the nanotubes, unintentionally dopes the CNT films to some extent.  However, as I 

have previously shown in chapter 3, nanotubes are subsequently de-doped during the processing 

steps associated with the four-point-probe structure patterning, resulting in weakly doped films.  

The resistivity shown in Fig. 6-7 for device D1, therefore, depicts insulating behavior due to 

strong localization of carriers at low temperatures, which can be explained by variable range 

hopping (VRH). The temperature dependence of ρ in the VRH regime can be written as 

])/exp[()( 00
pTTT ρρ = ,                                               (6-5) 

where ρ0 is a constant, T0 is the characteristic temperature which is proportional to the 

energy separation between the available states, and p = 1/ (d+1) for Mott VRH [185], where d is 

the dimensionality of the hopping conduction.  

As is shown in the right inset of Fig. 6-7, p can be extracted from a plot of reduced 

activation energy W, defined as 

Td
TdTW

ln
))(ln()( ρ

−= ,                                                (6-6) 

versus T. The p value (equal to the slope of the fit in this plot) I have extracted is 0.29, 

which is very close to the theoretical value of 0.25 expected for 3D VRH [i.e. d = 3 in Eq. (6-5)]. 

The slight deviation from 0.25 could be related to the strong localization of carriers that cause a 

transition form Mott VRH to coulomb gap (CG) VRH (For CG VRH, the exponent p should 

have a value close to 0.5) [108]. More analysis of the CNT film resistivity dependence on 

electric and magnetic field in the VRH regime is presented in the appendix. 
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The value extracted for T0 by fitting the experimental data with Eq. (6-5), as shown in the 

main panel of Fig. 6-7, is 39 K. The extraction is performed by fitting a linear curve to )ln(ρ  vs. 

pT
1

 plot, and calculating T0 from the slope of the fitted curve. VRH is responsible for transport 

when T << T0. At higher temperatures, fluctuation induced tunneling (FIT) can describe the 

transport in the CNT film, as the conduction paths are formed by very conductive nanotubes in 

series with resistive tunneling junctions between them [123,186]. The expression for the FIT-

controlled resistivity can be written as: 

)exp()(
TT

T
CT

s

b

+
=ρ                                                  (6-7) 

where C is a constant, kTb reflects the order of magnitude of the barrier energies (where k 

is the Boltzmann constant) and the Ts to Tb ratio determines the increase of resistivity at lower 

temperatures. The values of C and Tb can be extracted directly from the data by plotting ln(ρ) 

versus  1/T (assuming Ts is small) and then Ts can be found from a fit to the data, as shown in the 

main panel of Fig.6-7.  From this fit, I get Tb = 24 K and Ts = 14 K.  The values reported for Tb 

and Ts in the literature vary over a large range [62,187] and the ones extracted here are within 

that range [187].  Ts is an important parameter here because the FIT model only explains the 

resistivity results for temperatures that are well above Ts. Therefore, Ts together with T0 (from the 

VRH model) suggest that at low temperatures VRH is the main transport mechanism, whereas at 

high temperatures, FIT begins to dominate. I will show next that this is also in agreement with 

my results on the temperature dependence of 1/f noise in CNT films.  

The main panel of Fig. 6-8 shows a log-log plot of the noise amplitude A versus T for two 

devices, namely D1 (the device for which the resistivity is shown in Fig. 6-7) and one device in 

Set 2 (with L = 50 µm and W = 0.4 µm, which will be called device D2).  Based on a careful 
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analysis of the noise spectrum at low frequencies, no features other than 1/f behavior were 

detected over the range of measured temperatures (except for slight fluctuations in the exponent 

β as T varies, as shown in the inset of Fig. 6-9). Due to the high resistance of D2 at low 

temperatures, I was able to perform noise measurements only down to 77 K for this device. The 

temperature dependence of A in Fig. 6-8 follows the same pattern for both D1 and D2 for T > 77 

