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The exceptional electronic, thermal, mechanical, and optical characteristics of carbon
nanotubes offer significant improvement in diverse applications such as flexible electron-
ics, energy conversion, and thermal management. We present an overview of recent
research on the fabrication, characterization and modeling of carbon nanotube (CNT)
networks or ensembles for three emerging applications: thin-film transistors for flexible
electronics, interface materials for thermal management and transparent electrodes for
organic photovoltaics or light emitting diodes. Results from experimental measurements
and numerical simulations to determine the electrical and thermal transport properties
and characteristics of carbon nanotube networks and arrays used in the above applica-
tions are presented. The roles heterogeneous networks of semiconducting and metallic
CNTs play in defining electrical, thermal, and optical characteristics of CNT ensembles
are presented. We conclude with discussions on future research directions for electronics
and packaging materials based on CNT ensembles. [DOI: 10.1115/1.4004220]

1 Introduction

CNTs have quasi 1D structure with unique electrical, optical,
mechanical, and thermal properties which make them very attrac-
tive for a wide range of applications [1]. The thermal conductivity
of a single-wall nanotube is measured as high as 3500 W=mK
[2,3], their electron mobility can be up to 10,000 cm2 Vs�1 [4] at
room temperature and their Young’s moduli are in the range of
1–2 TPa [5]. These remarkable properties of CNTs have moti-
vated an extensive study for their possible use in diverse applica-
tions of electronic devices, avionic structures, energy conversion
devices, thermal interface materials, interconnects, chemical=bio-
logical sensors, solar cells, and hydrogen storage devices [1,6–
17]. Many of these applications require fabrication of thin-films or
composites using a large number of nanotubes in random net-
works, mats or parallel arrays; precise alignment of CNTs is not a
stringent requirement. These structures are relatively inexpensive
and compatible with large scale manufacturing [10].

Thin-film transistors (TFTs) on flexible substrates have been
investigated extensively for diverse applications such as displays
[18], e-paper, e-clothing, and pressure-sensitive skin [14], large
area chemical and biological sensors [6], flexible and shape-con-
formable antennae, and radar [14]. Thin-film transistors based on
CNT networks (CNTN-TFTs) are being explored to substantially
increase the performance of flexible electronics to address me-
dium-to-high performance applications in the 10 MHz to 1 GHz
range [1,14]. High mobility, substrate-neutrality, and low-temper-
ature=low-cost processing make CNTN-TFTs very promising for
these flexible-electronic applications. The network of CNTs forms
the channel region of the transistor and they are amenable to mass
manufacture. Various groups fabricated these TFTs for macroe-
lectronics and chemical sensing applications [1] and have begun
to explore their performance. Snow et al. [15,16] reported the mo-
bility and conductance properties of CNT networks and explored
the interfacial properties of CNTs in chemical sensing transistor.
Zhou et al. demonstrated fabrication of p-type and n-type transis-
tors [9], which could be used as building blocks for complex com-

plementary circuits. Cao et al. [1] reported fabrication of an
integrated digital circuit composed of up to nearly 100 transistors
on plastic substrates using a random network of CNTs. Recently,
a number of groups have focused on developing TFTs with well-
aligned and or partially aligned nanotubes for very high perform-
ance applications [11,12] using transfer printing; mobilities of
1000 cm2 Vs�1, comparable to single-crystal silicon are achieva-
ble using this technology [1]. Other experimental reports on
CNTN-TFTs fabrication for diverse applications can be found in
Ref. [1].

Ensembles of CNTs are also being developed as thermal inter-
face materials (TIM) for advance packaging concepts. The ther-
mal management problem near a chip or electronic device can be
very severe because of nonuniform heating and the need to main-
tain the hottest spot on the chip below a certain design point. Such
nonuniform heating has been shown to multiply the magnitude of
interface resistance near the chip by a factor greater than one,
which increases with the degree of nonuniformity in the heat gen-
eration, when calculating the thermal resistance of the total pack-
age (i.e., the junction to ambient resistance) [19]. This “hot spot”
effect has become more severe over the past few decades because
of substantial increase in the power density of electronic pack-
ages, and as a result thermal interface resistance can now com-
prise a significant portion of the total thermal resistance in high-
power packages (more than 50% in some cases) [19]. To mitigate
thermal management challenges that arise from such increase in
contact resistance, considerable attention has been focused on
developing advanced TIMs that utilize the extraordinarily high
axial thermal conductivity of CNTs [20,21]. Early studies focused
on dispersing CNTs in a compliant polymer matrix to enhance the
effective thermal conductivity of the composite structures [22].
Yet, only modest improvements in thermal performance were
achieved because enhancement of thermal conductivity in such
structures is hindered by mechanical stress at CNT-matrix boun-
daries that reduces the speed at which phonons propagate in the
CNTs (i.e., the surrounding elastic medium alters phonon disper-
sion and reduces the intrinsic thermal conductivity in CNTs) [23].
Recently, significant attention has shifted to vertically oriented
CNT arrays as promising TIM structures that have been demon-
strated to produce contact resistances that compare favorably
to state-of-the-art materials [24]. Such configurations possess a
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synergistic combination of high mechanical compliance and high
effective thermal conductivity—in the range of 10–200 W=mK
[25–27]. The conformability feature is particularly advantageous
in addressing mismatches in coefficients of thermal expansion that
can cause TIM delamination and device failure. Also, in contrast
to polymer-CNT composites, CNT array interfaces are dry and
chemically stable in air from cryogenic to high temperatures
(�450 �C), making them suitable for extreme-environment appli-
cations [28].

In addition to development for CNTN-TFT applications, semi-
transparent thin-film networks of single-wall CNTs (SWNTs) are
also being developed to provide an alternative to transparent con-
ducting oxides (TCO) in electronic devices such as organic photo-
voltaics and organic light emitting diodes (OLED) [29,30]. Most of
the efforts on developing SWNT networks have generally consisted
of a heterogeneous mixture of nanotubes with metallic and semi-
conducting characteristics with ratios of metallic=semiconducting
tubes being of order 1:2. Heterogeneous mixtures yield transparent
electrodes with optoelectronic properties comparable to indium tin
oxide (ITO) deposited on plastic substrates [31]; however, the sheet
resistance and transmittance of these SWNT films have yet to com-
pete favorably with TCOs on glass substrates [32]. In general,
ITO on glass substrates have obtained sheet resistances less than
20 X-sq�1 with transparencies greater than 85% at 550 nm. Heter-
ogenous mixtures of CNTs have obtained sheet resistance greater
than 150 X-sq�1 at similar transparency values. The ease of low-
temperature processing of SWNTs as thin-films, and the potential
of improved compatibility with other electronic organic thin-film
materials motivates research to further improve their thin-film opti-
cal and electronic properties. Such efforts include the use of mono-
dispersed SWNT films consisting of either semiconducting or
metallic behavior. Progress in the efficient separation of SWNTs by
electronic type now allows for such an approach to be taken
[33,34]. Recent efforts have shown promise in that sheet resistances
on the order of 60 X-sq�1 have been obtained for doped CNT elec-
trodes at transparencies greater than 70%.

