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The thermal properties of single-walled carbon nanotubes (SWNTs) are of significant interest, yet 

their dependence on SWNT chirality has been, until now, not explored experimentally. Here, we 

used electrical heating and infrared thermal imaging to simultaneously study thermal and electrical 

transport in chirality-sorted SWNT networks. We examined solution processed 90% semiconduct-

ing, 90% metallic, purified unsorted (66% semiconducting), and as-grown HiPco SWNT films. The 

thermal conductivities of these films range from 80 to 370 W m1 K1 but are not controlled by 

chirality, instead being dependent on the morphology (i.e., mass and junction density, quasi-align-

ment) of the networks. The upper range of the thermal conductivities measured is comparable to 

that of the best metals (Cu and Ag), but with over an order of magnitude lower mass density. This 

study reveals important factors controlling the thermal properties of light-weight chirality-sorted 

SWNT films, for potential thermal and thermoelectric applications. VC 2016 AIP Publishing LLC. 

[http://dx.doi.org/10.1063/1.4942968] 

Carbon nanotube films have a broad range of applications, 

from solar cells 1,2 and transistors 3 to bolometers4 and mechani-

cal reinforcement additives for polymers.5 Recent advances 

have led to sorting of single-walled carbon nanotubes 

(SWNTs) into chirally purified (i.e., nearly all-semiconducting 

or all-metallic) solutions and networks.6,7 However, previous 

studies have only focused on the electrical 3 and optical6 

properties of such sorted SWNT films, without reports of their 

thermal properties, which are also important both fundamen-

tally and practically.8,9 Individual SWNTs are known to have 

very high thermal conductivity,9,10 but the thermal conductiv-

ity of SWNT networks and films is typically much lower due 

to the high thermal resistance of the SWNT junctions.11–13 

Nevertheless, the thermal conductivity of SWNT composites 

could be tuned over nearly four orders of magnitude by chang-

ing the alignment of the nanotubes as well as the mass density 

of the network (and, consequently, the density of SWNT 

junctions).5,14 The ability to tune thermal conductivity in 

SWNT materials leads to exciting applications for heat spread-

ers and insulators, as well as potential thermoelectric energy 

harvesters.15 

In this work, we simultaneously characterize the electri-

cal and thermal properties of SWNT films with varying frac-

tions of nanotube types (from 90% semiconducting to 90% 

metallic) by electrical measurements and infrared (IR) ther-

mometry. Using an IR microscope, the real-time temperature 

profile of SWNT films under electrical bias is mapped. To 

extract thermal conductivity, a computational model is 

developed to fit the temperature profile captured by the IR 

scope, accounting for extrinsic effects such as electrical and 

thermal contact resistance, which turn out to play key roles. 

We find that the in-plane thermal conductivity of such solu-

tion processed SWNT films ranges from 80 to 

370 W m1 K1, depending more strongly on SWNT density 

than on chirality. The high end of these films has thermal 

conductivity comparable to some of the best metals at room 

temperature (Ag, Cu), but the SWNT films have ten to 

twenty times lower mass density. 

Figure 1(a) shows our experimental setup. We use the 

Quantum Focus Instruments (QFI) InfraScope to measure the 

temperature of suspended SWNT films at slightly elevated 

background temperature, T0 ¼ 80 C, which improves the 

signal-to-noise ratio. 3,13,16 Suspending the samples across the 

thermometry platform enables one-dimensional (1D) heat 

flow and sufficient mechanical support for the suspended 

film.5,17 (This is in contrast to our earlier work 3,13 that used 

much thinner samples on SiO2/Si substrates, where the para-

sitic heat flow path into the substrate could not be avoided, 

preventing an analysis of the in-plane thermal conductivity.) 

The large contacts are electrochemically polished Cu blocks 

coated with 200 nm/150 nm electron-beam evaporated Ti/Pd, 

Pd being in contact with the SWNTs. Thin ceramic washers 

electrically isolate the contacts and control the gap distance 

(L) between the Cu blocks. 