K.  However, there is roughly four orders of magnitude difference in the absolute value of A in 

these samples, which will be discussed later when I consider the effect of device dimensions on 

noise. At high temperatures close to 300 K, A is a weak function of T, however, as T decreases 

down to 77 K, A starts to decrease for both D1 and D2.  The value of A for D1 reaches a 

minimum at around 40 K and then starts to increase significantly at lower temperatures. This 

trend is strikingly different from the one that has been recently observed for individual 

semiconducting nanotubes [176], where A continuously decreases as T goes down to 4 K.  Due to 

the insulating behavior of the CNT film at low temperatures (A and ρ both increase significantly 

when T decreases), the noise behavior might be determined by two separate mechanisms at high 

and low temperatures. For D1 at T << 40 K, A exhibits a power law dependence on T in the form 

ν−∝ TA with ν = 1.53. It has been suggested that for Mott VRH systems in which A increases as 

T decreases, a power law-based relationship with an exponent close to 1.5 exists between A and 

T [188].  The exponent v extracted from my data is very close to this value.  Another interesting 

feature is the position of the noise minimum in the A vs. T curve for D1, which is ~ 40 K. This 

temperature is very close to the T0 value in the VRH model extracted from the ρ vs. T data.  

These observations imply that VRH theory applies to the temperature dependence of both 

resistivity and noise in my CNT films at low temperatures (T << 40 K). 
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The T dependence of A at temperatures above the VRH regime can provide further 

information about the energy distribution of the fluctuators. More specifically, Dutta and 

colleagues have suggested that for an inhomogeneous system with random fluctuations, if the 

energy distribution is broad compared to kT, the relationship between D(η), density of fluctuation 

states, and A can be written in the form [189] 

T
TAD )()( ∝η ,                                                          (6-8) 

Where )2ln( 0τπη fkT−= , and τ0 is a characteristic “attempt time” with a value inverse of 

phonon frequency. For most materials, 10-14 < τ0 < 10-11 s [190], but the value of η is not very 

sensitive to the absolute value of τ0 . 

The main panel of Fig. 6-9 shows D(η) versus η for D1 and D2, based on Eq. (6-8) with τ0 

= 10-13 s. This value of τ0 is chosen to provide the best fit of Eq. (6-9) to the β values extracted 

experimentally, as explained below.  The similarity in the dependence of A on temperature for 

the two devices results in a similarity in the dependence of D on η. As can be seen, both curves 

show broad peaks in the range 0.3 to 0.6 eV.  These peaks are broad enough to satisfy the 

assumptions made in writing Eq. (6-8) and they are responsible for most of the noise at high 

temperatures [189].  As mentioned before, similar peaks have also been observed for individual 

semiconducting tubes [176].  Based on the energy range of the peaks, sources of noise such as 

electronic excitations within the tubes or structural fluctuation of the defects within the CNT 

lattice have been ruled out [176]. For CNT films, due to the presence of the tube-tube junctions, 

the picture is even more complicated. However, a possible source of the noise could be 

fluctuation within or at the surface of the SiO2 substrate underneath the nanotubes [176]. In fact, 

it has been shown that removing the oxide underneath the tubes can improve (reduce) their noise 

amplitude up to an order of magnitude [191,192]. Therefore, similar to the individual 
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semiconducting nanotube case, a significant portion of the noise observed at room temperature in 

CNT films can also be related to the fluctuation of trapped charges in the oxide.  

Based on Dutta et al. [189], there should also be a relationship between the frequency 

scaling exponent β and the dependence of A on temperature in the form [189] 
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β .                                                (6-9) 

In order to check the accuracy of Eq. (6-8) for CNT films, the inset in Fig. 6-9 compares 

the values of β as a function of T that are extracted from the experimental results and calculated 

from Eq. (6-9). The agreement between the two sets is very good for T > 40 K (above the VRH 

regime) and so the relationship between the energy distribution of fluctuations and the 

temperature scaling of the noise amplitude stated in Eq. (6-8) is correctly established.  

As mentioned before, the value of A at room temperature is about 4 orders of magnitude 

larger for device D2 compared to D1 (see Fig. 6-8). This difference is due to two reasons: First, 

the dimensions of D2 (L = 50 µm and W = 0.4 µm) are significantly smaller compared to those of 

D1 (L = 1500 µm and W = 50 µm).  As I have shown above for CNT films, A is almost inversely 

proportional to the total number of carriers (N) and hence inversely proportional to both L and W 

in the region that film resistivity is constant (i.e. well above the percolation threshold) [169,193]. 