In this paper, we present an overview of recent research on the
fabrication, characterization and modeling of thin-films, or com-
posites based on CNT networks. A wide range of applications in
electronic and optoelectronic devices, and thermal management
have been explored using 2D and 3D networks or arrays of CNTs.
A detailed review of every application proposed in these fields is
out of scope of the present paper, so we have selected three appli-
cation areas—thin-film transistors, thermal interface materials,
and transparent electrodes—where we feel that especially promis-
ing research advances have been made recently. We first present a
recent development [10,35–44] in the fabrication of CNTN-TFTs
which has addressed some major challenges for this class of
TFTs. A numerical modeling approach for analyzing the conduct-
ing properties of CNT thin-films made of a percolating network of
CNTs is presented. Predictions of the electrical characteristics of
CNTN-TFTs as a function of device parameters are presented and
their behavior is explained by invoking the physics of heterogene-
ous finite-sized networks of metallic and semiconducting tubes.
We present modeling approaches for predicting the performance
of organic TFTs with CNT dispersions where charge transport in
both semiconducting organic matrix and CNT-network is impor-
tant. Then, we turn our attention to CNT arrays as thermal inter-
face materials; a model that describes heat conduction through
CNT array thermal interface materials is presented first in [45].
We discuss CNT array interface structures that have achieved the
most promising results to date and present measurements of their
total resistances as a function of interface pressure [46–51]. A
transient photoacoustic technique [47] is used to measure compo-
nent resistances that sum to produce the total resistance of the
CNT array interface, and critical bottlenecks to heat conduction
are identified. Finally, we discuss the use of CNT films as trans-
parent electrode alternatives for organic electronic devices. Here,
the impact of processing and doping of CNT films will be dis-
cussed. Integration issues with devices will be discussed. Recom-

mendations for future research in all three focus areas—thin-film
transistors, thermal interface materials, and transparent electro-
des—are presented at the end of the respective sections.

2 CNT Network Based Thin-Film Transistors

In CNTN-TFTs, a sub-monolayer to a few layers of 2D ensem-
bles of nanotubes is used as channel region between the source
and drain electrodes of the thin-film transistor (Fig. 1). Different
fabrication techniques have been used to make a thin layer of
CNTs which have different degree of control on the density, ori-
entation, and length distribution of CNTs [1]. Solution deposition
methods such as vaccum-filtration and controlled flocculation are
attractive methods for a large area synthesis of CNT-thin-films on
wide variety of substrates [52,53]. External electric or magnetic
field and mechanical shear is used to align CNTs for fabrication
of devices which need aligned arrays of CNTs on substrates to
achieve high performance [54]. Chemical vapour deposition tech-
niques can be used to achieve better control of purity, morphol-
ogy, and alignment of CNTs in their thin-films [55].

The major research in the area of CNTN-TFTs is motivated by
achieving high performance, reducing nonuniformity in the device
performance, and developing processing conditions for large scale
integration. High performance of these devices require high elec-
tron mobility, high on-current (Ion), and high on-off current ratio.
In a typical CNT network one third of the tubes are of metallic na-
ture and the two third of the tubes are semiconducting nature. Me-
tallic CNTs are problematic as they can form a percolating
network from the source to drain of a TFT, short the device and
limit on-off current ratios [39]. One of the most challenging tasks
in achieving high performance of CNTN-TFTs is the removal of
metallic CNTs from a CNT network. Different techniques have
been applied to purify the CNT networks from metallic contami-
nation such as electric burning of metallic tubes [9], density-gradi-
ent centrifugation [56], and surface sorting [57,58]. Zhou et al. [9]
and Seidel et al. [59] have performed electric breakdown to burn
metallic CNTs from CNTN-TFTs and successfully achieved on-
off ratio of the order of 1000. However, such breakdown also
removes some semiconducting CNT pathways from source to
drain leading to significant decrease in the on-current of device. In
addition, this method is not scalable for large scale commercial
production. A gas-phase plasma hydrocarbonation reaction tech-
nique has been used to selectively etch and gasify metallic nano-
tubes and obtain pure semiconducting nanotubes [60]. Another
process that separates single-walled carbon nanotubes (SWNTs)
by diameter, band gap, and electronic type using centrifugation of
compositions of SWNTs with surface active components in den-
sity-gradient media is reported in Ref. [56]. These techniques also
create defects in the remaining CNT networks and add impurities
which degrade the overall performance of the TFTs. A self-sorting
method to separate semiconducting or metallic CNTs during the
solution deposition of CNTs on substrate is proposed by LeMieux

Fig. 1 Schematic of (a) nanotube network thin-film transistor
showing source, drain, gate, and channel region. (b) Channel
region of thin-film transistor showing source (S), drain (D), and
channel (C). The channel region is composed of a network of
CNTs, Geometric parameters are also shown. LC is the length of
the channel and H is the width of the transistor [36].
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et al. [57]. In this sorting method, the SiO2 substrate is functional-
ized by organic groups such as amines and the high molecular
interaction of semiconducting CNTs with these organic functional
groups is exploited to separate and deposit semiconducting CNTs
on the substrate. On-off current ratios as high as 900,000 were
achieved using this method indicating that the CNT network is
composed primarily of semiconducting CNTs [57]. However, a
large variation in the on-off ratio is observed indicating nonuni-
formity in the CNT film on the substrate.

A promising method to break metallic pathways from the
source to drain electrodes of a CNTN-TFT is a striping technique
wherein the random network of CNTs is stripped into stripes
along the width of the TFT [10]. The striping method is based on
the relocation of the percolation threshold of the CNT network;
the device-width and density of CNT network in the device need
to be well chosen such that metallic CNTs do not percolate
through the device. Following this method, CNTN-TFTs have
been fabricated with on-off ratio greater than 1000 and degrada-
tion in the on-current by a factor less than two [10]. This method
seems promising for large scale fabrication of integrated circuits
using CNTN-TFTs. Cao et al. [10] fabricated small-scale inte-
grated circuits using 100s of such CNTN-TFTs on a plastic sub-
strate with on–off current ratio as high as 100,000 and switching
speed in kilohertz range. Kim et al. [61] used similar striping tech-
nique to fabricate a small pixel circuit using CNTN-TFTs for
transparent electronics applications with on–off ratio greater than
1000 and mobility in the range of 16–22 cm2 Vs�1. They have
demonstrated fabrication of very uniform networks of CNT films
on the quartz substrate using evaporated thin-film Fe catalysts on
the substrate leading to minimal variation in the performance
from one device to the other. Such uniformity in CNT films is
difficult to achieve using solution based deposition techniques.
The electron mobility of a single CNT can be as high as
10,000 cm2 Vs�1 at room temperature, while the mobility of thin-
films of random networks of CNTs is orders of magnitude lower
than the individual CNTs (�10–100 cm2 Vs�1) due to the multiple
CNT–CNT contacts in the network. Operating frequency in the
range of gigahertz or higher is desired for some flexible electronics
applications such as RF devices for military communication elec-
tronics. TFTs based on a random network of CNTs may not have
such high frequency of operation. TFTs based on the perfectly
aligned, parallel array of CNTs have been fabricated for such appli-
cations with power gain frequencies in the range of 10 GHz [62].

In-plane electrical transport dominates in 2D thin-films of CNTs
which poses a very specific and interesting problem of understand-
ing the transport and predicting the device performance of CNTN-
TFTs. There are a large number of unknowns regarding the ulti-
mate performance limits of these TFTs. The typical length of these
devices is in the range of 1–100 lm. At these scales, the nanotube
length may compete with the finite size of the device and bulk
behavior of random 2D network does not occur, so bulk properties
of thin-films may not be directly used to predict the performance of
these devices [36]. Strong electrical, thermal, and optical interac-
tions between the tubes and the substrates affect device perform-
ance. A detailed investigation is required to understand the
fundamental physics that govern device operation and scaling as a
function of tube orientation, tube density, ratio of metallic to semi-
conducting tubes, and tube-substrate interaction [37,39]. Computa-
tional models have been developed to explore the transport
properties of heterogeneous percolating network of CNTs and to
predict the device characteristics of transistors made from these
CNT networks. Good agreement between numerical model predic-
tions and observations from different experiments has been demon-
strated [37,39,40]. We next present a brief description of the
transport models developed in last few years to understand the con-
ductive and current-voltage characteristics of the CNTN-TFTs.

