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ABSTRACT We examine the high-field operation, power dissipa-
tion, and thermal reliability of sorted carbon nanotube network (CNN)
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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.
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tubes (SWCNTs) have excellent intrinsic

properties such as high electron and
hole mobility (u = 10* cm? V™' s7') and
high thermal conductivity (x ~ 3000 W m ™"
K™")."? However, values of u (<200 cm?
V' sy and « (<100 W m~' K") are
significantly reduced when SWCNTs are
coupled with each other to form carbon
nanotube networks (CNNs).>~® The degrada-
tion in material performance is mainly due to
the large electrical’"" and thermal'®~ "¢ junc-
tion resistances between SWCNTs or their
bundles. Junction resistances vary signifi-
cantly with parameters such as diameter
and orientation of the SWCNTs®'21¢ and in
particular the electrical junction resistance
is a strong function of the SWCNT electronic
type (semiconducting or metallic).'®"” Nev-
ertheless, recent developments in large-scale
and low-temperature fabrication techniques
with control over bundle density, length, and
type'®~2% make CNNs suitable for applications
such as sensors, interconnects, and flexible

]ndividual single-walled carbon nano-
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electronics where they can outperform amor-
phous silicon and organic transistors. >~
For CNNs to find wider use in these em-
erging applications, a better understanding
of their performance and reliability are cri-
tical. Some reports have analyzed the low-
field performance of CNNs and reported the
dependence of transport properties such as
ON/OFF ratio and mobility on SWCNT den-
sity and electric type.3?° However, only a few
studies have investigated high-field reliabil-
ity of CNN-based devices®” ~2° due to the
complexity and heterogeneity of such net-
works. In addition, no studies have focused
on the combined effects of important param-
eters such as CNN morphology and SWCNT
electronic type?®~?2 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 param-
eters, optimize device designs, and gain
fundamental insights into their operation.
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Figure 1. (a) Atomic force microscope (AFM) image show-
ing the morphology of a typical carbon nanotube net-
work (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 ther-
mal 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 =2—150 um and W=5-150 um 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 («), 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 prop-
erties 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 char-
acterization, we use infrared (IR) thermal imaging to
analyze power dissipation and temperature distribution
in CNNs.?” The results show that overall thermal resis-
tances 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 experi-
mental 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
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Figure 2. (a) ON/OFF ratio vs L for CNNs with W =5 um and
various percentages of semiconducting SWCNTs. (b) ON/
OFF ratio vs W for CNNs with L = 40 um and various per-
centages of semiconducting SWCNTs. (c) Mobility, «, and
ON/OFF ratio vs percentage of semiconducting SWCNTSs in
CNNs. L=40o0r 50 um and W= 5 um. (d) ON/OFF ratio vs u 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 S1—S7).
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 measure-
ment setup (with a back gate voltage applied to the highly
doped Si substrate) to characterize devices electrically,
and an IR thermal microscope to simultaneously charac-
terize them thermally.

We find that low-field transport in CNN devices
depends strongly on device dimensions and frac-
tion of semiconducting SWCNTs.2>?3 All types of de-
vices show p-type doping (Supporting Information,
Figure S8a). As expected, for devices with substantial
percentages of metallic SWCNTs the ON/OFF ratio [Ip
(Vg = —30 V)/Ip (Vg = +30 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,? 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 um
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Figure 3. (a) Current density per width Jp vs Vp up to
breakdown for devices with various percentages of semicon-
ducting SWCNTs. L =10 um, W =50 um, Vg = —30V (ON state).
Breakdown voltage (Vgp) and maximum current density (Jymax)
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 break-
down 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 (Lgp) with an
increase in L is noticeable. Source (S) and drain (D) terminals
colorized for emphasis.

but tends to eventually saturate for L > 40 um when the
gate control over the network is already very strong.
The ON/OFF ratio is almost constant for W > 10 um, but
increases dramatically for W < 10 um (at large L) when
transport is limited to paths of several SWCNTSs in series
(no fully metallic paths).2#2>3°