We use 90% semiconducting (IsoNanotubes-S), 90% me-

tallic (IsoNanotubes-M), unsorted and purified (PureTubes), 

and unsorted HiPco SWNTs purchased from NanoIntegris.18 

The IsoNanotubes and PureTubes have SWNT diameters 

ranging from 1.2 to 1.7 nm with a mean of 1.4 nm. The metal-

lic tubes have a mean length of 0.5 lm. The semiconducting 

and purified tubes have a mean length of 1 lm. The HiPco 

SWNTs have diameters ranging from 0.8 to 1.2 nm with 

lengths ranging from 0.1 to 1 lm. The unsorted HiPco and 

purified tubes have a semiconducting to metallic ratio of 2:1, 

i.e., 33% metallic. We assemble the SWNTs into films on 

nitrocellulose membranes (MCE MF-Millipore 47 mm diame-

ter, 0.025 lm pores) using vacuum filtration.19 The filters 

are dissolved using two 30 min acetone baths, leaving only 

the freestanding films. The SWNT films are then suspended 

across the thermometry platform by directly removing them a)epop@stanford.edu 

0003-6951/2016/108(10)/103101/5/$30.00 VC 2016 AIP Publishing LLC 108, 103101-1 

APPLIED PHYSICS LETTERS 108, 103101 (2016) 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  132.178.238.130 On: Fri, 11 Mar 2016 22:54:46 

http://dx.doi.org/10.1063/1.4942968
http://dx.doi.org/10.1063/1.4942968
mailto:epop@stanford.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4942968&domain=pdf&date_stamp=2016-03-07
https://publishing.aip.org/authors/rights-and-permissions


from the acetone using the measurement platform. As shown 

in supplementary19 Figure S1, the film thicknesses (tfilm) range  

from 400 to 500 nm. 

We apply a voltage bias to flow current (in the y-direction) 

through the suspended sample, to induce Joule heating and 

map the temperature in real time, as shown in Figures 1(a) 

and 1(c). The scanning electron microscope (SEM) image 

in Figure 1(b) reveals some local alignment and bundling of 

SWNTs in the network, which we attribute to the vacuum 

filtration assembly method of the films (additional SEM 

images in supplementary19 Figure S2). Otherwise, the SWNTs 

are randomly oriented in the (x–y) plane of the filter, with 

fewer SWNTs crossing over in the z-direction. 

Temperature maps like the one in Figure 1(c) are 

taken while the device is biased as shown in Figure 1(a). 

The temperature is averaged over a range of pixels in the 

x-direction,19 across the inner rectangle in Figure 1(c). As  

shown in Figure 1(d), the temperature profile peaks in the 

center of the suspended film with negligible heating at the 

contacts, indicating good heat sinking by the Pd-coated Cu 

blocks. We simultaneously obtain electrical measurements 

of the samples, including the electrical contact resistance 

using the transfer length method (TLM), by measuring sam-

ples with varying suspended separations (L ¼ 0.7–2.0 mm) 

between the Cu blocks. We combine the thermal imaging 

maps with a computational model to simultaneously extract 

the thermal contact resistance and the thermal conductivity 

from the measured temperature profile. As it turns out, 

accounting for both electrical and thermal contact resistance 

is important for obtaining the intrinsic thermal conductivity 

of the suspended SWNT films. 

Figure 2 shows the temperature profiles and SEM 

images of the (a) semiconducting, (b) metallic, and (c) 

unsorted films. The top and middle rows show two different 

biases and dissipated power, respectively, as labeled in the 

figure insets. The direction of current flow in Figure 2(a) 

is from the top to the bottom contact (shown by the arrow), 

with no measurable change in the temperature profile when 

reversing the current flow direction. The semiconducting 

film was the most resistive and therefore had the least heat-

ing, largely due to its contact resistance (supplementary19 

Figure S5). This is not unexpected, because the films are sus-

pended and cannot be gated. Given the voltage biasing 

scheme, the Joule heating in this film (/ V2/R) is mainly in 

the percolation paths that include the less resistive, 10% 

metallic SWNTs.3 The metallic networks have lower electri-

cal resistance and a higher temperature rise for the same 

applied potential. For the unsorted SWNT films, the temper-

ature rise is in-between the metallic and semiconducting 

films, which is expected since the metallic-semiconducting 

nanotube junctions have higher electrical resistance and 

there are an “intermediate” number of metallic percolation 

paths in this film. 11,20 

To extract the thermal conductivity of the sample, 

we use a finite element analysis of the 1D heat transfer 

equation:21 

A 
@ 
@y 

j 
@T 

@y 

  

