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ABSTRACT We examine the high-ﬁeld operation, power dissipa-

tion, and thermal reliability of sorted carbon nanotube network (CNN)
devices, with <1% to >99% semiconducting nanotubes. We combine
systematic electrical measurements with infrared (IR) thermal imaging
and detailed Monte Carlo simulations to study high-ﬁeld transport up to
CNN failure by unzipping-like breakdown. We ﬁnd that metallic CNNs
carry peak current densities up to an order of magnitude greater than
semiconducting CNNs at comparable nanotube densities. Metallic CNNs
also appear to have a factor of 2 lower intrinsic thermal resistance, suggesting a lower thermal resistance at metallic nanotube junctions. The performance limits
and reliability of CNNs depend on their makeup, and could be improved by carefully engineered heat dissipation through the substrate, contacts, and nanotube
junctions. These results are essential for optimization of CNN devices on transparent or ﬂexible substrates which typically have very low thermal conductivity.
KEYWORDS: carbon nanotube . network . electrical breakdown . thermal conductivity . power dissipation . nanotube junctions .
ultracentrifugation . infrared microscopy . percolation

I

ndividual single-walled carbon nanotubes (SWCNTs) have excellent intrinsic
properties such as high electron and
hole mobility (μ ≈ 104 cm2 V1 s1) and
high thermal conductivity (κ ≈ 3000 W m1
K1).1,2 However, values of μ (<200 cm2
V1 s1) and κ (<100 W m1 K1) are
signiﬁcantly reduced when SWCNTs are
coupled with each other to form carbon
nanotube networks (CNNs).36 The degradation in material performance is mainly due to
the large electrical711 and thermal1216 junction resistances between SWCNTs or their
bundles. Junction resistances vary signiﬁcantly with parameters such as diameter
and orientation of the SWCNTs9,12,16 and in
particular the electrical junction resistance
is a strong function of the SWCNT electronic
type (semiconducting or metallic).10,17 Nevertheless, recent developments in large-scale
and low-temperature fabrication techniques
with control over bundle density, length, and
type1823 make CNNs suitable for applications
such as sensors, interconnects, and ﬂexible
BEHNAM ET AL.

electronics where they can outperform amorphous silicon and organic transistors.2325
For CNNs to ﬁnd wider use in these emerging applications, a better understanding
of their performance and reliability are critical. Some reports have analyzed the lowﬁeld performance of CNNs and reported the
dependence of transport properties such as
ON/OFF ratio and mobility on SWCNT density and electric type.3,26 However, only a few
studies have investigated high-ﬁeld reliability of CNN-based devices2729 due to the
complexity and heterogeneity of such networks. In addition, no studies have focused
on the combined eﬀects of important parameters such as CNN morphology and SWCNT
electronic type2022 on high-ﬁeld device
properties and performance limits during
practical operating conditions. There is also
a need to develop electrical and thermal
computational models of CNNs in order to
analyze eﬀects of various network parameters, optimize device designs, and gain
fundamental insights into their operation.
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Figure 1. (a) Atomic force microscope (AFM) image showing the morphology of a typical carbon nanotube network (CNN). Individual SWCNT diameters in this work fall
mostly between 1.4 and 1.6 nm (Supporting Information,
Figure S6), although SWCNTs within CNN devices are often
bundled (Supporting Information, Figure S7). (b) Schematic
of the device structure and measurement setup, including
applied biases and microscope lens for simultaneous thermal infrared (IR) imaging. (c) Scanning electron microscope
(SEM) image showing CNN device structure and dimensions;
source (S) and drain (D) contacts are colorized for clarity.
Various devices with L = 2150 μm and W = 5150 μm have
been fabricated (see Methods).

In this study, we bring together comprehensive
experimental characterization and computational
modeling to better understand high-ﬁeld transport,
thermal dissipation, and breakdown phenomena in
CNN thin ﬁlm transistors (TFTs). Experimentally, we
ﬁnd that ﬁeld-eﬀect mobility (μ), current ON/OFF ratio,
and breakdown parameters in the fabricated devices
depend strongly on the percentage of semiconducting
SWCNTs in CNNs. Surprisingly, however, high-ﬁeld properties such as maximum current and power densities, as
well as breakdown voltage do not strongly depend on
gating voltage regardless of the semiconducting SWCNT
fraction within the CNN. In parallel with electrical characterization, we use infrared (IR) thermal imaging to
analyze power dissipation and temperature distribution
in CNNs.27 The results show that overall thermal resistances of metallic CNNs (m-CNNs) are lower than those
of semiconducting CNNs (s-CNNs). We also construct a
Monte Carlo computational model of such CNNs that
captures the dynamics of the network heating process
and predicts reliability results in agreement with experimental observations. Such models also facilitate analysis
of the eﬀects on device performance of CNN parameters
that are experimentally diﬃcult to probe directly
(e.g., SWCNT junctions).
RESULTS AND DISCUSSION
Low-Field Transport in CNNs. Figure 1a shows a typical
atomic force microscope (AFM) image of the CNN
BEHNAM ET AL.