A schematic of a nanotube bundle transistor is shown in Fig. 1.
A typical transistor is a four terminal device in which the four ter-
minals are the source (S), drain (D), gate (G), and substrate (see
Fig. 1). A fixed voltage bias, VDS, is applied across the channel

from drain to source to drive the mobile charges in the channel
region, while the transistor is turned on and off by changing the
gate voltage, VGS. The corresponding current is denoted by IDS. An
important parameter to assess device performance is the on–off ra-
tio (R) which is the ratio of the current flowing in the device in the
on-state, ION, to the current in device in the off-state, IOFF. Kumar
et al. [37,39] performed analysis of the electrical performance of
CNTN-TFTs in the linear regime, a regime where VDS is low and
current (IDS) through the device is linearly proportional to VDS. A
extension of this problem has been reported by Ref. [40] that gen-
eralizes this problem to high-bias regime (�high VDS) and provides
proper scaling laws to predict the performance of the transistors.
For an insulating substrate, only transport in the percolating net-
work of tubes has been considered and the effective conductance
of the pure network is computed, Fig. 2(a). If the substrate is suffi-
ciently conducting as for CNTs network dispersed in organic sub-
strate, transport in both substrate and tube network has been
considered for computing the effective conductive properties,
incorporating the effect of tube-to-substrate interaction [37].

If the channel of TFTs LC� k, the mean free path of electrons,
a drift-diffusion model for carrier transport can be employed [44].
In the linear regime, which occurs for low source-drain voltage
VDS, the current density along the tube can be given by
J ¼ rdU=ds. Here, r is the electrical conductivity and U is the
potential, and is only a function of the source-drain voltage VDS.
Using the current continuity equation dJ=ds¼ 0 and accounting for
charge transfer to intersecting tubes as well as to the substrate [36],
the dimensionless potential distribution /i along tube i, as well the
three-dimensional potential field in the substrate can be given by

d2/i

ds�2
þ

X

intersecting tubes j

cijð/j � /iÞ þ disð/s � /iÞ ¼ 0 (1a)

r�2/s þ
XNtubes

i¼1

disbv

rt

rs
/i � /sð Þ ¼ 0 (1b)

Here, cij is the dimensionless charge-transfer coefficient between
tubes i and j at their intersection point. The term dis is the dimen-
sionless charge-transfer coefficient between tubes and the substrate,
which is active only for nanotubes in conducting substrates. The

Fig. 2 (a) Computed conductance dependence on channel
length for different densities (q) in the strong coupling limit
(cij 5 50) compared with experimental results from Ref. [15]. For
q 5 10.0 lm22, Go 5 1.0 (simulation), Go 5 1.0 (experiment). For
q 5 1.35 lm22, Go 5 1.0 (simulation), Go 5 2.50 (experiment). The
number after each curve corresponds to the value of q used in
the simulation. The number in [ ] corresponds to q in experi-
ments from Ref. [15]. (b) Dependence of conductance exponent
(n) on channel length for different densities (q) based on (a) [44].
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rt=rs is electrical conductivity ratio and bv is the geometric param-
eter. The nondimensional equations for the tubes and substrate can
be discretized using the finite volume method and a system of line-
arly coupled equations can be solved for the tube segment potential
/i and the substrate potential /s. Computed potentials can be fur-
ther used to compute the current though the CNT segments, sub-
strate and the entire device using the current continuity equation.
To account for randomness in the CNT network, results must be
computed by taking an average over a large number of random real-
izations of the network. We next present some computational
results based on the transport model describe above in order to dem-
onstrate the importance and robustness of these models for analyz-
ing the characteristics and performance of CNTN-TFTs. The
conductive properties of the 2D CNT network and the effect of me-
tallic-semiconducting mixture in CNT network is presented first fol-
lowed by a brief discussion of the modeling results for a CNT
doped organic semiconductor based TFT.

2.1 Conductive Properties of CNT Network. The conduc-
tive properties of the network are strongly dependent on the den-
sity of the tubes in the network. A conducting path between
source and drain may not exist at very low tube densities. If such
tube network is used as the channel region of the transistor, no
current could pass through the transistor. As the density of tubes
increases, a critical density qth, known as the percolation thresh-
old, is reached, at which a complete pathway between source and
drain is formed. The percolation threshold for the network can be
given by qth ¼ 4:232=pL2

t , which can be obtained from numerical
simulations [63]. There is great interest in exploring the transport
behavior of the network at densities close to the threshold, which
is dependent on the dimensionality and the aspect ratio of the
tubes. Close to the percolation threshold, the network conduct-
ance, G, exhibits a power-law relation, i.e. G� (q� qth)m, where
m is the percolation exponent [64].

Kumar et al. [44] estimated the electrical conductance (G) of a
planar network of CNTs as a function of channel length (LC) using
the drift diffusion theory for tube densities (q) in the range 1–10
lm�2 and channel lengths varying from 1 to 25 lm (see Fig. 2).
The average length (Lt) of the tubes are in the range from 1 to 3
lm and width H of the device is 90 lm; these dimensions and tube
lengths are chosen to match the experimental observations in Ref.
[15]. For long channels (LC> Lt) there are no tubes directly bridg-
ing the source and drain, and current can flow only because of the
presence of the network. If the tube density is greater than the per-
colation threshold qth, a continuous path for carrier transport exists
from source to drain, and G is seen to be nonzero even for
LC=Lt> 1. The values of nondimensional charge transfer coeffi-
cients are cij¼ 50 and dis¼ 0 which represent good contact con-
ductance between CNTs, but negligible charge transport between
CNTs and substrate as substrate is nonconducting. It has been
observed that the conductance exponent, n, defined as G � (LC)n,
is close to �1.0 for the high densities (q¼ 10 lm�2), indicating
ohmic conduction, in good agreement with experimental observa-
tions in Ref. [15]. The exponent increases to �1.80 at lower den-
sities (q¼ 1.35 lm�2), indicating a nonlinear dependence of the
conductance on channel length. The asymptotic limit of the con-
ductance exponent for infinite samples with perfect tube=tube con-
tact has been found to be �1.97, which is close to the computed
exponent [65,66]. Computations are very sensitive to variations in
computational parameters at densities close to the qth, which
explain the observed difference between the computed conduct-
ance exponent and the theoretical exponent. The observed nonlin-
ear behavior for low density is expected because the density value
is close to the qth. For large densities (>3.0 lm�2), the exponent
approaches the ohmic limit, �1.0, with increasing channel length
(see Fig. 2(b)). Larger exponents, corresponding to nonohmic
transport, are observed for the shorter channel lengths. This is con-
sistent with experimental observations, where conductance is seen
to scale more rapidly with channel length for small LC [15].

The conductance exponents discussed in Ref. [44] corresponds
to the linear regime of operation where current is directly propor-
tional to applied bias. Pimparkar et al. [40] generalizes this prob-
lem to high-bias regime (�high VDS) by solving both the Poisson
equations and drift diffusion equation consistently. Their analysis
shows that the conductance exponent term in the high bias regime
is same as in linear regime.

2.2 Effect of Metallic-Semiconductive CNTs on Device. The
electrical performance of CNT networks is strongly influenced by
the fact that approximately one-third of the CNTs grown by typi-
cal processing techniques exhibit metallic behavior and approxi-
mately two-third exhibit semiconducting behavior [39]. This
heterogeneity controls the on–off ratio R of typical CNT-network
based devices. R has been shown [39] to be a unique and predict-
able function of LC, Lt, NIT, fM, and q. Here, NIT is the density of
interface traps and fM is the ratio of the number of metallic tubes
to semiconducting tubes in the tube-network. In the conventional
transistors, NIT is the trapped charge at the interface of the channel
and the insulating dielectric SiO2, which separates the gate from
the channel.