As a result, the large difference between the dimensions of the two devices can partially explain 

the difference in their A values. As a reminder, Fig. 6-10(a) shows the strong dependence of the 

noise amplitude normalized to resistance (A/R) at room temperature versus device length (L) for 

four devices in Set 1.  Also shown in this figure are my Monte Carlo simulation results, 

described in detail previously. This figure is similar to the one that is shown in Fig. 6-3(b). The 
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critical exponent extracted from the power-law fit (i.e. κ−∝ LRA / ) to the simulation dataset is 

1.9, which is very close to the theoretical value of κ = 2 [169].  

The second reason for the huge difference in the A values between D1 and D2 is the non-

constant resistivity. The device width W of D2 is very close to percolation threshold and hence 

its resistivity is much higher compared to D1. The increase in ρ results in a further increase in A, 

i.e. A dependence on W becomes significantly stronger than an inverse relationship. To better 

demonstrate the relationship between A and ρ, I have measured A for the devices in Set 2 with 

various widths, and the results are plotted as A × W versus ρ in Fig. 6-10(b).  If A is inversely 

proportional to W, A × W should remain constant as W and hence ρ changes. However, as can be 

seen in this figure, A × W depends strongly on ρ, following a power law relationship with ρ in the 

form δρ∝×WA where δ is extracted to be 2.5. This strong A - ρ dependence is due to the 

percolative nature of the transport in CNT films, as predicted by my computational results above 

(refer to Fig. 6-5 to compare the scaling of resistivity between computational and experimental 

results).  Based on the above discussion, both the dimensions of the device and the resistivity of 

the film are responsible for the large differences observed in the noise levels of my samples. 
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Figure 6-1.  Effect of device length and film thickness on experimentally measured noise: (a) 
Log-log plot of A/R versus L taken from [169]. The dashed line represents A/R = 10-11 
Ω-1 and the solid line is a least-squares power-law fit to the experimental data. (b) 
Log-lin plot of A as a function of the number of deposited layers, nL, taken from 
[172]. The inset shows variation of A as a function of the conductivity with a line 
fitted to the experimental data.  
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Figure 6-2.  Experimental and computational analysis of noise: (a) AFM image of a nanotube 
film with an approximate thickness of t = 15 nm where nanotubes are randomly 
distributed. (b) A 2D nanotube network generated using Monte Carlo simulations for 
a device with length L = 4 µm, width W = 4 µm, nanotube length lCNT = 2 µm, and 
nanotube density per layer n = 10 µm-2.  Semiconducting and metallic nanotubes are 
shown in cyan and blue color, respectively. The inset illustrates the alignment angle 
θa, explained more in chapter 4. (c) Log-log plot of current spectral density (SI) 
versus f for a device in Set 1 with L = 1000 µm and W = 50 µm (open circles), 
demonstrating the 1/f type behavior at low frequencies and saturation of the noise at 
high frequencies. The black line in this inset is a fit to the low frequency regime with 
a slope β of 0.99. 
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Figure 6-3.  Effect of device length on noise: (a) Log-log plot of the noise amplitude normalized 
by resistance (A/R) versus device length (L) for a nanotube network.  Experimental 
data points from Snow et al. [169] is shown by the filled circles. Simulation data 
points for devices with W = 2 µm, lCNT = 2 µm, n = 5 µm-2, and L ranging from 2 to 
20 µm are shown by the open circles.  The exponent obtained from the fit to the 
simulation data for 8 < L < 20 µm is ~1.3.  The inset shows log-log resistivity versus 
L for the same device as the main panel.  (b) Log-log plot of A/R versus L for multi-
layer nanotube films.  Filled circles represent measurements of devices in Set 3.  
Open circles and squares are simulation data points for devices with t = 16 nm (8 
layers) and t = 6 nm (3 layers), respectively, other simulation parameters are W = 2 
µm, lCNT = 2 µm, n = 1.25 µm-2, and L ranging from 2 to 14 µm.  The extracted 
critical exponents from the dashed line fits to these two simulation datasets above L > 
6 µm are -1.9 and -0.8, respectively. The inset shows the distribution of A in 500 
simulated devices, all with L = 2 µm, t = 16 nm, and the other parameters same as 
above, fitted by a log-normal distribution.  
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Figure 6-4.  Effect of resistivity change due to device length on noise: Main panel is a log-log 
plot of computed A × L versus resistivity for the device shown in Fig. 6-3 (b) with t = 
16 nm. The change in resistivity is a result of the change in device length. The 
extracted critical exponent of the dashed line fit is 0.4.  The inset shows log-log plot 
of A × L versus resistivity for the same device as in the main panel, but without any 
noise sources at the tube-tube junctions. The extracted critical exponent is -2.9 in this 
case. 
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Figure 6-5.  Effect of device width on noise: (a) Log-log plot of computed A versus W for a 
device with L = 5 µm, t = 16 nm and other parameters same as in Fig. 6-3(b). There 
are two separate scaling regimes. The extracted exponent of the dashed line fit for 
large widths (where resistivity is constant) is -1.1. The extracted exponent of the 
dashed line fit for small widths is -5.6. The inset shows log-log plot of resistivity 
versus device width for the same device as in the main panel.  (b) Log-log plot of 
computed A × W versus resistivity. The change in resistivity is a result of change in 
device width. The extracted critical exponent in this case is 1.7. The inset shows log-
log plot of A versus resistivity for the same device. 
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Figure 6-6.  Effect of device thickness on noise: (a) Log-log plot of computed A × t versus 
resistivity. The change in resistivity is a result of change in the t. The extracted 
critical exponent in this case is 1.8. The left inset shows log-log plot of resistivity 
versus device thickness for the same device.  The right inset shows log-log plot of A × 
t versus resistivity for the same device, but without any noise sources at the tube-tube 
junctions. The extracted critical exponent is -0.8 in this case. (b) Log-log plot of 
computed A versus resistivity. The change in resistivity is a result of change in the 
nanotube alignment angle θa.  It is evident that CNT films with the same resistivity 
values can have two different noise amplitudes, depending on their alignment angles.  
A power-law fit to the data points (dashed line) with noise amplitudes A higher than 
7×10-7 yields a critical exponent of 1.3. The inset shows the log-log plot of resistivity 
versus alignment angle for the same device, in which the resistivity minimum at about 
45° is evident. 
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Figure 6-7.  Effect of temperature on resistivity: Main panel is a log-log plot of ρ versus T for 
device D1. Black squares are experimental datapoints, while red and blue lines are 
fits to the experimental results based on the VRH and FIT models, respectively. The 
right inset is a log-log plot of reduced activation energy (W) versus T for the same 
device. The red line in this inset is a power-law fit to the data with an exponent -0.29.  