The field-effect mobility, u, calculated from the
average slope of forward and reverse current—gate
voltage sweeps,?' is also a strong function of semicon-
ducting SWCNT percentage in CNNs. Unlike the ON/
OFF ratio, u decreases (by up to 5x) as the percentage
of semiconducting tubes is increased (Figure 2c and
Supporting Information, Figure S8c). The inverse rela-
tionship between the ON/OFF ratio and u is shown in
Figure 2d and Supporting Information, Figure S8d, in
agreement with existing literature on CNN devices.>'>2
On the basis of the above results, using s-CNNs with
high ON/OFF ratios (e.g., > 1000x) would be neces-
sary for large-scale TFT applications, while m-CNNs are
more desirable for applications where only high trans-
parency 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 lengths*3) 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
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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 semi-
conducting tubes. The current (Ip) and current density
(Uo) in m-CNNs increase almost linearly as the drain
voltage (Vp) is increased. Eventually, m-CNNs break
down sharply at relatively lower drain voltages (Vp =
10—30Vfor L = 10 um) while tolerating large maximum
current densities (Umnax > 100 uA/um). We take Vp at
maximum power density as the breakdown voltage,
Vgp. With an increase in the percentage of semiconduct-
ing tubes in the CNN, Vgp increases and the maximum
current density (Jynay) 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% semiconduct-
ing 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.3*** However,
in dense CNNs (like those presented here) all types of
SWCNTSs 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 addi-
tional postsynthesis sorting process less efficient.

The breakdown voltage Vpp 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 Vgpne: (portion of Vgp 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 sig-
nificantly with the percentage of the semiconducting
SWCNTs. Since the electrical junction resistance be-
tween two metallic SWCNTs is significantly lower than
that of other types of junctions,'®'"*® 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 ef-
fects on breakdown in CNNs, for instance the average
length of the breakdown gap (Lgp) increases signifi-
cantly with L (Figure 3b). In sufficiently dense CNNs, the
breakdown initiates at a local hot spot and immedi-
ately 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.?® The higher Vgp applied to
long CNNs results in larger electric fields across the
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Figure 4. (a) Net breakdown voltage Vgp et in the ON state
vs device length L, at W = 100 um. The slopes of the dashed
lines represent average electric fields at breakdown, 6.85, 5,
1.6, and 1.35 V/um for 99%, 67%, 25%, and 1% semicon-
ducting CNNs, respectively. (b) Percentage of breakdown
power dissipated over the contacts P, vs L for various
percentages of semiconducting SWCNTs, symbols consis-
tent with those in panel a. (c) Normalized maximum power
(Pmax) and Jax vs percentage of semiconducting SWCNTSs.
L=10um and W =100 um.

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 Vgp drops across metal
electrodes and the metal-CNN contacts, leading to
some power loss at the contacts (P s, calculated as
a percentage of the total power, equal to total contact
resistance divided by the device resistance). P oss
increases significantly as L decreases for all types of
CNNs, reaching 30—40% for short low-resistance de-
vices (Figure 4b). These confirm that contact engineer-
ing should play a significant role in minimizing higher
power dissipation in scaled CNNs. The rest of the
breakdown power (Ppaxnet» NOrmalized to W) is gener-
ated intrinsically by the CNN. Both P axnet and Jax
(Figure 4c) increase with a reduction in the percentage
of semiconducting SWCNTs in the CNN, such that
m-CNNs can tolerate ~10x higher current density
and ~3x higher power density compared to s-CNNs.
The increase in Ji,ax for m-CNNs is partially due to the
lower sheet and contact resistance of m-CNNs. The
increase in Pyaxnet 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 5a—c show both ON and OFF mode
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Figure 5. Dependence of CNN /p—Vp characteristics up to
breakdown on V; and the percentage of semiconduct-
ing SWCNTs. ON and OFF measurements are performed at
Vs = —30and 430V, respectively. (a) Metallic CNN with L =
30 um and W = 20 um. (b) 33% metallic CNN with L = 10 um
and W =100 um. (c) Semiconducting CNN with L =5 um and
W =100 um. (d) Relationship between Vg in ON and OFF
modes for various CNNs showing nearly identical break-
down voltages in the ON and OFF states (see text).

breakdown Ip—Vp curves for CNNs with various per-
centages of semiconducting SWCNTSs. 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 |Vp| (Figure 5¢). Inter-
estingly, Jmax and Vpp 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 Vgp 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.>” Ava-
lanche multiplication can occur at relatively low fields
(<5 V/um) in semiconducting SWCNTs,>” comparable
to or lower than the fields observed at thermal break-
down.3® The observation of both similar J,., and
similar Vgp 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 2>
Sorting the semiconducting tubes before the fabrica-
tion, 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,?”
the raw temperature captured by the IR camera repre-
sents IR radiation generated or reflected from near the
top of the Si substrate. (The thin SWCNT film and SiO, are
effectively transparent to IR.) Nevertheless, the imaged
temperature can be converted into an average device
temperature as described elsewhere,?”>° but more im-
mediately the imaged temperature distribution can re-
veal 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 um).