Figure 2. (a) ON/OFF ratio vs L for CNNs with W = 5 μm and
various percentages of semiconducting SWCNTs. (b) ON/
OFF ratio vs W for CNNs with L = 40 μm and various percentages of semiconducting SWCNTs. (c) Mobility, μ, and
ON/OFF ratio vs percentage of semiconducting SWCNTs in
CNNs. L = 40 or 50 μm and W = 5 μm. (d) ON/OFF ratio vs μ for
devices shown in panel c. Dashed lines are guides to the eye.

morphology in one of the fabricated CNN devices
(see Methods section for fabrication details). Optical
absorbance, Raman spectroscopy, and AFM imaging
techniques are used to characterize the percentage of
semiconducting SWCNTs, their density, and diameters in
fabricated CNNs (Supporting Information Figures S1S7).
Figure 1 panels b and c illustrate the device measurement
setup and a scanning electron microscope (SEM) image of
a CNN-TFT, respectively. We use a 3-terminal measurement setup (with a back gate voltage applied to the highly
doped Si substrate) to characterize devices electrically,
and an IR thermal microscope to simultaneously characterize them thermally.
We ﬁnd that low-ﬁeld transport in CNN devices
depends strongly on device dimensions and fraction of semiconducting SWCNTs.20,23 All types of devices show p-type doping (Supporting Information,
Figure S8a). As expected, for devices with substantial
percentages of metallic SWCNTs the ON/OFF ratio [ID
(VG = 30 V)/ID (VG = þ30 V)] is quite low (<10) and
also a weak function of the device length (L) or width
(W) (Figure 2a,b and Supporting Information, Figure S8a,b).
However, for s-CNNs with >99% semiconducting
SWCNTs the ON/OFF ratio is not only higher than in
other CNNs,22 but it also increases signiﬁcantly as L is
increased (Figure 2a) or W is reduced (Figure 2b). With
an increase in L or decrease in W, the probability of
having shorted metallic paths between the two device
terminals is reduced. At the same time, the number of
semiconducting tube segments in each current path
is increased, resulting in an overall increase in gate
control over the number of carriers in the channel.
ON/OFF ratio scaling with L is stronger for L < 20 μm
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but tends to eventually saturate for L > 40 μm when the
gate control over the network is already very strong.
The ON/OFF ratio is almost constant for W > 10 μm, but
increases dramatically for W < 10 μm (at large L) when
transport is limited to paths of several SWCNTs in series
(no fully metallic paths).24,25,30
The ﬁeld-eﬀect mobility, μ, calculated from the
average slope of forward and reverse currentgate
voltage sweeps,21 is also a strong function of semiconducting SWCNT percentage in CNNs. Unlike the ON/
OFF ratio, μ decreases (by up to 5) as the percentage
of semiconducting tubes is increased (Figure 2c and
Supporting Information, Figure S8c). The inverse relationship between the ON/OFF ratio and μ is shown in
Figure 2d and Supporting Information, Figure S8d, in
agreement with existing literature on CNN devices.31,32
On the basis of the above results, using s-CNNs with
high ON/OFF ratios (e.g., > 1000) would be necessary for large-scale TFT applications, while m-CNNs are
more desirable for applications where only high transparency and good CNN conductivity are important (see
sheet resistance values in Supporting Information,
Figure S8e). In addition, low-ﬁeld contact resistance
between m-CNNs and metal electrodes (as estimated
from a transmission line analysis on CNN devices with
various lengths33) is lower compared to other types of
CNNs, which is important for power consumption
minimization in any device design (Figure S8e).
High-Field Transport and Thermal Breakdown of CNNs.
Figure 3a shows several examples of high-field current
BEHNAM ET AL.

VOL. 7

’

NO. 1

’

482–490

’

ARTICLE

Figure 3. (a) Current density per width JD vs VD up to
breakdown for devices with various percentages of semiconducting SWCNTs. L = 10 μm, W = 50 μm, VG = 30 V (ON state).
Breakdown voltage (VBD) and maximum current density (Jmax)
points are shown for one of the curves. (b) Series of scanning
electron microscope (SEM) images of CNN devices (67%
semiconducting) with various lengths after electrical breakdown in the ON state. In all cases a random but zigzag
breakdown path forms across the width of devices. The
increase in the length of the breakdown gap (LBD) with an
increase in L is noticeable. Source (S) and drain (D) terminals
colorized for emphasis.