 

Figure 6-8.  Effect of temperature on noise: Main panel is a log-log plot of A versus T for devices 
D1 (left y-axis) and D2 (right y-axis). Due to the high resistance of D2 at low 
temperatures, noise measurements could be performed only down to 77 K for this 
device. A power-law fit to the three leftmost D1 datapoints yields an exponent of 
1.53. The black lines are drawn as a guide for the eye. The inset is a log-log plot of 
current spectral density (SI) versus f for a device in Set 1 with L = 1000 µm and W = 
50 µm (open circles), demonstrating the 1/f type behavior at low frequencies and 
saturation of the noise at high frequencies. The black line in this inset is a fit to the 
low frequency regime with a slope β of 0.99. 
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Figure 6-9.  Dependence of density of states on energy: Main panel is a log-log plot of D(η) 
(arbitrary units) versus η for devices D1 and D2 directly obtained from the A versus T 
results in Fig. 6-8. The black lines are drawn as a guide for the eye. The inset is a 
linear-log plot of β versus T for D1 either experimentally obtained (open circles) or 
directly calculated from the A versus T results in Fig. 6-8. 

 

Figure 6-10.  Experimental observation of the effect of device length and width on noise: (a) 
Log-log plot of measured (filled circles) and simulated (open circles) A/R versus L.  
Measured values are for devices in Set 1.  The extracted critical exponent from the 
dashed line power law fit (i.e. A/R α L-κ) to the simulation dataset is 1.9. (b) Log-log 
plot of A × W versus ρ experimentally measured for devices in Set 2 (with L = 50 µm 
and W = 0.3, 0.4, 0.7, 1 and 2 µm). The critical exponent extracted from a fit (in the 
form A × W α ρδ) to the results is 2.5. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORKS 

Summary of Results 

The main scope of this work was to study CNT film electrical properties using both 

experimental and simulation approaches and to further evaluate its potential as a transparent 

conductive electrode for applications such as optoelectronics and flexible electronics.    