Figure 6 panels b and ¢ 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 6¢) happens
over a considerably longer distance. Estimated heat
transfer lengths, Lt (distance over which AT drops by a
factor of 1/e, see Figure 6b,c), for heat dissipation
through the metal contacts are ~8 and ~4 um for the
source and drain electrodes (Figure 6b). Thermal trans-
fer lengths from the edges of the m-CNN to the SiO; are
~14and 15 um (Figure 6¢). The lower Ly 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 Infor-
mation, Figure S10), except that the maximum tempera-
tures are smaller than those for m-CNNs. The smaller
temperature rise in s-CNNs correlates well with the lower
Prax 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 temperature®3° of 600 °C
and subtract the temperature drop across the Si/SiO,
substrates and across the interface between SWCNTs
and oxide?’8 (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 ther-
mal resistance at metallic SWCNT junctions compared
to semiconducting SWCNT junctions. These findings
are in contrast with recent measurements of SWCNT-
surfactant properties in liquid solutions, where the
interface thermal resistance was shown to be lower
for semiconducting SWCNTs.*' That observation was
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Figure 6. (a) Temperature profile of a metallic CNN with
L/W = 15/20 um close to the breakdown point. Vp =32V,
Ve =—15V, Ppax = 6 mW/um and t,, = 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 ¢ show the contacts (L), the
edges of the CNN (W), and the thermal transfer lengths (L7).
(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 semiconduct-
ing tubes and the assumption that thermal resistance is
mediated by internal phonon coupling. It is possible
that the presence of the solid SiO, substrate in our case
shortens SWCNT phonon lifetimes, as shown by recent
molecular dynamics (MD) simulations.*? (Consistent
findings were reported experimentally for SiO,-supported
graphene films, where phonon lifetimes decrease with
the layer number.*®) 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 SiO, substrate.** Neverthe-
less, future work is needed to further resolve such
issues, for instance through experiments on individual
SWCNTs (by electronic type) and SWCNT junctions'?
rather than on CNNs.

VOL.7 = NO. 1

= 482-490 = 2013

WWwWW.acsnano.org

486



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 sub-
strate with a smoother surface (smaller SWCNT—substrate
interface resistance) would assist in dissipating the
heat.***¢ The former is challenging in CNN devices
and circuits on flexible substrates which are typi-
cally rubbers or plastics, with thermal conductivity
even lower (~0.2 W m~' K™') than the SiO, used
here (~1.4 W m~' K™"). However, the latter could
be achieved, for example, through surface func-
tionalization of SWCNTs for improved thermal
coupling.*”48

Computational Analysis. To enhance our understand-
ing of power dissipation in CNNs and to statistically
analyze the effect of other parameters on CNN perfor-
mance, we have developed a Monte Carlo computa-
tional platform. SWCNTs are randomly generated in
this platform to form a CNN device with desirable
parameters.*® 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 com-
plete breakdown of the CNN, forming the zigzag gap
across the device width (see the Supporting Informa-
tion movie). The size and shape of the simulated break-
down 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 Vp for CNNs with various percen-
tages of semiconducting tubes. Vgp and Ppax net Values
are comparable to the experimental results presented
in Figure 4 panels a and ¢, respectively. The agreement
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Figure 7. (a) Schematic of the SWCNTs in a simulated 67%
semiconducting CNN after electrical breakdown. Semicon-
ducting, 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 um and SWCNT density p = 12 um 2. (b) SEM image of
the breakdown profile across the width of a 67% semiconduct-
ing CNN. (c) Computed net P vs Vj, for various percentages of
semiconducting tubes; p= 12 um ™2, L/W = 15/5 um. The trends
are comparable to Figure 3a and those observed in previous
experiments.”’ (d) Experimental and simulated Vgp, vs percen-
tage of semiconducting SWCNTs. L = 15 um, W = 5 um. For
simulations p = 12 um™~2. Dashed line is a guide to the eye.

density, location, and orientation of SWCNTs within
CNN devices (which otherwise have same dimensions)
can result in surprisingly substantial variations in de-
vice performance. Vgp and its distribution vary con-
siderably, for example, with the percentage of semi-
conducting SWCNTs (Figure 8a) or tube density,
p (Figure 8b). The homogeneity of the network structure
in m-CNNs and the low resistance of metallic SWCNT
junctions result in a low average Vpp value with
relatively narrow distribution. On the other hand, Vpp
for mixed CNNs is on average higher and can vary over
a wide range (Figure 8a). The Vpp distribution is also
broader for sparse CNNs, where a wider, more random
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Figure 8. Simulated distribution of Vgp net for (a) various percentages of semiconducting SWCNTs in a CNN with nanotube
density p = 12 um~2 and (b) various densities of SWCNTs in a 99% semiconducting CNN. (c) Simulated average values of
Pmax,net and Vip net as a function of p for a 99% semiconducting CNN. L = 15 um and W =5 um for all of the CNNs and 200 data

points are collected for all of the plots.
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range of current paths, network resistance and Vgp
values can exist (Figure 8b).