þ p0  g T yð Þ  T0 

  ¼ 0; (1) 

where A ¼Wtfilm is the cross-sectional area of the film, j is 

its in-plane thermal conductivity, p0 is the Joule heating 

power per unit length, g is the heat loss coefficient per unit 

length to the air or to the contacts (discussed below), 

T0 ¼ 80 C is the background temperature of the device, and 

T(y) is the temperature at location y along the film. This 

approach implies uniform thermal conductivity and power 

distribution along the film, which are found to be reasona-

ble assumptions given the uniform density of SWNTs 

[Figure 1(b)] and the good fit to the measured data, as we 

will see below. Since the thermal measurements are done in 

air, we account for heat loss due to convection and radiation 

using the heat loss coefficient gs for one surface of the 

SWNT film exposed to air: 

FIG. 1. (a) Schematic of the thermome-

try platform and the experimental setup. 

SWNT films are suspended across two 

Pd-coated Cu blocks that are electrically 

isolated by ceramic washers. (b) SEM 

image of the SWNT film after vacuum 

filtration. The SWNTs are bundled 

and randomly in-plane oriented. (c) 

Temperature map of the SWNT film 

across the metal contacts. White dashed 

lines show the edges of the SWNT film, 

and current flows in the direction of the 

arrow. (d) The zoomed-in temperature 

profile of the suspended SWNT film 

across the gap. The 1D temperature pro-

files in Figure 3 are averaged along the 

x-direction of such maps. 

103101-2 Lian et al. Appl. Phys. Lett. 108, 103101 (2016) 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  132.178.238.130 On: Fri, 11 Mar 2016 22:54:46 

https://publishing.aip.org/authors/rights-and-permissions


gs ¼ Whconv þ WerB½TðyÞ 2 þ T 2 
0 ½TðyÞ þ  T0; (2) 

where hconv is the heat convection coefficient per unit 

area,22 e is the emissivity of the film as measured by the IR 

scope (see the supplementary19 Figure S4), and rB is the 

Stefan–Boltzmann constant. (hconv is taken between 5 and 

10 W m2 K1 for natural convection in air22 and the uncer-

tainty to j introduced by this range is small, less than 2%, as 

discussed in Table S2 of the supplement.19) Because the IR 

scope captures a spatial temperature map of heating in 

the film, we can use the measured temperature values to 

calculate gs at each point “y” along the sample to directly 

calculate the heat loss due to radiation. For the suspended 

portion of the film, g ¼ 2gs, since both top and bottom surfa-

ces should be taken into account; p0 ¼ (V/R)2(R  2RC)/L, 

where R is the measured total electrical resistance of the film 

and RC is the electrical contact resistance (described in the 

supplementary19 Figure S5 and Table S1). We find that 

accounting for RC is essential in such Joule self-heating stud-

ies, because excluding it would lead to an overestimation of 

the power input and corresponding overestimation of the 

extracted j, which may have been the case in a previous 

study.5 In this work, neglecting RC would result in an esti-

mated 60% higher j for the metallic networks. 