Kumar et al. [39] computed the Gate characteristics (IDS–VGS)
and the on–off ratio R at low VDS as a function of tube density
(q¼ 1–5 lm�2) with device parameters (LC¼ 10 lm, Lt¼ 2 lm,
H¼ 35 lm, and fM¼ 33%) corresponding to the experiments in
Ref. [15] (see Fig. 3). Here, IDS is drain to source current and VGS

is the gate voltage. Their numerical model provides a unique way
to find the tube density of typical CNT thin-films by comparing
the computed and experimental R and Gate characteristics [39].
This method promises far more accurate estimation of tube den-
sity than methods currently in use, such as atomic force micros-
copy, and scanning electron microscopy [15]. Gate characteristics,
represented by IDS–VGS curves, has been computed by taking an
average over 50 random realizations of the network. Computa-
tions for q¼ 1 lm�2 agree very well with experiments in Ref.
[15] for charge transfer coefficients cij¼ 50 and dis¼ 0 (see Fig.
3). Increasing q increases the number of percolating metallic
paths, increasing the on-current ION, but reducing R, as in Ref.
[15]. Snow et al. speculate that q> 3 lm�2 for devices with low
on–off ratio (top three solid lines in Fig. 3). The simulations estab-
lish that they correspond to exact densities of q¼ 3.0, 3.5, and
4.0, respectively. Thus, tube density q may be deduced from a
simple electrical measurement of the on=off current ratio (see Fig.
3) obviating the need for inaccurate and time-consuming analysis
of AFM images, as is currently done. The same methodology can
be used to interpret both long channel [15] and short channel data

Fig. 3 Computed IDS–VGS at VDS 5 0.1 V for different densities
is compared with experimental results from Ref. [15] before the
electrical breakdown of metallic tubes. Solid lines correspond
to experimental results from Ref. [15] and markers correspond
to computational results. The number after each curve corre-
sponds to tube density q. The curve q 5 3.5 lm22 is shifted on
the x-axis to account for charge trapping [39].
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[9] which demonstrates the predictive power of the numerical
framework.

Topinka et al. [67] considered the effect of Schottky barrier
between metallic tubes and semiconducting tubes in their numeri-
cal simulation to analyze the conductance properties of the CNT
network. Based on this study, they presented an electronic phase
diagram of different types of CNT transistors as a function of the
density of the tubes and ratio of metallic to semiconducting tubes
[67]. The performance of device in the high bias regime (�VDS) is
performed by Pimparkar et al. using a heterogeneous network of
semiconducting and metallic tubes [40,42,43]. Their analysis pro-
vides scaling laws to predict the performance of transistors with
arbitrary geometrical parameters and biasing conditions, which
can be described as a universal formula of current through the de-
vice. They also performed a study to investigate the effect of
degree of alignment on the device performance and observed that
the performance can be maximized for a configuration of the tube
network, which lies between a completely random network and a
perfectly aligned array [43]. Cao et al. [10] performed device and
circuit level simulations to analyze the characteristics of the inte-
grated circuits (ICs) made from CNTN-TFTs. Their analysis
shows that the behavior of ICs can be described using standard
models for the circuit simulation such as SPICE (simulation pro-
gram for integrated circuits emphasis) [10].

2.3 CNT-Organic Thin-Films Devices. A novel approach
involving modifying the transconductance (gm� dIDS=dVGS) of an
organic host using a sub-percolating dispersion of CNTs has been
proposed in Ref. [68]. A 60-fold decrease in effective channel
length, Leff, is observed that results in a similar increase in gm

with a negligible change in on–off ratio [68]. In this technique,
the majority of the current paths are formed by the network of
CNTs, but short switchable semiconducting links through organic
substrate are required to complete the channel path from source to
drain [68]. Here, semiconducting organics and CNT-network both
play an important role in determining the performance of these
devices. The charge transport in the CNT network, in organic and
the charge exchange between the CNT network and organic sub-
strate must be considered (see Eqs. (1a) and (1b)) for modeling
transport in these organic TFTs with CNTs dispersion [37].

Kumar et al. [37] simulated for the charge transport in organic
TFTs with CNT dispersion using the device parameters LC¼ 20
lm, Lt¼ 1 lm, and VDS¼�10 V which are chosen to match the
experiments in Ref. [68]. Charge transfer coefficients cij¼ 10�4

and dis¼ 10�4 are assumed and correspond to poor contact con-
ductance between tube-tube and tube-substrate (see Eq. (1)). The
numerical results agree well with experiments over the entire
range of tube densities q¼ 1.5–17 lm�2 (see Fig. 4). An anoma-
lous jump in the IDS–VGS curve for 0.5% volume fraction of CNTs
(labeled “shift” in Fig. 4) is observed in Ref. [68] which was not
properly understood. The computed IDS–VGS characteristics of this
organic TFT device in Ref. [68] with a realistic heterogeneous
network of semiconducting-metallic tubes (1:2 ratio) show that
this anomalous shift in the IDS–VGS curve is a consequence of the
formation of a sub-percolating network of semiconducting CNTs
in the organic matrix. At 0.2% CNT volume fraction, the semicon-
ducting tubes do not have sufficient density to form a percolating
network in and of themselves; metallic CNTs are necessary to
achieve percolation. However, when the volume fraction is
increased to 0.5%, semiconducting tubes can form a percolating
network by themselves, and shift the IDS–VGS curve as shown (see
Fig. 4). This confirms that semiconducting CNTs are active ele-
ments of this organic TFT device, a feature which was not previ-
ously understood [37].

Demonstration of small integrated circuits using high perform-
ance CNTN-TFTs and development of computational models that
can reasonably explain the characteristics of these devices and
predict their performance for a range of crucial parameters sug-
gests that these devices may find their way in many flexible elec-

tronics applications [58]. Some challenges still need to be
addressed in order to adopt these devices for commercial flexible
electronics. Well controlled and scalable methods for filtering me-
tallic tubes from CNT networks needs to be developed, and such
methods need not degrade the performance of devices. If metallic
and semiconducting tubes are still present in the channel region of
the device such as devices fabricated by stripping technique, the
interaction of metallic (M) and semiconducting (S) tubes and the
effects of S–S, S–M, and M–M junctions need to be well under-
stood as they can significantly affect the device performance. In
commercial applications such as liquid crystal displays (LCDs),
CNT-devices may be covered or encapsulated by glass, plastic or
polymers inside an electronic package. Most of these applications
do not require cooling under normal operating conditions because
of the use of low-frequency processors (�kilohertz). Increasingly
though, the interest is in pushing TFT frequencies into the 1–100
MHz range, and in expanding the range of possible applications
[69]. Self-heating is expected to become a severe problem in the
high frequency range, especially if no active cooling is used in
order to maintain flexibility. The affect of self-heating need to be
well explored in order to make necessary design changes in
CNTN-TFTs and their circuits such that device temperatures can
be maintained below threshold values for enhanced performance
and reliability.

We turn our attention to CNT array interface structures used for
thermal management in the Sec. 3. CNT arrays are promising can-
didates for low resistance thermal interface materials in electronic
packaging applications. We present the different component resis-
tances that sum to produce the total resistance of the CNT array
interface, discuss the effect of interface pressure and contact resis-
tances and identify the critical bottlenecks to heat conduction in
such structures.