An increase in network density p also lowers the
average values of Vgp and raises average values of
Prmax.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 um~? because our computa-
tional 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.

CONCLUSIONS

In summary, we have fabricated CNN devices with
controlled ratios of metallic and semiconducting
SWCNTs (e.g., from <1 to >99% semiconducting prop-
ortion), 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).'® 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 S1—S4 in Supporting
Information). To quantify semiconducting SWCNT percentage
levels, first background absorbance for metallic SWCNTs (blue
curves in Figures S1—S4) and next semiconducting SWCNTs
(red curves in Figures S1—S4) were subtracted from the absor-
bance curve, to obtain black curves in Figures S1—S4. 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 S1—54).

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 contain-
ing >98% semiconducting SWCNTs were combined for a second
DGU iteration to isolate >99% semiconducting SWCNTs3' Simi-
larly, metallic SWCNT solutions were obtained from the first step
of the DGU for isolating metallic CNTs,*° 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 SWCNTSs) 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 2—3 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 semicon-
ducting tube percentage levels. On the basis of previous experi-
ments, two different volumes of SWCNT solutions (45 and 55 ul)
were prepared to achieve different densities of CNNs, and these
solutions were further diluted with 2 mL of 1% SC:DI H,0.

BEHNAM ET AL.

controlled-purity (sorted) CNN devices. From a funda-
mental point of view, this work uncovers intrinsic
thermal properties of the CNNs suggesting that me-
tallic—metallic nanotube junctions have lower thermal
resistance than semiconducting—semiconducting junc-
tions. The lower thermal resistance in metallic junc-
tions 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 high-
field 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 ava-
lanche carrier multiplication,>” metallic networks tol-
erate higher current levels due to the lower junction
resistance between metallic SWCNTs. In addition, our
study provides important guidelines about the reli-
ability limitations of CNNs for transistor and intercon-
nect applications on flexible substrates, where such
aspects will be essential due to the low substrate
thermal conductivity.

The diluted solutions were vacuum filtered through mixed
cellulose ester membranes (Millipore, pore size = 50 nm, area =
142 cm?) followed by rinsing with ~100 mL of water to remove
the residual surfactant.

CNN devices were fabricated on 300 and 100 nm thermally
grown SiO, 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 O, plasma (100 W, 15 s, 200 mTorr) was carried out to
define 350 individual CNN devices per chip with lengths L =2 to
150 um and widths W= 5 to 150 um.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 character-
ized in ambient environment using a Cascade Microtech probe
station and Keithley source-meters. IR imaging was performed
using a QFl InfraScope Il thermal imaging setup with wavelength
range of 2—5 um and best temperature resolution of 0.1 °C.
A background temperature of 70 °C was applied to the Si sub-
strate to achieve a high level of sensitivity.>

Monte Carlo Simulations. The computational platform for mod-
eling 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).*> SWCNTs were generated one-by-one within the
device area (L x W) until the desired density per unit area (o) was
obtained. The electronic type of SWCNTs (semiconducting or
metallic) was also determined randomly in proportion to the
prescribed percentage of the semiconducting SWCNTSs in the CNN.

Initial current continuity equations were solved in a matrix
format at small Vp, by assigning appropriate resistance values to
SWCNT segments and their junctions with each other and the
metal electrodes (see Supporting Information section E).>' The
model could be improved by adding effects of SWCNT bund-
ling, bending®?, and buckling at the junctions.>® Once electrical
current levels were obtained, the CNN temperature profile was
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determined from the thermal transport equations, taking the
power dissipation in the CNN nodes as an input. Parameters that
were incorporated into the model for thermal calculations were
thermal conductivity or conductance values for SiO,, Si substrates,
SWCNT segments, SWCNT—SWCNT junctions, and SWCNT-elec-
trode junctions, in addition to the thermal conductance at the
interface between the SWCNTSs and SiO; (see Supporting Informa-
tion section E). Broken segments of the CNN (with T> 600 °C) were
then identified and removed from the network (if any), after
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, Vp was increased to its next value, the electrical and thermal
parameters were updated, and the recursive electrical and
thermal analysis was repeated. V was gradually increased until
the network became nonconductive, marking the final break-
down point (see Supporting Information, Figure S11).
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