For the portion of the film supported by the contacts, 

p0 ¼ 0 and g ¼ gs þ WhC  WhC, where hC is the thermal con-

tact conductance per unit area between the film and the Pd/ 

Ti/Cu contact. To extract the thermal conductivity of the 

SWNT film, Eq. (1) is solved by using j and hC as fitting pa-

rameters for the best fit to the average temperature profile of 

the film obtained by the IR scope. We verify our results by 

comparing the 1D model with a three-dimensional (3D) 

COMSOL thermal model of the SWNT film, shown in sup-

plementary19 Figure S3. The uncertainty in the extracted j 
due to assumptions about radiation and convection is less 

than 2%, as discussed in Table S2 of the supplement.19 

These are smaller than the uncertainty in film thickness due 

to surface roughness (supplementary19 Fig. S1), which has 

between 10% and 25% effect on the extracted j values. 

Figure 3 shows the thermal model fitted to the tempera-

ture profiles of the different SWNT films [averaged along 

the x-direction of the rectangular region in Figure 1(c)]. For 

the semiconducting, unsorted, and unsorted HiPco films, 

the model shows excellent agreement with the measure-

ments, validating our assumptions of uniform thermal con-

ductivity and uniform heat generation. For the metallic film, 

we noticed discrepancies between the model and the experi-

mental data near the contacts. For a better fit, we can slightly 

increase the gap distance L in the model, because the 

physical length of the suspended SWNT film may be larger 

than the contact separation [the buckling of metallic 

films was greater during transfer and suspension, as seen in 

Figure 2(b)]. Thus we extract a range of thermal contact con-

ductance hC ¼ 2  103 to 3.5  104 W m2 K1 for all films, 

recalling that the contacts are at the ambient temperature 

T0 ¼ 80 C. These values are nearly four orders of magnitude 

lower than those between individual SWNTs23 or graphene24 

and SiO2, ostensibly due to partial contact between the 

SWNT network and Pd, due to process and transfer residues, 

and due to some surface roughness of the metal contacts. 

The thermal contact conductance of the unsorted films is 

also at least a factor of two larger than those of the sorted 

films, which are expected to have some residue from the 

sorting process (supplementary19 Table S1). 

In Figure 4, we compare our measured thermal conduc-

tivity values with literature values of different carbon nano-

tube materials, at or near 300 K. Suspended, individual 

SWNTs10 have a very high thermal conductivity near room 

temperature, 3000 W m1 K1. A study of aligned multi-

wall nanotube (MWNT) films5 reported the highest in-plane 

thermal conductivity of such composites to date, ranging 

from 472 to 766 W m1 K1. (However, this study did not 

account for the effects of electrical contact resistance, poten-

tially overestimating the thermal conductivity of the films, as 

we discussed above.) 

The SWNT films in this work have thermal conductiv-

ities ranging from approximately 80 to 370 W m1 K1, 

when both electrical and thermal contact resistances were 

carefully taken into account. The highest thermal conductiv-

ities were achieved in our purified, unsorted SWNT films, 

from 117 to 368 W m1 K1 . Our metallic SWNT films 

have extracted thermal conductivities ranging from 106 to 

FIG. 2. Temperature profiles and SEMs of (a) semiconducting, (b) metallic, and (c) unsorted SWNT. Top and middle panels correspond to higher and lower power 

applied to the networks, respectively. The insets list the applied voltages and the power dissipated in the suspended portion of the films, excluding contact resistance, 

(V/R)2(R –  2RC). The vertical arrow shows the current flow direction. Some bowing in the films from the transfer process can be seen in the SEMs for the metallic and 

unsorted networks. 
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137 W m1 K1, which is lower than the sorted semiconduct-

ing and the purified, unsorted solution processed films. We 

attribute the differences to SWNT length (metallic ones 

being shorter, as stated earlier), possible damage from the 

sorting process, and the presence of surfactants on the metal-

lic SWNTs. The as-grown HiPco SWNT films have the low-

est thermal conductivities ranging from 81 to 97 W m1 K1. 

The semiconducting SWNT film thermal conductivities 

range from 174 to 220 W m1 K1. The ranges of these 

measurements correspond to values measured across multi-

ple samples (supplementary19 Table S3). 