flow in the present CNNs, up to device breakdown in
the ON mode (VG = 30 V). These CNNs have identical
dimensions, but contain various percentages of semiconducting tubes. The current (ID) and current density
(JD) in m-CNNs increase almost linearly as the drain
voltage (VD) is increased. Eventually, m-CNNs break
down sharply at relatively lower drain voltages (VD =
1030 V for L = 10 μm) while tolerating large maximum
current densities (Jmax > 100 μA/μm). We take VD at
maximum power density as the breakdown voltage,
VBD. With an increase in the percentage of semiconducting tubes in the CNN, VBD increases and the maximum
current density (Jmax) decreases. Unlike m-CNNs, s-CNNs
show clear current saturation at high voltages. As shown
in Figure 3b and Supporting Information, Figure S9a, CNN
breakdown results in a continuous zigzag gap across the
width of the network regardless of CNN dimensions
investigated here (Figure 3b and Supporting Information,
Figure S9a). However, for nonuniform or mixed CNNs,
occasionally there are small drops in current before the
final breakdown point (see CNN with 67% semiconducting SWCNT in Figure 3a). For such CNNs it may be
possible to intentionally induce partial breakdowns
(Supporting Information, Figure S9b), a technique that
has been used to selectively remove metallic nanotubes
and improve ON/OFF ratios in sparse CNNs.34,35 However,
in dense CNNs (like those presented here) all types of
SWCNTs appear to break down together, in a process
that is assisted by source/drain induced electric field
and is independent of the gate bias. These features,
which will be discussed below, would make the additional postsynthesis sorting process less efficient.
The breakdown voltage VBD is a strong function not
only of semiconducting SWCNT percentage in CNNs,
but also of other CNN parameters such as device length.
Figure 4a shows that VBD,net (portion of VBD that is
dropped across the CNN and not the metal electrodes)
scales almost linearly with L for all cases, but the slope of
the linear ﬁt (eﬀective breakdown ﬁeld) increases signiﬁcantly with the percentage of the semiconducting
SWCNTs. Since the electrical junction resistance between two metallic SWCNTs is signiﬁcantly lower than
that of other types of junctions,10,11,36 m-CNNs have lower
sheet resistances compared to other CNNs (Supporting
Information, Figure S8e). As a result, smaller voltages are
needed to initiate the breakdown in m-CNNs.
Scaling of device length has other interesting effects on breakdown in CNNs, for instance the average
length of the breakdown gap (LBD) increases signiﬁcantly with L (Figure 3b). In suﬃciently dense CNNs, the
breakdown initiates at a local hot spot and immediately leads to an increased voltage drop across this
partly burned region. Thus, the increased local electric
ﬁeld and temperature assist in triggering breakdown of
neighboring SWCNTs, creating the “unzipped” gap
across the device width.28 The higher VBD applied to
long CNNs results in larger electric ﬁelds across the
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Figure 5. Dependence of CNN IDVD characteristics up to
breakdown on VG and the percentage of semiconducting SWCNTs. ON and OFF measurements are performed at
VG = 30 and þ30 V, respectively. (a) Metallic CNN with L =
30 μm and W = 20 μm. (b) 33% metallic CNN with L = 10 μm
and W = 100 μm. (c) Semiconducting CNN with L = 5 μm and
W = 100 μm. (d) Relationship between VBD in ON and OFF
modes for various CNNs showing nearly identical breakdown voltages in the ON and OFF states (see text).
Figure 4. (a) Net breakdown voltage VBD,net in the ON state
vs device length L, at W = 100 μm. The slopes of the dashed
lines represent average electric ﬁelds at breakdown, 6.85, 5,
1.6, and 1.35 V/μm for 99%, 67%, 25%, and 1% semiconducting CNNs, respectively. (b) Percentage of breakdown
power dissipated over the contacts Ploss vs L for various
percentages of semiconducting SWCNTs, symbols consistent with those in panel a. (c) Normalized maximum power
(Pmax) and Jmax vs percentage of semiconducting SWCNTs.
L = 10 μm and W = 100 μm.

broken regions and therefore formation of larger
breakdown gaps. In addition, longer CNNs have a more
uniform, “ﬂatter” temperature distribution. Therefore,
more hot spots can form in the channel and merge
together to form larger gaps during breakdown.
A portion of the applied VBD drops across metal
electrodes and the metal-CNN contacts, leading to
some power loss at the contacts (PLoss, calculated as
a percentage of the total power, equal to total contact
resistance divided by the device resistance). PLoss
increases signiﬁcantly as L decreases for all types of
CNNs, reaching 3040% for short low-resistance devices (Figure 4b). These conﬁrm that contact engineering should play a signiﬁcant role in minimizing higher
power dissipation in scaled CNNs. The rest of the
breakdown power (Pmax,net, normalized to W) is generated intrinsically by the CNN. Both Pmax,net and Jmax
(Figure 4c) increase with a reduction in the percentage
of semiconducting SWCNTs in the CNN, such that
m-CNNs can tolerate ∼10 higher current density
and ∼3 higher power density compared to s-CNNs.
The increase in Jmax for m-CNNs is partially due to the
lower sheet and contact resistance of m-CNNs. The
increase in Pmax,net is related to the thermal dissipation
from the CNNs which will be discussed later.
So far, we have analyzed CNN breakdowns in the
ON mode. Figure 5ac show both ON and OFF mode
BEHNAM ET AL.