In chapter 2, I developed the nanolithographic patterning capability that would open up 

significant opportunities for fabricating and integrating single-walled nanotube films into a wide 

range of electronic and optoelectronic devices. I demonstrated the ability to efficiently pattern 

CNT films with good selectivity and directionality down to submicron lateral dimensions by 

photolithography or e-beam lithography and O2 plasma etching using an ICP-RIE system.  I 

systematically studied the effect of ICP-RIE etch parameters on the nanotube film etch rate and 

etch selectivity.  Decreasing the substrate power from 100 W to 15 W, decreased the nanotube 

film and resist etch rates by about a factor of 10.  Decreasing the chamber pressure from 45 

mTorr to 10 mTorr increased the nanotube film and resist etch rates by a factor between 1.7 and 

3.5.  It also increased the etch selectivity between the nanotube film and the resist masks.  On the 

other hand, increasing the chamber pressure from 45 mTorr to 100 mTorr did not change the etch 

rates of the nanotube film and resists significantly.  Similarly, increasing the helium flow rate 

(which actively cools the substrate) from 10 sccm to 40 sccm did not produce a significant 

change on the etch rates of the CNT film and the three resists.  Furthermore, the CNT film etch 

rate was found to be independent of the line width etched for linewidths ranging from 50 µm 

down to 100 nm. In addition, by comparing the etch rates of CNT film and the three resists in an 

ICP-RIE system to those in a conventional parallel plate RIE system, I demonstrated that using 

an ICP-RIE system provides significant advantages, such as faster etch rates and better etch 
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selectivity, over conventional parallel plate RIE plasma systems, making it possible to pattern 

lateral features as small as 100 nm in nanotube films.  Furthermore, I showed that a wide range 

of nanotube film etch rates can be obtained using an ICP-RIE system by changing the substrate 

bias power and chamber pressure.   

Chapter 3 was dedicated to characterization of the CNT film resistivity. By fabricating 

standard four-point-probe structures using the patterning capability developed in chapter 2, we 

demonstrated that the resistivity of the films is independent of device length, while increasing 

over three orders of magnitude compared to the bulk films, as their width and thickness shrink. 

In particular, resistivity of CNT films started to increase with decreasing device width below 20 

µm, exhibiting an inverse power law dependence on width in the sub-micron range.  These 

results suggested that the resistivity scaling is an important effect that requires consideration 

when fabricating small devices. I also showed that different resist processes result in different 

CNT film resistivity values due to partial de-doping of the acid purified nanotubes during 

lithography.  In addition, the resistivity of nanotube films increased between two to three orders 

of magnitude after partial etching by the O2 plasma, indicating that the remaining film is 

significantly damaged during the etch.     

I used a Monte Carlo simulation platform in chapter 4 to model percolating conduction in 

single-walled carbon nanotube films. I exhibited that this simple model can fit the experimental 

results on resistivity scaling as a function of device width. In addition, I demonstrated that 

geometry-dependent resistivity scaling in single-walled carbon nanotube films depends strongly 

on nanotube and device parameters. In particular, I studied the effect of four parameters, namely 

resistance ratio, nanotube density, length, and alignment on resistivity and its scaling with device 

width.  Stronger width scaling is observed when the transport in the nanotube film is dominated 



 

141 

by the tube-tube contact resistance.  Increasing the nanotube density decreases the film resistivity 

strongly, and results in a higher critical exponent α for width scaling and lower critical width 

WC.  Increasing the nanotube length also reduces the film resistivity, but increases both α and 

WC.  In addition, the lowest resistivity occurs for a partially aligned rather than perfectly aligned 

nanotube film.  Increasing the degree of alignment reduces both α and WC.  Furthermore, when 

the nanotubes are strongly aligned, the film resistivity becomes highly dependent on the 

measurement direction.  Consequently, I studied the effects of nanotube length, nanotube density 

per layer, and device length on the scaling of CNT film resistivity with nanotube alignment and 

measurement direction.  I found that longer nanotubes, denser films, and shorter device lengths 

all decrease the alignment critical exponent and the alignment angle at which minimum 

resistivity occurs, and increase the measurement direction critical exponent. However, the 

amount of increase or decrease is different for each parameter.  