Using the Wiedemann–Franz law, we estimate the 

electronic contribution to thermal conductivity to be je 

< 1.1 W m 1 K1 in all our SWNT films (supplementary19 

Table S1). Thus, we find that the thermal conductivity has 

essentially no dependence on the chirality or electronic type 

of the SWNTs, confirming that heat flow is predominantly 

carried by lattice vibrations (phonons) rather than electrons 

and that the phonon dispersion changes very little between 

SWNTs of different chirality.26,27 Instead, our results are con-

sistent with the view that the thermal conductivity of SWNT 

films depends more strongly on the SWNT junctions and the 

mass density of the films (which also controls the junctions 

and the SWNT segment lengths between junctions28). 

Previously reported solution-processed SWNTs29,30 found 

cross-plane thermal conductivity around 1.68 W m 1 K1 for 

millimeter-thick SWNT films29 and 2.24 W m 1 K1 for 

MWNT films30 with mass densities around 0.47 g/cm3. (The  

cross-plane thermal conductivity is expected to be lower due 

to the layering of SWNTs during the assembly process.) The 

mass densities of the quasi-aligned MWNT film study5 were 

greater than 1 g/cm3 . Our SWNT films had mass densities 

ranging from 0.5 to 1.1 g/cm3 (Table S1 in the supplement19). 

In comparison with the thermal conductivities of dry SWNT 

beds14 that have thermal conductivities ranging from 0.13 to 

0.19 W m 1 K1 (with mass density 0.2–0.45 g/cm3), the 

solution-processed films studied here are more thermally con-

ductive in the in-plane direction. This can be attributed to 

many factors such as the higher mass density of our films, the 

length of the SWNTs, bundling of the SWNTs, and the intrin-

sic thermal conductivity of individual nanotubes within the 

network. 

FIG. 3. Averaged temperature profiles 

(symbols) fitted by the model (lines) 

for (a) a semiconducting film, (b) 

metallic film, (c) purified unsorted 

film, and (d) as-grown HiPco film. The 

upper panel in (a) illustrates the role of 

the electrical and thermal contact re-

sistance. In (b), there is a slight dis-

crepancy between the model and the 

measured temperature profile for the 

metallic film. The light blue dashed 

line shows the model using the meas-

ured gap distance (L ¼ 0.67 mm) as the 

length of the suspended portion of the 

film. The black dashed line denotes 

the model adjusted using a larger 

gap distance (L ¼ 0.86 mm). The blue 

dashed line shows the effect of fixing 

the thermal contact conductance while 

using the physical gap distance. 

FIG. 4. Summary of thermal conductivities of carbon nanotube films and 

composites near room temperature, including the results of this work: 

unsorted SWNT films, 90% semiconducting (SWNT-S) films, 90% metallic 

(SWNT-M) films, and HiPco as-grown (AG) films. The thermal conductiv-

ities of aligned MWNT films,5 thick SWNT29 and MWNT films,30 and 

SWNT and MWNT dry beds14 are also shown for comparison. (?) denotes 

cross-plane thermal conductivity from their respective references. The 

SWNT composites are separated into solution-processed films and dry-

assembled beds; large diameter (d) samples had MWNT diameters ranging 

from 60 to 100 nm. 
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Our experimental findings are consistent with the theo-

retical values predicted by Volkov et al.,31 who explored 

the strong influence of the mass density, length, and ther-

mal conductivity of individual SWNTs on the network 

thermal conductivity. In this context, part of the difference 

in thermal conductivities between the various nanotube 

films in our study may be due to different intrinsic j of the 

SWNTs in the films. For example, it is known that the 

effective j for both SWNTs and graphene depends on their 

length when it is comparable to the phonon mean free 

path.25,32 The metallic SWNTs are shorter (0.5 lm) and 

potentially more damaged than the semiconducting or puri-

fied SWNTs (1 lm) after the sorting process, which is 

consistent with the observed lower overall j for the metal-

lic SWNT films. 