breakdown IDVD curves for CNNs with various percentages of semiconducting SWCNTs. For m-CNNs the
breakdown curves are almost linear and identical for
both modes (Figure 5a). For s-CNNs, however, in the
ON mode the current increases linearly and then
saturates before the breakdown (Figures 5c and 3a)
while in the OFF mode it remains low at small biases
before increasing rapidly at large |VD| (Figure 5c). Interestingly, Jmax and VBD values are similar in both ON and
OFF modes for CNN devices with similar dimensions
and semiconducting tube percentages, rendering the
gate voltage ineﬀective in controlling the breakdown
at high bias (see Figure 5d for VBD correlation between
ON and OFF modes). This situation occurs because at
high ﬁelds close to breakdown, semiconducting CNTs
turn “ON” due to carrier injection from the contacts and
carrier multiplication due to avalanche eﬀects.37 Avalanche multiplication can occur at relatively low ﬁelds
(<5 V/μm) in semiconducting SWCNTs,37 comparable
to or lower than the ﬁelds observed at thermal breakdown.38 The observation of both similar Jmax and
similar VBD values in ON and OFF modes also suggests
that at high enough lateral ﬁelds, properties of barriers
between tubes or between tubes and metal electrodes
are almost gate independent. These results indicate
that removal of metallic CNTs by electrical breakdown
after fabrication of CNN-TFTs with high tube densities is
very challenging due to the ineﬀective gate control.28,35
Sorting the semiconducting tubes before the fabrication, hence, is a more viable solution.
Thermal Infrared (IR) Imaging Results. We measured IR
thermal radiation from CNN devices at high bias to
improve our understanding of the breakdown and heat
dissipation mechanisms. Figure 6a shows the imaged
temperature of a m-CNN device at high bias close to
breakdown. Although hot spots within the CNN and at
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the SWCNT junctions reach up to 600 C at breakdown,27
the raw temperature captured by the IR camera represents IR radiation generated or reflected from near the
top of the Si substrate. (The thin SWCNT film and SiO2 are
effectively transparent to IR.) Nevertheless, the imaged
temperature can be converted into an average device
temperature as described elsewhere,27,39 but more immediately the imaged temperature distribution can reveal nonuniformities due to variations in morphology,
semiconducting behavior, or nanotube bundling. In the
case of m-CNNs imaged here the temperature profile is
smooth, indicative of the homogeneity of the m-CNN
within the resolution of the IR microscope (∼2 μm).
Figure 6 panels b and c show cross sections of
the temperature proﬁle in the middle of the m-CNN
device along its length (x) and width (y), conﬁrming
the smooth temperature decrease from the middle of the
CNN. A comparison between the two cross-sectional
proﬁles shows that the temperature drops rather
quickly (approaching the background value, here
∼70 C) in the x-direction under the metal contacts
(Figure 6b). In contrast, the temperature decrease from
the CNN edges in the y-direction (Figure 6c) happens
over a considerably longer distance. Estimated heat
transfer lengths, LT (distance over which ΔT drops by a
factor of 1/e, see Figure 6b,c), for heat dissipation
through the metal contacts are ∼8 and ∼4 μm for the
source and drain electrodes (Figure 6b). Thermal transfer lengths from the edges of the m-CNN to the SiO2 are
∼14 and 15 μm (Figure 6c). The lower LT values for metal
contacts highlight their eﬀectiveness in heat removal
from the device, but their asymmetry also suggests
asymmetry in the electrical and thermal resistance of
the contacts. We observe similar temperature proﬁles
for s-CNNs close to their breakdown (Supporting Information, Figure S10), except that the maximum temperatures are smaller than those for m-CNNs. The smaller
temperature rise in s-CNNs correlates well with the lower
Pmax values for these networks as discussed above.
On the basis of the above observations we can
estimate average thermal resistances of the m- and
s-CNNs near their breakdown. For this purpose, we
assume an in-air breakdown temperature38,40 of 600 C
and subtract the temperature drop across the Si/SiO2
substrates and across the interface between SWCNTs
and oxide27,38 (see Supporting Information section E).
Figure 6d shows that the intrinsic thermal resistance of
m-CNNs is on average a factor of 2 lower than those for
s-CNNs, at similar network densities and morphologies.
Since thermal transport through CNNs is dominated by
SWCNT junctions, these results suggest a lower thermal resistance at metallic SWCNT junctions compared
to semiconducting SWCNT junctions. These ﬁndings
are in contrast with recent measurements of SWCNTsurfactant properties in liquid solutions, where the
interface thermal resistance was shown to be lower
for semiconducting SWCNTs.41 That observation was

Figure 6. (a) Temperature proﬁle of a metallic CNN with
L/W = 15/20 μm close to the breakdown point. VD = 32 V,
VG = 15 V, Pmax = 6 mW/μm and tox = 90 nm. Dashed lines
show borders of source (S) and drain (D) contacts. (b and c)
Cross-sectional temperature proﬁles in the middle of the
channel along the length (x) and width (y) of the device.
Dashed lines in panels b and c show the contacts (L), the
edges of the CNN (W), and the thermal transfer lengths (LT).
(d) Distribution of the normalized CNN thermal resistance
(removing thermal resistance of the substrate and interface,
and normalizing to device area) for puriﬁed semiconducting
and metallic CNNs.