I systematically explained these observations, which are in agreement with previous 

experimental work, by simple physical and geometrical arguments. All these results confirm that, 

near the percolation threshold, the resistivity of the nanotube film exhibits an inverse power law 

dependence on all of these parameters, which is a distinct signature of percolating conduction.  

However, the strength of resistivity scaling for each parameter, represented by the corresponding 

critical exponent, is different.  

I also studied the effect of length distribution (instead of a fixed length) on the resistivity 

scaling with CNT length and have compared the results for CNT films with films in which the 

resistance of the elements is significantly larger than their junctions (unlike CNT films). I 

observed that network resistivity correlates well with RMS length for CNT films and with 

average length for element-dominated films. In the latter case, percolation effects drive the 
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correlation towards RMS length for short average lengths.  Furthermore, in each case, alignment 

of nanotubes/elements in the network places increasing weight on the longest elements, shifting 

the correlation to higher power means.  These results emphasize the importance of taking the 

nanoelement length distribution into account when using these films in potential device 

applications. 

In chapter 5, I fabricated and characterized MSM photodetectors based on CNT film-GaAs 

and CNT film-Si Schottky contacts.  After reviewing the fundamentals of the MSM 

photodetectors, I extracted the Schottky barrier height of CNT film contacts on GaAs and Si by 

measuring the dark I-V characteristics as a function of temperature.  The results showed that at 

temperatures above ~ 240-260 °K, thermionic emission of electrons with a barrier height of ~ 

0.54 eV for GaAs junctions and barrier heights of 45.0=Bnφ  eV and 51.0=Bpφ  eV for n-type 

and p-type Si junctions was the dominant transport mechanism, whereas at lower temperatures 

tunneling began to dominate, suggested by the weak dependence of current on temperature.  

Assuming an ideal M-S diode, these barrier heights correspond to a CNT film workfunction of 

about ~ 4.6 eV, which is in excellent agreement with previously reported values.  Furthermore, I 

observed that dark currents of the MSM devices scale rationally with device geometry, such as 

the device active area, finger width, and finger spacing.  Finally, I observed that in the case of 

GaAs devices, while the photocurrent of the CNT film MSM devices is similar to that of the 

metal controls (resulting in a comparable responsivity), their significantly lower dark current 

results in a much higher photocurrent-to-dark current ratio relative to the control devices. Si-

based devices also exhibit a higher photocurrent-to-dark current ratio at high applied voltages 

relative to metal control devices.   
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Finally, in chapter 6, I first used Monte Carlo simulations and noise modeling to 

systematically study the 1/f noise in CNT films. I demonstrated that my computational model can 

fit previous experimental results on the scaling of 1/f noise amplitude in CNT films. My results 

show that the 1/f noise amplitude depends strongly on device dimensions and on the film 

resistivity, following a power-law relationship with resistivity near the percolation threshold after 

properly removing the effect of device dimensions.  Furthermore, the noise-resistivity and noise-

device dimension critical exponents extracted from the power-law fits are not universal 

invariants, but rather depend both on the parameter that causes the change in resistivity and 

noise, and the values of the other device parameters.  In addition, the simulation fit to the 

experimental data strongly suggests that tube-tube junctions, and not the nanotubes themselves, 

dominate the overall CNT film 1/f noise.   

I then studied experimentally the variation of resistivity and 1/f noise as a function of 

temperature and concluded that at very low temperatures (< 40 K) 3D variable range hopping is 

the dominant mechanism for both resistivity and 1/f noise. At temperatures above 40 K, 

however, the fluctuation induced tunneling model explains the resistivity behavior.  The noise 

amplitude exhibited a minimum at around 40 K and then started to increase with increasing 

temperature.  In the high temperature regime, the density of fluctuators as a function of energy, 

extracted from the temperature dependence of noise amplitude, depicted a peak at around 0.3-0.6 

eV.  The fluctuations within or at the surface of the SiO2 substrate underneath the CNT film 

could be the source of this peak and therefore the dominant source of the noise at high 

temperatures.  