In summary, we used a combination of IR thermometry 

and electrical measurements to characterize solution-processed 

films with controlled density of metallic and semiconducting 

SWNTs. Metallic films have higher electrical conductivity 

than semiconducting films (as expected) but lower thermal 

conductivity due to shorter tube lengths, which also leads to 

greater SWNT junction density. More importantly, the thermal 

conductivity of the solution-processed SWNT networks is 

higher than that of dry-assembled SWNT beds14 due to the 

vacuum filtration assembly process. Overall, we find that chir-

ality plays essentially no role on thermal conductivity, which 

is primarily controlled by the individual SWNT lengths, and 

by the overall junction and mass density of the SWNTs. 

From a metrology standpoint, this study highlights the 

importance of adjusting for electrical and thermal contact 

resistance in measurements on such suspended films, before 

intrinsic thermal parameters can be deduced accurately. 

From a practical standpoint, these are important findings 

for lightweight heat spreaders and for thermoelectric energy 

harvesters. In particular, for thermoelectric applications,15 

our results underscore that the figure of merit (ZT) of a 

SWNT network sample cannot be estimated based on previ-

ously measured results on different samples.14 Rather, the 

thermal conductivity of SWNT thermoelectrics must be 

measured independently, because these quantities are sensi-

tive to the morphology and processing of the sample. 
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FIG. S1. Representative profilometer measurements of the single-walled carbon nanotube 
(SWNT) films transferred to and tested on Si substrates. Thicknesses (tfilm = ∆z here) were used 
for extracting thermal conductivity in the model. Metallic films had more surface roughness, 
likely due to presence of additional surfactants from the sorting process. The mass density of the 
film is also calculated from the thickness and the mass of the SWNTs used in the film assembly. 
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FIG. S2. Scanning electron microscope (SEM) images of our solution-assembled SWNT net-
works. (a) – (c) show SEMs of the center of the film for semiconducting, metallic, and unsorted 
networks, respectively. Figures (d) and (e) show the edge of the film for the semiconducting and 
metallic networks respectively. The edge roughness of the film is due to the cutting of the film 
following the vacuum filtration assembly.  
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FIG. S3. (a) Shows a comparison of a 3D finite-element (COMSOL) simulation (top) with the 
measured temperature profile at 1× magnification (bottom). Non-uniformities at the edges of the 
measured T profile are an artifact of the IR scope due to the spatial resolution of the objective. 
Panel (b) shows the measured temperature profiles of the films at higher (5× and 15×) magnifica-
tion, illustrating continuous heating all the way to the edge of the SWNT film. 
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FIG. S4. (a) Reference radiance measurement of unsorted SWNT film from IR scope. Values for 
emissivity (ε) are used to calculate the radiative heat loss from the SWNT film, as explained in 
the main text. The average emissivities of the SWNT films are listed in Table S2. We measured 
the emissivity of the Pd coated Cu contacts to be ε ≈ 0.16, as expected. (b) Background tempera-
ture measurement performed without any applied bias across the SWNT film. Small temperature 
readings at the edges of metal contacts are due to IR reflection artifacts from these edges.  
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FIG. S5. Transfer length method (TLM) plot of electrical resistances of the films (multiplied by 
their width) as a function of suspended film length. Symbols are experimental data and lines are 
linear fits. The vertical intercept represents twice the electrical contact resistance (2RCW), the 
slope represents the SWNT film sheet resistance (Rsh), and the horizontal intercept is an estimate 
of the transfer length (2LT). Multiple measurements were taken at several voltage biases, and the 
equation of the linear fit to each is given in the inset. The unsorted samples were biased at 0.5 V 
and 0.3 V, and the metallic samples were biased at 0.75 V, 0.5 V, and 0.3 V with no noticeable 
change in resistance of either sample. The semiconducting sample was biased at 0.75 V and 0.5 
V and a slight decrease in resistance was observed at the higher bias. 