explained by the higher defect density in semiconducting tubes and the assumption that thermal resistance is
mediated by internal phonon coupling. It is possible
that the presence of the solid SiO2 substrate in our case
shortens SWCNT phonon lifetimes, as shown by recent
molecular dynamics (MD) simulations.42 (Consistent
ﬁndings were reported experimentally for SiO2-supported
graphene ﬁlms, where phonon lifetimes decrease with
the layer number.43) This, in turn would aﬀect and
rebalance the heat dissipation pathways from the CNN.
In addition, metallic SWCNTs also beneﬁt from higher
electron density, perhaps indicating that electrons play
a role in thermal coupling at SWCNT junctions, or
between SWCNTs and the SiO2 substrate.44 Nevertheless, future work is needed to further resolve such
issues, for instance through experiments on individual
SWCNTs (by electronic type) and SWCNT junctions12
rather than on CNNs.
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Figure 7. (a) Schematic of the SWCNTs in a simulated 67%
semiconducting CNN after electrical breakdown. Semiconducting, metallic, and burned tubes are shown in cyan (light
thin), dark blue (dark thin), and red (thick), respectively. The
path of burned tubes across the width of the device is clearly
noted. The remainder of the CNN parameters are L/W =
10/5 μm and SWCNT density F = 12 μm2. (b) SEM image of
the breakdown proﬁle across the width of a 67% semiconducting CNN. (c) Computed net P vs VD for various percentages of
semiconducting tubes; F = 12 μm2, L/W = 15/5 μm. The trends
are comparable to Figure 3a and those observed in previous
experiments.27 (d) Experimental and simulated VBD vs percentage of semiconducting SWCNTs. L = 15 μm, W = 5 μm. For
simulations F = 12 μm2. Dashed line is a guide to the eye.

Computational Analysis. To enhance our understanding of power dissipation in CNNs and to statistically
analyze the effect of other parameters on CNN performance, we have developed a Monte Carlo computational platform. SWCNTs are randomly generated in
this platform to form a CNN device with desirable
parameters.49 Then, electrical and thermal transport
equations are solved self-consistently as a function of
applied bias up to the CNN breakdown point (see
Methods section and Supporting Information Section E).
Figure 7a illustrates the distribution of SWCNTs in a
computer-generated CNN device after breakdown.
Broken portions of SWCNTs are highlighted in red. A
few isolated hot spots, distributed throughout the
device before breakdown, eventually initiate the complete breakdown of the CNN, forming the zigzag gap
across the device width (see the Supporting Information movie). The size and shape of the simulated breakdown gaps are very similar to those in our experiments
(compare Figure 7a with Figures 3b and 7b, and
Supporting Information, Figure S9b). Figure 7c shows
net power density vs VD for CNNs with various percentages of semiconducting tubes. VBD and Pmax,net values
are comparable to the experimental results presented
in Figure 4 panels a and c, respectively. The agreement
between average experimental and simulated VBD
values in CNNs with various percentages of semiconducting SWCNTs is shown in Figure 7d (computational
values are averages of 200 data points).
The simulations also indicate that diﬀerences in
density, location, and orientation of SWCNTs within
CNN devices (which otherwise have same dimensions)
can result in surprisingly substantial variations in device performance. VBD and its distribution vary considerably, for example, with the percentage of semiconducting SWCNTs (Figure 8a) or tube density,
F (Figure 8b). The homogeneity of the network structure
in m-CNNs and the low resistance of metallic SWCNT
junctions result in a low average VBD value with
relatively narrow distribution. On the other hand, VBD
for mixed CNNs is on average higher and can vary over
a wide range (Figure 8a). The VBD distribution is also
broader for sparse CNNs, where a wider, more random
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Regardless of their inherent properties, CNNs of all
types would be able to tolerate higher levels of current
and power densities if better heat dissipation paths
through the substrate or contacts were created. For
example, using a more thermally conductive (but
electrically insulating) substrate material or a substrate with a smoother surface (smaller SWCNTsubstrate
interface resistance) would assist in dissipating the
heat.45,46 The former is challenging in CNN devices
and circuits on ﬂexible substrates which are typically rubbers or plastics, with thermal conductivity
even lower (∼0.2 W m1 K1) than the SiO2 used
here (∼1.4 W m1 K1). However, the latter could
be achieved, for example, through surface functionalization of SWCNTs for improved thermal
coupling.47,48

Figure 8. Simulated distribution of VBD,net for (a) various percentages of semiconducting SWCNTs in a CNN with nanotube
density F = 12 μm2 and (b) various densities of SWCNTs in a 99% semiconducting CNN. (c) Simulated average values of
Pmax,net and VBD,net as a function of F for a 99% semiconducting CNN. L = 15 μm and W = 5 μm for all of the CNNs and 200 data
points are collected for all of the plots.
BEHNAM ET AL.

VOL. 7

’

NO. 1

’

482–490

’

487

2013
www.acsnano.org

CONCLUSIONS
In summary, we have fabricated CNN devices with
controlled ratios of metallic and semiconducting
SWCNTs (e.g., from <1 to >99% semiconducting proportion), and characterized them electrically, with thermal
IR imaging, and detailed computational models. Such
results represent (to our knowledge) the ﬁrst systematic
electrical, thermal, and reliability characterization of