Future Works 

The work presented in earlier chapters open up the possibility to further study various 

aspects of CNT film properties. First, the model developed for the CNT film in chapter 4 can be 



 

144 

improved in several ways. For example, my model ignores non-linear effects at high bias 

voltages [133] by assuming a fixed nanotube resistance independent of bias voltage. The 

dependence of nanotube resistance on the node voltage can be included by solving the current 

continuity equation self-consistently with the Poison equation in a recursive manner. In addition, 

a more accurate model can be developed for MS Schottky junctions by taking into account the 

variation of the depletion region in the semiconducting nanotube with the voltage at the contact 

node [123].  Second, in chapter 5, I studied the junction between CNT film and semiconductor 

substrates such as Si and GaAs by fabricating and analyzing metal-semiconductor-metal 

structures. There are two back-to-back Schottky junctions in these structures, which make the 

analysis of the transport over the barriers rather difficult. As a result, it would be advantageous to 

fabricate and study CNT-film/Si hetero-structures directly. Finally, my computational and 

experimental approach for studying CNT films can be applied to similar materials that are 

composed of nanostructures. One example would be to study nanocomposites and films 

composed of sheets/pallets of graphene. Similar to CNT films, these materials are transparent, 

conductive and flexible and therefore have potential to be used in various electronic and 

optoelectronic applications. My Monte Carlo simulation approach might be appropriate for 

modeling the transport in these structures and the experimental techniques can also be used for 

characterizing the transport as a function of various device parameters.    
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APPENDIX: ELECTRIC AND MAGNETIC FIELD DEPENDENCE OF THE CNT FILM 
RESISTIVITY IN THE VRH REGIME 

In the VRH regime, resistivity of my CNT films depicts strong electric and magnetic field 

dependences. The inset in Fig. A-1 shows I - V characteristics at three different temperatures for 

device D1 (refer to chapter 6). While the nonlinearity in the I - V curve at 1.2 K is considerable, 

at 10 K it is almost non-existent. To better present the effect of electric field (E), the main panel 

of Fig. A-1 depicts differential device resistance (R) versus E for temperatures similar to the ones 

in the inset. As can be seen, the magnitude of nonlinearity decreases and the electric field 

required for the onset of nonlinearity (En) increases as the temperature increases. The resistance 

at 10 K is almost constant in the whole range of electric field, indicating Ohmic behavior above 

this temperature. Also shown in Fig. A-1 is the R - T dependence for D1 (refer to Fig. 6-8 in 

chapter 6) that is shifted to fit the other three curves in the high electric-field region. In VRH 

regime, the temperature and electric field dependences of the resistance are correlated by 

[194,195]:    

)
8
3,0(

2
)0,( qEaRTkR B =                                                 (A-1) 

where q is the electron charge and a is the localization radius, estimated from the fit to be 

~800 nm. This large value suggests that the conductance of the nanotubes is quite high even at 

low temperatures and the long length of tubes results in the observed localization radius. This 

estimation is confirmed by considering the relationship between En and T which follows 

2.0/ =TkaqE Bn [194,195].  

Fig. A-2 shows magnetoresistance (MR) data for D1 at three different temperatures. As 

can be seen, while at higher temperatures, MR is negative and decreases with magnetic field (B), 

at very low temperatures it reaches a negative minimum and then starts to increase and finally 
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obtains positive values at high B. The positive second derivative of the MR (i.e. 2

2

dT
MRd ) at T →

0 is a sign of insulating behavior in this sample, which confirms the previous observations [196] 

and the results presented in chapter 6. One possible origin for the positive contribution to the MR 

at very low temperatures is wavefunction shrinkage. This contribution can explain the appearing 

of the positive MR when the B is high or the vanishing of the positive MR as temperature 

increases (which results in the MR minimum shifted towards higher B values) [108]. 
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Figure A-1.  Effect of electric field on resistance at very low temperatures: Main panel is a 
linear-log plot of the R versus E for D1 at 3 different temperatures. Open circles are R 
versus T experimental datapoints (also shown in Fig. 6-8 in chapter 6) plotted on the 
same panel and scaled to fit the R versus E results. The inset shows I - V 
characteristics of device D1 for the 3 temperatures at which the main panel curves are 
shown. 

 

Figure A-2.  Effect of magnetic field on resistance at very low temperatures. Main panel is a 
linear-linear plot of magnetoresistance (ΔR/R) versus B for device D1 at 3 different 
temperatures.  
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