Contact resistance is most significant for the semiconducting network and varies depending on 
the surface roughness of the contacts, as well as the presence of residue between the SWNT film 
and the metal surface. (We measured the RMS roughness of the metal contacts to be ~165 nm.) 
We believe the unsorted networks have lower contact resistance since they have less damage (no 
sorting) and less residue. Importantly, the electrical contact resistance was always taken into ac-
count in all power input calculations for the extraction of thermal conductivity (see main text). 
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Table S1. Electrical and physical properties for the 90% semiconducting, 90% metallic, and pu-
rified unsorted films. Electronic contribution to thermal conductivity is estimated using the 
Wiedemann-Franz Law, κe = σL0T where σ is the electrical conductivity extracted from the TLM 
measurements, L0 is the Lorenz constant and T is the temperature. The unsorted, purified tubes 
are higher quality than the sorted semiconducting and metallic networks, leading to the higher 
electrical conductivity. The mass density of the metallic network is also twice as high as the sem-
iconducting and the unsorted networks, which leads to higher junction density. We believe the 
higher junction density and shorter SWNT lengths (also indicative of more damage) are respon-
sible for the thermal conductivity of the metallic networks being somewhat lower. 

κ 
(Wm-1K-1) 

parameter tfilm (nm) W (mm) 2RcW (Ω·mm) 
hconv 

(Wm-2K-1) 
ε 

90%-S 174 – 220 
input error 450±50 2.5±0.1 35.9±1.0   

5±5  
(i.e. 0–10) 

0.58±0.01 

κ uncertainty ~11% ~4% ~3% ~2% ~0.1% 

90%-M 106 – 137 
input error 430±50 3.6±0.05 6.35±0.1 

5±5  
(i.e. 0–10) 

0.37±0.01 

κ uncertainty ~12% ~1% ~1% ~2% ~0.1% 

Unsorted 117 – 368 
input error 500±50 3.3±0.03 0.34±0.005 

5±5  
(i.e. 0–10) 

0.57±0.01 

κ uncertainty ~10% ~1% ~1% ~2% ~0.1% 

Table S2. Calculated uncertainty analysis for the extracted SWNT film thermal conductivity (κ) 
in our measurements. We consider the errors from the film thickness, width, contact resistance, 
and convection and radiation losses. The main uncertainty resulted from the thickness of the film 
which can be seen from Fig. S1. We note that the true cross-sectional area of the SWNT film is 
not Wtfilm because the SWNTs are not fully packing the rectangular parallelepiped with volume 
WLtfilm (see Fig. 1). We can estimate the fill factor by two means: 1) the estimated mass density 
is ~1.1 g/cm3 which is approximately 50% that of graphite, indicating about 45% fill factor in the 
network. 2) the estimated thermal κ is approximately 10% that of graphite. We regard the former 
estimate as more accurate for the fill factor, and attribute the thermal κ being lower than 
0.45κgraphite to the effects of intertube junctions and misalignment. 

Film 
Type 

σ 
(S/m) 

Rsh 

(Ω/□) 
2RCW 

(Ω∙mm) 
LT 

(mm) 
κe 

(Wm-1K-1) 
tfilm 

(nm) 
Mass 
(µg) 

ρ 
(g/cm3) 

hc 

(m2K/W) 

90%-S ~ 8.34×104 ~26 ~35.0 ~0.65 ~0.74 450 ± 50 400 ~0.51 
3.0×103 – 
1.6×104 

90%-M ~ 1.17 ×105 ~20 ~6.35 ~0.16 ~1.07 430 ± 50 800 ~1.07 
6.0×103 – 
8.0×103 

Unsorted ~ 1.22 ×105 ~16 ~0.34 ~0.10 ~1.10 500 ± 50 500 ~0.58 
1.5×104 – 
2.0×104 
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Thermal conductivities (Wm-1K-1) 
Sample  Metallic Semiconducting Unsorted HiPco 

1 106.2 174.1 116.7 80.9 
2 112.5 182.9 138.8 82.3 
3 121.1 185.6 130.6 83.0 
4 136.7 220.2 288.3 90.5 
5   368.4 97.1 

Table S3. Extracted thermal conductivities for the various SWNT film types. The same ranges 
are shown as vertical bars in Figure 4 of the main text. The error estimates for a typical meas-
urement are presented in Table S2. 