3 CNTs Arrays as Thermal Interface Materials

The combination of high thermal conductivity and high me-
chanical compliance are difficult to achieve with most materials;
yet, such characteristics are desired for high-performance thermal
interface materials where the intrinsic resistance of the material
should be low and the contact area in the interface should be high.
These characteristics can be achieved to varying degrees by tun-
ing the properties of CNT ensembles. Random networks of CNTs
have been shown to improve thermal interface resistance [22].
However, as discussed in detail below, several groups have shown
that more significant improvements can be achieved by aligning
CNTs in arrays, along the direction of heat flow. This approach

Fig. 4 Computed IDS–VGS at VDS 5 210 V for different CNT-den-
sities (q�1–17 lm22) is compared with experimental results in
Ref. [68]. The vol. % of CNT dispersions used in the experi-
ments and the corresponding network density (q (lm22)) used
in the computations are shown. Lt 5 1 lm, LC 5 20 lm, and
H 5 200 lm. The shift in the IDS–VGS curves due to the initiation
of semiconducting CNT percolation for CNT vol. % >0.2% is
shown by the dashed arrow [37].
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minimizes the effects of intertube interface resistance and void
space on the effective thermal conductivity of the ensemble. The
thermal conductivity of CNT arrays is usually 1–2 orders of mag-
nitude higher than the thermal conductivity of traditional TIMs
[25–27], yet these values are still an order of magnitude less than
the values for individual tubes [2,3]. The effective thermal con-
ductivity of vertical arrays of CNTs can be improved by increas-
ing the number density of CNTs in the array. However, increased
CNT number density stiffens the array [45], thus, a compromised
between high thermal conductivity and mechanical compliance
must be reached. As shown in detail below, the resistance at
CNT-substrate contacts comprises the majority of the total inter-
face resistance in most applications of vertically oriented CNT
arrays because the relatively high thermal conductivity of the
CNT arrays produces negligible resistance for moderate array
heights [45]. Reducing CNT-substrate resistances and optimizing
the thermal conductivity, height, and mechanical compliance of
CNT arrays for specific applications will be required for CNT
array TIMs to gain wide use as electronic packaging materials.

The most actively studied CNT array interface structure is the
“one-sided” CNT array interface that consists of CNTs directly
grown on one substrate with CNT free ends in contact with an
opposing substrate (see Fig. 5). This structure has produced some
of the lowest resistances measured for CNT TIMs to date. The
numerous CNT contacts at both substrates form parallel heat flow
paths within the framework of the thermal resistance network
illustrated in Fig. 5. This network shows thermal resistances
resolved at the individual nanotube level for true CNT-substrate
interfaces, both at the growth substrate (with a nanotube number
density of N, in contacts=area) and at the opposing interface (with
a contacting nanotube number density of n). The resistance at
each local CNT-substrate contact can be modeled as two resistan-
ces in series [45]: (1) a classical substrate constriction resistance
(Rcs) and (2) a resistance (Rb) that results from the ballistic nature
of phonon transport through contacts much smaller than the pho-
non mean free path in the materials (�100 nm). The ballistic re-
sistance (Rb) is usually orders of magnitude larger than Rcs for
CNT-substrate contacts, which are typically �10 nm.

The remaining resistance (R00array) is from heat conduction
through the CNT array. This effective resistance is defined for the
entire array (including void spaces) to simplify the modeling

effort. Moreover, this quantity has been measured in prior work
for representative samples and that can be used to interpret experi-
mental results that only measure overall thermal interface resist-
ance. When array height is less than 50 lm, R00array is usually
negligible in comparison to the resistances at the CNT-substrate
contacts [45].

Given knowledge of the contact number densities at the growth
substrate (N) and the opposing substrate (n), an overall or total
interface resistance can be calculated. The former density (N) can
be estimated from scanning electron micrographs of synthesized
arrays, and the latter density (n) can be estimated using a recent
model that predicts real contact area in CNT array interfaces as a
function of applied pressure and important array characteristics
such as porosity and CNT diameter [45]. The model reveals that
fabricating arrays with low effective compressive modulus is criti-
cal for establishing large interfacial contact and minimizing total
thermal resistance. A detailed development of the CNT array TIM
resistor network model is presented elsewhere [45]. Applying the
model to one-sided CNT array interfaces with a surface density of
108 CNTs=mm2 and CNT diameters of 20 nm, suggest that total
resistances of �0.1 mm2 K=W represent limiting values that could
be achieved if the CNTs are completely and perfectly contacted
and have well-matched acoustic impedances at all CNT-substrate
interfaces.

3.1 CNT TIM Structures. The three CNT array TIMs
shown in Fig. 6 have exhibited some of the most promising ther-
mal performance characteristics to date. The first is the one-sided
interface structure discussed above. The second configuration, i.e.,
the “two-sided” configuration, consists of CNT arrays adhered to
surfaces on both sides of the interface and brought together in
VelcroTM-like contact (in this configuration CNTs mechanically
entangle and are attracted to each other by van der Waals forces).
The third structure comprises vertically oriented CNT arrays
directly and simultaneously synthesized on both sides of thin foil
substrates that are inserted into an interface. The CNT-coated foil
structures are particularly attractive in that they serve as a method
for applying CNT arrays to interfaces between heat sinks and
electronic devices that would experience damage from exposure
to the high temperatures normally required for high-quality CNT

Fig. 5 (a) Schematic (not to scale) of an interface with the addition of a vertically oriented CNT
array of thickness tarray [24]. (b) Buckled CNT contacting an opposing surface with its wall. As
shown some CNTs do not make direct contact with the opposing surface. (c) Resistance sche-
matic of a one-sided CNT array interface between two substrates, showing constriction resis-
tances (Rcsi), phonon ballistic resistances (Rbi), and the effective resistance of the CNT array
(R 00array).
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growth (>700 �C). Using the CVD processes that are ubiquitous
in the electronics industry, the CNT array TIMs in Fig. 6 have
been grown on various substrates such as silicon, silicon carbide,
copper, and aluminium that are important for thermal manage-
ment in electronics, MEMS and NEMS applications [24].

3.2 Thermal Resistances of CNT Interfaces. Xu and Fisher
reported some of the earliest results in applying CNT arrays as
thermal interfaces, with interface resistances less than 20 mm2

K=W for dry one-sided structures [49] and less than 7 mm2 K=W
for CNTs directly synthesized on Si and then enhanced with a
phase-change polymer [50]. Since then, several others have
explored using CNTs (and carbon nanofibers (CNFs)) to improve
contact thermal conductance [47,48,51,70–82]. Ngo et al. [76]
used electrodeposited Cu as a gap filler to enhance the stability
and thermal conductance of CNF arrays and reported a thermal re-
sistance of 25 mm2 K=W under a pressure of 414 kPa for Si–Cu
interfaces enhanced with such structures. At moderate contact
pressures thermal resistances of approximately 12 mm2 K=W
were measured by Xu et al. [51] for a Si–CNT–Ni interface, and
by Tong et al. [79] for a Si–CNT–glass interface; these values are
very close to the result presented in Ref. [25]. Amama et al. [70]
measured thermal resistance values of approximately 8 mm2 K=W
at a pressure 350 kPa for Si–CNT–Ag interfaces, and Cola et al.
[47] measured the resistances of a two-sided interface to be near 4

mm2 K=W at moderate contact pressures. Zhang et al. [82]
recently applied CNT arrays with optimized synthesis conditions
to enhance the brightness and efficiency of light-emitting diodes
and achieved resistances as low as 7 mm2 K=W for a Si–CNT–Al
interface at a contact pressure of 150 kPa. Resistances as low as 7
mm2 K=W were also measure by Cola et al. [46] for a one-sided
Si–CNT–Ag interface.

Figure 7 summarizes the performance of one-sided, two-sided,
and CNT-coated foil interfaces as a function of pressure [46–51].
For these configurations, the pressure dependence is weak in the
measured range because the CNTs are compressed near their max-
imum extent within the measurement range [45]. Resistances as
low as 8 mm2 K=W were produced with the CNT-coated foil
TIMs [48]. The CNT-coated foils enhance real contact area signif-
icantly, which results in low contact resistance, because deforma-
tion of the thin foil substrate “assists” CNT displacement to match
the topology of the matting surfaces.

A few groups have measured thermal resistances of CNT array
TIMs using transient techniques that allow the true CNT-substrate
resistances and the resistance of the CNT array to be independently
resolved [47,77,79]. Such measurements confirm that the resistan-
ces at CNT-substrate contacts are much larger than the intrinsic re-
sistance of the CNT array, and that the resistance at the interface
between CNT free ends and an opposing substrate is considerably
larger than the resistance at the CNT-growth substrate interface—
the true contact area established by weakly bonded van der Waals
forces between CNT free ends and the opposing substrate is con-
siderably less than the contact area at well anchored CNT roots.
Figure 8 illustrates a one-sided interface with local resistances at
true CNT-substrate contacts highlighted. The resistance between
CNT free ends and the opposing substrate is clearly the largest re-
sistance in the network. The thermal resistances at the CNT free
ends also comprise the largest percent of total resistance in the
two-sided and CNT-coated foil configurations [47,48].