METHODS
Preparation of SWCNT Dispersions. SWCNT solutions containing
different electronic tube types are obtained by density gradient
ultracentrifugation (DGU).19 CNTs synthesized by arc discharge
method (P2, Carbon Solutions, Inc.) were used as starting
materials for all the samples. The electronic type content was
characterized via optical absorbance measurements in a Varian
Cary 5000 spectrophotometer (Figures S1S4 in Supporting
Information). To quantify semiconducting SWCNT percentage
levels, first background absorbance for metallic SWCNTs (blue
curves in Figures S1S4) and next semiconducting SWCNTs
(red curves in Figures S1S4) were subtracted from the absorbance curve, to obtain black curves in Figures S1S4. Then,
semiconducting (metallic) tube percentage was obtained by
calculating the area under the S22 (M11 peaks) divided by the
total area under S22 and M11 peaks (Figures S1S4).
The 99% and 67% semiconducting SWCNTs were obtained
following a 2-step DGU procedure. The ﬁrst step was used to
extract 25 solutions containing semiconducting percentage
levels varying from 98% to 62%. One of the solutions with 67%
semiconducting SWCNTs was used directly for device fabrication
(Supporting Information, Figure S2). Two of the solutions containing >98% semiconducting SWCNTs were combined for a second
DGU iteration to isolate >99% semiconducting SWCNTs.31 Similarly, metallic SWCNT solutions were obtained from the ﬁrst step
of the DGU for isolating metallic CNTs,50 after which 26 solutions
were obtained with metallic fractions ranging from 99% to 75%.
Solutions with 99% metallic (1% semiconducting) SWCNTs and
75% metallic (25% semiconducting SWCNTs) were used directly
for device fabrication.
Device Fabrication. Sorted SWCNT solutions were thoroughly
dialyzed (Slide-A-Lyzer Dialysis Cassettes, 20 K MWCO, 0.5 mL,
Pierce Biotechnology, Inc.) for 23 days in ∼6 L of an aqueous
1% weight/volume sodium cholate (SC) solution to remove the
density gradient medium iodixanol. Concentration of the dialyzed
SWCNTs solutions was adjusted to equalize the sum of the areas
under the S22 and M11 absorbance peaks for different semiconducting tube percentage levels. On the basis of previous experiments, two different volumes of SWCNT solutions (45 and 55 μL)
were prepared to achieve different densities of CNNs, and these
solutions were further diluted with 2 mL of 1% SC:DI H2O.

BEHNAM ET AL.

controlled-purity (sorted) CNN devices. From a fundamental point of view, this work uncovers intrinsic
thermal properties of the CNNs suggesting that metallicmetallic nanotube junctions have lower thermal
resistance than semiconductingsemiconducting junctions. The lower thermal resistance in metallic junctions could be partially due to the contribution of
charge carriers to heat ﬂow across the junctions. From
a technological point of view, we ﬁnd that the highﬁeld performance of such devices diﬀers depending
on the semiconducting (vs metallic) makeup of the
CNNs, and could be improved by carefully engineered
heat dissipation. Although individual semiconducting
SWCNTs can often carry higher currents due to avalanche carrier multiplication,37 metallic networks tolerate higher current levels due to the lower junction
resistance between metallic SWCNTs. In addition, our
study provides important guidelines about the reliability limitations of CNNs for transistor and interconnect applications on ﬂexible substrates, where such
aspects will be essential due to the low substrate
thermal conductivity.
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range of current paths, network resistance and VBD
values can exist (Figure 8b).
An increase in network density F also lowers the
average values of VBD and raises average values of
Pmax,net (Figure 8c), since it adds new current paths and
reduces the overall CNN resistance. As expected, the
eﬀect is more dramatic for sparse CNNs. Figure 8c limits
density levels up to 12 μm2 because our computational analysis applies to thin, single-layer CNNs. If the
density and thickness of the CNNs increase further,
nanotubes in top layers will have less access to the
substrate which, in turn, would make their heat sinking
even less eﬃcient.

The diluted solutions were vacuum filtered through mixed
cellulose ester membranes (Millipore, pore size = 50 nm, area =
1.42 cm2) followed by rinsing with ∼100 mL of water to remove
the residual surfactant.
CNN devices were fabricated on 300 and 100 nm thermally
grown SiO2 on highly doped Si substrates. First source and drain
electrodes (Cr/Au: 1/50 nm) were fabricated by photolithography,
thermal evaporation and lift-oﬀ processes. CNNs were then
transferred from cellulose membranes onto the patterned
electrodes under acetone vapors. The substrates were soaked
in acetone overnight to remove residual cellulose and were
further cleaned by annealing at 230 C for 1 h in ambient. A
second step of photolithography and reactive ion etching (RIE)
using O2 plasma (100 W, 15 s, 200 mTorr) was carried out to
deﬁne 350 individual CNN devices per chip with lengths L = 2 to
150 μm and widths W = 5 to 150 μm. The same process was used
for fabrication of all the chips with the various percentages of
semiconducting SWCNTs and tube densities.
Device Characterization. Fabricated samples were characterized in ambient environment using a Cascade Microtech probe
station and Keithley source-meters. IR imaging was performed
using a QFI InfraScope II thermal imaging setup with wavelength
range of 25 μm and best temperature resolution of 0.1 C.
A background temperature of 70 C was applied to the Si substrate to achieve a high level of sensitivity.39
Monte Carlo Simulations. The computational platform for modeling the transport in CNNs was developed by generating
SWCNTs with lengths (LCNT) and diameters (d) that are either
fixed or randomly determined, based on the distributions
obtained from the experiments (see Supporting Information
section A).49 SWCNTs were generated one-by-one within the
device area (L  W) until the desired density per unit area (F) was
obtained. The electronic type of SWCNTs (semiconducting or
metallic) was also determined randomly in proportion to the
prescribed percentage of the semiconducting SWCNTs in the CNN.
Initial current continuity equations were solved in a matrix
format at small VD by assigning appropriate resistance values to
SWCNT segments and their junctions with each other and the
metal electrodes (see Supporting Information section E).51 The
model could be improved by adding eﬀects of SWCNT bundling, bending52, and buckling at the junctions.53 Once electrical
current levels were obtained, the CNN temperature proﬁle was
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which electrical and thermal calculations were repeated to obtain
updated power and temperature information. This process was
then iterated until no new broken segments could be identiﬁed.
Next, VD was increased to its next value, the electrical and thermal
parameters were updated, and the recursive electrical and
thermal analysis was repeated. VD was gradually increased until
the network became nonconductive, marking the ﬁnal breakdown point (see Supporting Information, Figure S11).
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Section A. Characterization of single-walled carbon nanotube (SWCNT) dispersions and
networks (CNNs)

Figure S1. Background subtracted optical absorbance for a 99.1% semiconducting SWCNTs dispersion. The part
of black curve between two vertical red lines represents S22 peaks of semiconducting SWCNTs and the part between two vertical green lines represents M11 peaks of metallic SWCNTs.

1

Figure S2. Background subtracted optical absorbance for a 66.9% semiconducting SWCNTs dispersion.

Figure S3. Background subtracted optical absorbance for a 24.4% semiconducting SWCNTs dispersion.

Figure S5a shows as-obtained optical absorbance data for semiconducting purity levels of
99%, 67%, 25% and 1%. Optical absorbance for the solution prepared with 67% semiconducting
purity level is similar to that obtained for the as-purchased unsorted carbon nanotubes (Figure
S5b).

2

Figure S4. Background subtracted optical absorbance for a 1.2% semiconducting SWCNTs dispersion.

Figure S5. (a) Raw optical absorbance spectra of all dispersions with various semiconducting purity levels. The
vertical scale is normalized to the highest peak in each curve. (b) Optical absorbance of unsorted (as-purchased arcdischarged) SWCNTs is compared with sorted SWNTs with 67% semiconducting purity.

We have also characterized the diameter of individual SWCNTs by atomic force microscopy (AFM). We drop-casted sparse SWCNT solutions on a Si substrate coated with (3aminopropyl) triethoxysilane (APTES, Sigma-Aldrich). Figure S6a shows a histogram of the diameter of about 30 SWCNTs. Average diameter of 1.41 nm corresponds well with the diameter
range (1.4 nm - 1.5 nm) extracted from the S22 peak in Figure S1. The length distribution of individual SWCNTs obtained by the same AFM procedure is reported elsewhere (average length
of 1.36 µm for 330 SWCNTs).S1
For comparison, we have also performed Raman spectroscopy on our sorted CNNs (at a
wavelength of 632 nm) after device fabrication, as shown in Figure S6b-c. The two radial breathing mode (RBM) peaks observed correspond to SWCNT diameters of 1.4-1.45 nm and 1.55-1.6
nmS2-S3, which are also consistent with AFM and optical spectra measurements (Figure S6a). On
3

the G-band, the location and intensity of the G+ peak at 1591 cm-1 appears constant. The relative
intensity of the G- peak at 1567 cm-1, however depends on the percentage of semiconducting
SWCNTs in the CNN. Assuming that this G- peak is due to the contribution of semiconducting
tubes, its location corresponds to tubes with average diameter of 1.6 nm. Unfortunately, due to
the lack of information about the chirality mixture of SWCNTs in CNNs, analysis of the RBM
and G peaks for determining the percentage of SWCNTs at a single incident wavelength is not
straightforwardS3. We therefore, rely on our analysis of the optical spectra described above for
determining the percentage of semiconducting tubes in CNNs.
4
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Figure S6. (a) Histogram of the diameter distribution of 30 SWCNTs in a sparse CNN characterized by AFM,
showing an average diameter of 1.41 nm. (b) RBM and (c) G-band Raman spectra of CNN devices with different
percentage of semiconducting SWCNTs, suggesting diameters of 1.4-1.45 nm and 1.55-1.6 nm.
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Figure S7. Analysis of network parameters in CNN-TFTs fabricated from CNNs with two different densities.
(a)&(d) Processed AFM images. Highlighted areas are covered by the network. (b)&(e) Tubes apparent lateral diameter d’ and (c)&(f) vertical diameter, d, distributions. These diameters are correlated with each other, strongly
suggesting individual SWCNTs form varying diameter bundles which then form the CNN.
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In addition to studying individual tube properties, we have used AFM to characterize the
morphology of the networks in fabricated thin film transistors (CNN-TFTs). As shown in Figures
S7c and f, measured vertical diameters are larger than the average diameters of individual tubes
suggesting the presence of bundles in these networks. The bundle size seems to increase with the
density of the tubes in CNNs as is the case for Figure S7f compared to Figure S7c. Measured lateral widths (diameter) of tube bundles are significantly larger than measured vertical diameters
due to the large size of AFM tip and other inaccuracies in measuring lateral dimensions by AFM
(Figures S7b and e). Nevertheless, lateral width information is useful for estimating CNN bundle
density after fabrication. Percentage of device area covered by nanotube bundles (obtained by
processing AFM images) together with the bundle width and length distribution information provide an estimate for bundle density.
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Figure S8. (a) ID-VG characteristics for CNNs with various percentage of semiconducting SWCNTs. L = 40 μm, W
= 50 μm and VD = 10 mV. (b) & (c) & (d) Device characteristics for wider structures: (b) ON and OFF resistance
(normalized to W and L) vs. percentage of semiconducting SWCNTs (c) Mobility and ON/OFF ratio vs. percentage
of semiconducting SWCNTs within the CNNs. L = 40 or 50 μm and W = 100 μm. (d) ON/OFF ratio vs. mobility for
the same CNNs. (e) Sheet and contact resistances vs. percentage of semiconducting SWCNTs for CNNs with various L and W and at VG = -30 V. tox = 300 nm for all the measured devices.
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Section C. CNN-TFTs at breakdown
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Figure S9. (a) & (b) SEM images of a CNN with L = 15 μm, W = 5 μm and tox = 300 nm before and after the breakdown. (c) ID-VD sweeps for partial breakdown of a CNN. VG = -30 V, L = 15 μm, W = 50 μm and tox = 300 nm.
Voltage sweeps are stopped and repeated after each significant drop in current.