Techniques to improve CNT-substrate bonding and contact
area, especially at contacts to free CNT ends have been explored
recently by a few groups. Bonding free ends by reflowing thin in-
dium layers [79], using gold coatings on CNTs and substrates for
gold-gold thermo-compression bonding [83], or combining CNT
arrays with traditional TIMs that wet the interface well (e.g.,
phase change materials) [50,84], produced thermal resistances
that were an order of magnitude lower than the resistances of one-
sided interfaces in dry contact (on the order of 1 mm2 K=W).
Each method reduced interface resistance by presumably connect-
ing more CNTs and establishing more contact area at the interface
to free CNT ends. While these techniques have shown much
promise, continued research is required in this direction to de-
velop more reliable and scalable methods, and to reduce thermal
resistance further. Hamdan et al. [85] recently combined a pattern-
ing technique with gold–gold thermo–compression bonding and
measured a low total resistance of approximately 4 mm2 K=W.

Fig. 6 CNT array interface structures. (a) An example one-
sided interface. (b) An example two-sided interface. (c) An
example CNT-coated foil interface. (d) CNT arrays on both sides
of 25 lm-thick Al foil [24].

Fig. 7 Room-temperature thermal resistances as a function of pressure. (a) One-sided
CNT array interfaces. (b) Two-sided CNT array interfaces and CNT-coated foil interfaces.
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Patterning the CNT array into periodically spaced pillars, as was
done in Ref. [85], reduces the CNT number density in the array,
which likely increases the mechanical compliance of the array,
allowing more contact area to be established at the interface to
free CNT ends during thermo–compression bonding. Future stud-
ies should continue to focus on techniques to reduce thermal re-
sistance of CNT arrays via an increase in the mechanical
compliance of the arrays. Some preliminary data on thermal and
mechanical cycling of CNT array TIMs in a burn-in application
have been reported [86], and these results demonstrated no change
in performance of CNT array TIMs after 1000 thermo-mechanical
cycles. The CNT arrays were also shown to be well adhered to the
substrate before and after cycling. Much work is still needed to
fully understand the performance characteristics of CNT array
TIMs during thermal cycling of real devices.

In the Sec. 4, we discuss how thin-films of CNTs can be used as
transparent electrodes for electronic devices. The different meth-
ods for the manufacturing of these electrodes, the impact of proc-
essing and doping of CNT films on their conductance and
transparency properties and the integration issues of these electro-
des with devices are discussed.

4 Transparent CNT Electrodes for Electronics

High conductivity transparent electrodes are critical to the per-
formance of a wide range of solar photovoltaic, display, and opto-
electronic applications. Typically, indium tin oxide is the most
commonly used material due to its excellent transparency in the
visible range and low sheet resistance which can reach levels on
the order of 10 X-sq�1. While such properties make the use of in-
dium tin oxide (ITO) nearly ubiquitous in devices needing trans-
parent electrodes, there are still several limitations to this
technology. First, ITO is a brittle material with limited strain to
failure. Thus, applications which require transparent electrodes in
flexible electronics are limited in their deformation due to the
strain limitations in ITO. Second, the surface of ITO is not chemi-
cally stable. A number of cleaning methods have been used to
increase the conductivity of the ITO and chemical methods have
been used to try and stabilize its work function. Nonetheless, there
is an impetus to find replacements for ITO for use in electronics,
especially those involving flexural deformation.

Carbon nanotube networks are one of the materials currently
under development to replace ITO and other transparent conduc-
tive oxides in flexible-electronic applications. Electrodes com-
prised of SWNTs are an appealing choice as a surrogate for ITO
in organic electronics because of the extraordinary electrical and
mechanical properties these 1D structures possess. Exploiting the
metallic behavior of SWNTs is desired because individual
SWNTs can support electrical current densities exceeding 109 A-
cm�2 [87] while SWNT ropes and bundles of individual SWNTs
have demonstrated axial conductivity values as high as 10,000–
30,000 S-cm�1 [88]. In addition to significant electronic potential,
SWNT electrodes have been shown to exhibit sustained electrical
performance under extreme bending conditions [89]. The higher

work function of SWNTs (ca. 5.0 eV) [90] in comparison with
ITO (ca. 4.3–4.7 eV) may provide a more optimal hole injection
into typical OLED hole transport layers due to the reduced energy
barrier arising from the difference of the organic HOMO level and
the positive electrode work function [91]. Additionally, a larger
selection of organic materials compatible with the high work
function of SWNTs may also be available. Moreover, SWNT
films can be processed at room temperature under ambient condi-
tions, which increases the range of substrate compatibility.

While these properties have led researchers to develop transpar-
ent conductors based on carbon nanotubes, it must be realized that
CNTs are very strong optical absorbers. While thick or dense
films show lower sheet resistance, they also result in highly
absorbing films in the optical regime (Fig. 9). In addition, the
electrical junctions between tube contacts can results in additional
resistance beyond that seen in the intrinsic resistance of the CNTs.
Thus, the many junctions required by relatively short CNTs (e.g.,
>1 lm) can add significantly to the overall film resistance. For
these reasons, it is highly desired to have long CNTs which are
single-walled (reduce optical absorption) with low contact resist-
ance between the CNTs. Research has shown great improvements
in CNT electrode performance with type sorted CNTs where the
tubes are >95% metallic or semiconducting. Such films limit
Schottky barrier resistance at the tube junctions resulting in
improved sheet resistance [92].

4.1 Manufacturing of SWNT Electrodes. The most com-
mon method for making SWNT electrodes is the use of vacuum
filtration (Fig. 10) [93,94] This method provides consistency in

Fig. 8 True contact resistances for a one-sided Si-CNT-Ag
interface at 0.241 MPa measured at room temperature using a
photoacoustic technique [47]

Fig. 9 Correlation between transparency and Rsh. Film trans-
parency represented by transmittance at 520 nm. Taken from
Ref. [109].

Fig. 10 Picture show vacuum filtered CNT electrode on a PET
substrate (left) and an SEM image showing the details of the
CNT network (right)
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uniformity of the electrode due to the variable change in conduct-
ance of the membrane filter with CNT thickness, but lacks in the
potential for scalable processing. Two primary methods exist for
transferring the filtered SWNT film from the vacuum filter to the
desired substrates: via an elastomeric PDMS stamp [95] or
through chemical exposure of the filter and film such that the filter
paper dissolves away [93]. Aguirre et al. [96] used this method to
fabricate a SWNT film with a Rsh of 250 X-sq�1 and 80% trans-
mittance at 520 nm. The rms surface roughness of the film was 12
nm. Wu et al. [93] were able to produce a SWNT film with a Rsh

of 30 X-sq�1 and transmittance greater than 70% over the visible
spectrum. The Rsh and corresponding transmittance of this film
represent the best reported optoelectronic properties of SWNT
films in the literature.

Mayer rod and spray coating are another popular and scalable
approach to producing large area SWNT electrodes [94]. In this
simple approach, SWNT solutions are directly coated or sprayed
onto substrates via a wire wound rod, air brush pistol or ultrasonic
spray tool. The substrate is kept hot during the process (�100 �C)
to accelerate drying of the fine solution droplets on the surface
[97]. While the airbrush technique provides a simple and quick
method to tune film thickness, significant heterogeneity on the
nanometer scale can exist [97]. Geng et al. [98] demonstrated that
low Rsh films could be produced using spray deposition. By pro-
ducing films with Rsh of 160 X-sq�1 and transmittance of 80% at
550 nm, An acid treatment process was subsequently used to
remove residual surfactant and further decrease Rsh by a factor of
�2.5 to a final value of 70 X-sq�1.

The successful deposition of SWNT films by spray coating
with high surface uniformity and low surface roughness was
recently achieved by Tenent et al. [99]. They attributed the
improved surface properties to two major advances: (1) aqueous
SWNT solutions were dispersed using a polymeric derivative of
cellulose (sodium carboxymethyl cellulose (CMC)) and (2) ultra-
sonic spraying of the solution onto the substrate. While other
spray techniques utilize SDS to disperse SWNTs [97], CMC was
found to disperse 20 times the amounts of SWNTs into water
than possible with SDS. Due to the strong binding between CMC
and the SWNTs, individual nanotubes were isolated and sus-
pended with more gentle sonication and centrifugation than typi-
cally required for SDS. Their data suggested that approximately
95% of the SWNTs in the CMC based dispersion were individual
in nature versus aggregated bundles. The rms roughness of
sprayed films was 3 nm over a 10� 10 lm area. This surface
roughness is much lower than that obtained using typical vacuum
filtration methods and results in improvements in device yields
when integrated with organic electronics. After removal of the
CMC polymer via overnight exposure to 16 M HNO3, low Rsh

values of 150 X-sq�1 with 78% transmittance at 550 nm were
obtained for sprayed SWNT films. This work represents an easily
scalable SWNT film deposition technique, as the authors demon-
strated the first optically homogenous 6� 6 in. SWNT film on
glass.

4.2 Impact of Post Processing on SWNT Electrodes. To
enhance the conductivity of SWNT films while retaining high
transmittance, Zhang et al. [29] carried out chemical doping using
thionyl chloride (SOCl2). After SOCl2 treatment, Rsh decreased by
a factor of 2.4–160 X-sq�1 with a transmittance of 87% at 550
nm. The SWNTs used in the films studied by Zhang et al. con-
tained high levels (4–6 at. %) of carboxylic acid groups covalently
bonded to the SWNT sidewalls and ends. Upon immersion in
SOCl2, the carboxylic acids were converted to more electronega-
tive acyl chloride groups [100–102] which further p-doped the
CNTs. Via immersion in 12 M HNO3 for 60 min, Geng et al.
[103] increased the conductivity of transparent SWNT films by a
factor of 2.5. Additional work has shown that the use of a combi-
nation of nitric acid and thionyl chloride can lead to increased
doping of CNTs as seen in Fig. 11. While it has been noted that

SWNT electrode doping is not stable in air, Jackson et al. intro-
duced a capping technique using PEDOT:PSS to create doped
CNT electrodes with long term air and thermal stability [100].

While doped heterogenous CNT networks generally yield sheet
resistances greater than 100 X-sq�1 with transmittances greater
than 75%, recent advancements have been made in the use of
SWNTs of homogenous electrical type. Type sorted CNTs using
centrifugation have now become commercially available. Using
vacuum filtration methods and combined thionyl chloride and
nitric acid doping, sheet resistances as low as 60 X-sq�1 have
been obtained for semiconducting CNTs and 76 X-sq�1 for metal-
lic CNTs at 70% transmittance [104]. The use of type sorted
CNTs helps to eliminate some of the Schottky barriers which exist
in mixed nanotube films. Such films also allow for tuning of elec-
trical properties through controlling Fermi level shifts by doping
as well as the density of carriers in the tubes by tube diameter
which controls the density of states. While these films show excel-
lent sheet resistance values, integration issues still remain with
devices. In general, the sheet resistance remains too large for large
area devices such as photovoltaics and large area OLEDs. Thus,
the use of metallic grids with CNT electrodes will become neces-
sary for device integration to reduce resistive losses.

While continued research has shown the ability to process low
sheet resistance carbon nanotube electrodes, additional work is
still needed. It is well known that the sheet resistance depends on
CNT length, the resistance between the CNT bundles in the array
and packing density. To address some of these issues, researchers
are investigating the use of double wall CNTs which are less
prone to breakage during sonication and dispersion steps, resulting
in longer CNTs which enhance the electrical conductance [105].
Additional research has promoted methods to ensure complete re-
moval of surfactants from CNT interfaces to reduce tube-to-tube
electrical contact resistance. While washing with water and the
use of nitric acid has been shown to remove surfactants like SDS,
more aggressive steps such as thermal annealing must be used to
remove surfactants such as sodium cholate. Alternate doping
methods which may result in improved stability are being pursued
based on the incorporation of metal nanoparticles such as Fe, Pd,
Au, Co, and Ni via electrochemical deposition or noncovalent
bonding from thiolated solutions [94,106]. Finally, since the CNT
network is filled with voids, additional method to bridge these
nonconductive areas with conducting materials is being sought
[107,108]. One such method involves the creation of CNT-Gra-
phene composites. Preliminary studies have shown such materials
to be very effective when combined with single or bilayer graph-
eme sheets which improve sheet resistance while only absorbing
1%–1.5% optical transmission in the visible range. Additional
work on CNT composite electrodes has the potential to bring

Fig. 11 Data showing the transmittance versus wavelength for
doped and undoped SWNT electrodes. Doping was performed
with thionyl chloride and nitric acid.
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about revolutionary changes in the electrical performance of CNT
based electrodes.

5 Conclusions

In summary, developed computational models for the electrical
transport in CNTN-TFFs has good capability to predict the device
characteristics for different geometrical parameters and biasing
conditions. The model has been validated against experimental
data for a wide range of CNT network densities consisting of both
metallic and semiconducting tubes and in the presence or absence
of a conducting substrate such as semiconducting organic matrix.
Reasonable matches with experimental data have established the
general validity and robustness of the model. Nevertheless, a num-
ber of important issues remain to be addressed. The model
employs electrical contact parameters cij and dis, which are de-
pendent on experimental conditions. These must be determined ei-
ther from careful experiments or from atomistic simulations of
tube-tube and tube-substrate contact. CNTN-TFTs have been tar-
geted for high frequency applications where power dissipation in
device can be high and self-heating can have consequences for the
thermo-mechanical reliability of flexible substrates. It is therefore
necessary to understand the interaction of electrical and thermal
transport in determining device performance and reliability.
Regarding the fabrication of CNTN-TFTs, the processing techni-
ques must be improved to grow electronically homogeneous
CNTs with a good control on the length and diameter and
advanced methods must be developed for precise control of den-
sity of CNTs in their networks.

In the context of thermal management applications, three CNT
array TIM configurations have been developed to the point where
they produce resistances that compare favorably to the best TIMs
currently in use. So far, the lowest resistances produced by CNT
array TIMs are on the order of 1 mm2 K=W. Further improve-
ments can be achieved by optimizing the compliance of CNT
arrays to maximize the real contact area in the interface. Experi-
mental data and theoretical predictions reveal that the resistances
at CNT-substrate contacts severely limit the potential of CNT
array TIMs. Improvements in bonding and thermal transport at
these contacts can lead to substantial reductions in resistance,
approaching estimated theoretical limits of �0.1 mm2 K=W. For
applications as replacement of transparent conductive electrodes,
CNT films have shown promise in light of the recent improve-
ments in sheet resistance. In addition, mechanical robustness
makes these films excellent candidates for use in flexible devices
where the mechanical integrity of transparent conductive oxides is
a limitation. While sheet resistances as low as 60 X-sq�1 have
been obtained, it is still necessary to work on manufacturing meth-
ods to continue to reduce surface roughness and to address the
integration of metallic grids in order to improve yield and allow
integration with large scale devices.
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[91] Kim, J. S., Lägel, B., Moons, E., Johansson, N., Baikie, I. D., Salaneck, W. R.,
Friend, R. H., and Cacialli, F., 2000, “Kelvin Probe and Ultraviolet Photoem-
ission Measurements of Indium Tin Oxide Work Function: A Comparison,”
Synth. Met., 111–112, pp. 311–314.