Section D. Temperature profile of CNNs with various percentages of semiconducting
SWCNTs
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Figure S10. (a) Temperature profile in a 99% semiconducting CNN with L = 5 μm and W = 20 μm close to the
breakdown point. VD = 65 V, VG = -15 V, Pmax = 1.25 mW/μm and tox = 90 nm. Dashed lines show borders of the
contacts. (b) & (c) Cross-sectional temperature profiles in the middle of the channel along the width (y) and length
(x) of the device. Dashed lines in (b) and (c) correspond to the edges of the CNN (W) and the contacts (L), respectively.
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Section E. Details of the computational model parameters
We calculate electrical resistance of an individual SWCNT segment using Rl = R0l / λ ,
where l is the segment length, λ is the temperature dependent mean free path,S4 and R 0 = h / 4e 2
is the theoretical contact resistance at the ballistic limit (~ 6.5 kΩ).S5 The resistance of tube-tube
junctions depends on whether the junction is metallic/semiconducting (MS), semiconducting/semiconducting (SS), or metallic/metallic (MM). It has been shown that MS junctions have
significantly larger contact resistance than MM junctions due to their Schottky nature. Based on
previous experimental studiesS6-S10 and our electrical measurements on purified networks, we use
RMM = 80R0, RSS = 1000R0, and RMS = 800R0, where RMM, RSS, and RMS are the contact resistances
for MM, SS, and MS junctions, respectively. In addition, we consider a tunneling barrier due to
the depletion region created in semiconducting tubes that are in contact with metallic tubes. We
incorporate all of these values in the current continuity equations throughout the network which
are then solved in the matrix format.S11
We take a similar approach for calculating the heat transport through the generated CNNs.
However, SiO2 and Si substrates are thermally conductive (in spite of being electrically isolating)
and play a significant role in heat dissipation. Thermal resistivity of SWCNT segments along
their length is ρ l,th = [1983 + 1033 (1 + 0.5 l )]× 10 −7 mKW-1 (Ref. S12, l in μm) and therefore
thermal resistance becomes Rl ,th = [ρ l ,th l πdb ] tanh( lh l ) where d is the SWCNT diameter, b ~
0.35 nm is the thickness of the edge of the tube and lh is the thermal healing length defined as
lh = πdb ρ l ,th g total . The thermal healing length is indicative of the substrate’s ability to dissi-

pate heat. gtotal is the inverse of total substrate thermal resistance per unit length. Substrate thermal resistance consists of:
i) The interface thermal resistance between the SWCNT and the supporting SiO2,
Rc = 1 ( g c l ) , where gc is the interface thermal conductance per unit length found to be pro-

portional to the diameter of the SWCNTS13 (gc ~ 0.15d Wm-1K-1 with d in nm) and almost
independent of SWCNT typeS14.
ii) The thermal resistance through the oxide Rox = 1 ( g ox l ) where g ox = π .k ox ln (8tox / πd )
with tox being the oxide thickness and kox being the thermal conductivity of the oxide (~ 1.3
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Wm-1K-1).S15 This equation includes the effect of fringing heat loss from the narrow nanotubes.
iii) The thermal resistance through the Si substrate RSi = 1 2 k Si Aeff

1/ 2

where kSi is the ther-

mal conductivity of the Si (~ 100 Wm-1K-1) and Aeff is the effective area underneath the oxide for heat dissipation.
In addition to the role of the substrate in heat dissipation, thermal resistances at the junctions between SWCNTs or between a SWCNT and metal electrodes should be considered. Since
experimental studies have not suggested any significant dependence of the junction resistance on
electronic type of the tubes, we use an average resistance (per unit contact area) of RJnn,th = 10-8
KW-1m2 for all types of SWCNT-SWCNT junctionsS16-S20 and average resistance of RJnm,th = 107
KW-1 at the junctions between SWCNTs and metal electrodes.S21 Based on the above values,
tube-tube junction resistance is significantly higher than other resistances in the CNN. It is also
proportional to the junction area which varies significantly in the simulated CNNs depending on
the angles that nanotubes take with respect to each other (Figure S12a). We incorporate all the
thermal resistance values into the model assuming a boundary condition temperature of 300 K at
the bottom of Si substrate and at metal electrodes and taking the dissipated power from the current transport through the network as the input.
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Figure S11. Flow chart showing the steps in simulating the breakdown process in CNNs.
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