[92] Jackson, R. K., Munro, A., Nebesny, K., Armstrong, N., and Graham, S.,
2010, “Evaluation of Transparent Carbon Nanotube Networks of Homogene-
ous Electronic Type,” ACS Nano, 4, pp. 1377–1384.

[93] Wu, Z. C., Chen, Z. H., Du, X., Logan, J. M., Sippel, J., Nikolou, M., Kama-
ras, K., Reynolds, J. R., Tanner, D. B., Hebard, A. F., and Rinzler, A. G.,
2004, “Transparent, Conductive Carbon Nanotube Films,” Science,
305(5688), pp. 1273–1276.

[94] Hu, L., Hecht, D. S., and Gruner, G., 2010, “Carbon Nanotube Thin Films:
Fabrication, Properties, and Applications,” Chem. Rev., 110, pp. 5790–5844.

[95] Gruner, G., 2006, “Carbon Nanotube Films for Transparent and Plastic Elec-
tronics,” J. Mater. Chem., 16(35), pp. 3533–3539.

[96] Aguirre, C. M., Auvray, S., Pigeon, S., Izquierdo, R., Desjardins, P., and Mar-
tel, R., 2006, “Carbon Nanotube Sheets as Electrodes in Organic Light-Emit-
ting Diodes,” Appl. Phys. Lett., 88(18), p. 183104.

[97] Kaempgen, M., Duesberg, G. S., and Roth, S., 2005, “Transparent Carbon
Nanotube Coatings,” Appl. Surf. Sci., 252(2), pp. 425–429.

[98] Geng, H.-Z., Kim, K. K., and Lee, Y. H., 2008, Recent Progresses in Carbon
Nanotube-Based Flexible Transparent Conducting Film, The International So-
ciety for Optical Engineering (SPIE), San Diego, CA, pp. 7037.

[99] Tenent, R. C., Barnes, T. M., Bergeson, J. D., Ferguson, A. J., To, B., Gedvi-
las, L. M., Heben, M. J., and Blackburn, J. L., 2009, “Ultrasmooth, Large-
Area, High-Uniformity, Conductive Transparent Single-Walled-Carbon-Nano-
tube Films for Photovoltaics Produced by Ultrasonic Spraying,” Adv. Mater.,
21(31), pp. 3210–3216.

[100] Jackson, R., Domercq, B., Jain, R., Kippelen, B., and Graham, S., 2008,
“Stability of Doped Transparent Carbon Nanotube Electrodes,” Adv. Funct.
Mater., 18(17), pp. 2548–2554.

[101] Dettlaff-Weglikowska, U., Skakalova, V., Graupner, R., Jhang, S. H., Kim, B.
H., Lee, H. J., Ley, L., Park, Y. W., Berber, S., Tomanek, D., and Roth, S.,
2005, “Effect of Socl2 Treatment on Electrical and Mechanical Properties of
Single-Wall Carbon Nanotube Networks,” J. Am. Chem. Soc., 127(14), pp.
5125–5131.

[102] Parekh, B. B., Fanchini, G., Eda, G., and Chhowalla, M., 2007, “Improved
Conductivity of Transparent Single-Wall Carbon Nanotube Thin Films
Via Stable Postdeposition Functionalization,” Appl. Phys. Lett., 90(12),
p. 121913.

[103] Geng, H. Z., Kim, K. K., So, K. P., Lee, Y. S., Chang, Y., and Lee, Y. H.,
2007, “Effect of Acid Treatment on Carbon Nanotube-Based Flexible Trans-
parent Conducting Films,” J. Am. Chem. Soc., 129(25), pp. 7758–7759.

[104] Jackson, R., 2009, “Development of Single Wall Carbon Nanotube Transpar-
ent Conductive Electrodes for Organic Electronics,” Ph.D., Georgia Institute
of Technology, Atlanta.

[105] Huh, J. Y., Walker, A. R. H., Ro, H. W., Obrzut, J., Mansfield, E., Geiss, R.,
and Fagan, J. A., 2010, “Separation and Characterization of Double-Wall Car-
bon Nanotube Subpopulations,” J. Phys. Chem. C, 114, pp. 11343–11351.

[106] Unger, E., Duesberg, G. S., Liebau, M., Graham, A. P., Seidel, R., Kreupl, F.,
and Hoenlein, W., 2003, “Decoration of Multi-Walled Carbon Nanotubes with
Noble- and Transition-Metal Clusters and Formation of CNT-CNT Networks,”
Appl. Phys. A: Mater. Sci. Process., 77, pp. 735–738.

[107] Choi, H., Kim, H., Hwang, S., Choi, W., and Jeon, M., 2011, “Dye-Sensitized
Solar Cells Using Graphene-Based Carbon Nano Composite as Counter Elec-
trode,” Sol. Energy Mater. Sol. Cells, 95, pp. 296–300.

[108] Tang, Y., and Gou, J., 2010, “Synergistic Effect on Electrical Conductivity of
Few-Layer Graphene=Multi-Walled Carbon Nanotube Paper,” Mater. Lett.,
64, pp. 2513–2516.

[109] Kymakis, E., Stratakis, E., and Koudoumas, E., 2007, “Integration of Carbon
Nanotubes as Hole Transport Electrode in Polymer=Fullerene Bulk Hetero-
junction Solar Cells,” Thin Solid Films, 515(24), pp. 8598–8600.

020906-12 / Vol. 133, JUNE 2011 Transactions of the ASME

Downloaded 03 Aug 2012 to 143.215.23.194. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm

http://dx.doi.org/10.1016/S0379-6779(99)00354-9
http://dx.doi.org/10.1021/nn9010076
http://dx.doi.org/10.1126/science.1101243
http://dx.doi.org/10.1021/cr9002962
http://dx.doi.org/10.1039/b603821m
http://dx.doi.org/10.1063/1.2199461
http://dx.doi.org/10.1016/j.apsusc.2005.01.020
http://dx.doi.org/10.1002/adma.200803551
http://dx.doi.org/10.1002/adfm.200800324
http://dx.doi.org/10.1002/adfm.200800324
http://dx.doi.org/10.1021/ja046685a
http://dx.doi.org/10.1063/1.2715027
http://dx.doi.org/10.1021/ja0722224
http://dx.doi.org/10.1021/jp9110376
http://dx.doi.org/10.1007/s00339-003-2223-4
http://dx.doi.org/10.1016/j.solmat.2010.04.029
http://dx.doi.org/10.1016/j.matlet.2010.08.035
http://dx.doi.org/10.1016/j.tsf.2007.03.173

	s1
	l
	s2
	F1
	E1a
	E1b
	F2
	s2A
	s2B
	F3
	s2C
	s3
	F4
	s3A
	F5
	s3B
	F6
	F7
	s4
	s4a
	F8
	F9
	F10
	s4B
	F11
	s5
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18
	B19
	B20
	B21
	B22
	B23
	B24
	B25
	B26
	B27
	B28
	B29
	B30
	B31
	B32
	B33
	B34
	B35
	B36
	B37
	B38
	B39
	B40
	B41
	B42
	B43
	B44
	B45
	B46
	B47
	B48
	B49
	B50
	B51
	B52
	B53
	B54
	B55
	B56
	B57
	B58
	B59
	B60
	B61
	B62
	B63
	B64
	B65
	B66
	B67
	B68
	B69
	B70
	B71
	B72
	B73
	B74
	B75
	B76
	B77
	B78
	B79
	B80
	B81
	B82
	B83
	B84
	B85
	B86
	B87
	B88
	B89
	B90
	B91
	B92
	B93
	B94
	B95
	B96
	B97
	B98
	B99
	B100
	B101
	B102
	B103
	B104
	B105
	B106
	B107
	B108
	B109

