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ABSTRACT

The thermal properties of a suspended metallic single-wall carbon nanotube (SWNT) are extracted from its high-bias ( I−V) electrical characteristics
over the 300 −800 K temperature range, achieved by Joule self-heating. The thermal conductance is approximately 2.4 nW/K, and the thermal
conductivity is nearly 3500 Wm -1K-1 at room temperature for a SWNT of length 2.6 µm and diameter 1.7 nm. A subtle decrease in thermal
conductivity steeper than 1/ T is observed at the upper end of the temperature range, which is attributed to second-order three-phonon scattering
between two acoustic modes and one optical mode. We discuss sources of uncertainty and propose a simple analytical model for the SWNT
thermal conductivity including length and temperature dependence.

Single-wall carbon nanotubes (SWNTs) have sparked great
scientific and engineering interest because of their outstand-
ing electrical and thermal properties. Consequently, they have
been proposed for applications in integrated circuits (as
transistors or interconnects)1-3 and in thermal management
(as thermal interface materials).4 In both cases, knowledge
of their thermal properties is key to understanding their
overall behavior.5 Although several theoretical studies exist
on the thermal conductivity of individual SWNTs,6-11 only
few experimental estimates are currently available,12 and no
investigations exist above room temperature. However, it is
this temperature range that is expected to be of most practical
importance for applications of carbon nanotubes in electron-
ics and integrated circuits.

In this Letter we extract the thermal conductance of an
individually suspended SWNT in the 300-800 K tempera-
ture range. For the first time, we empirically find a subtle
decrease in the thermal conductivity of the SWNT near the
upper end of this temperature range, which is proportional
to 1/T 2 because of second-order three-phonon scattering
processes. The approach presented employs direct (DC) self-
heating of the nanotube under high-bias current flow in
several ambient temperatures (from 250 to 400 K). This
method relies on the direct relationship between the SWNT
lattice temperature and phonon-limited electrical transport
and may be generally applicable to other one-dimensional

systems where similar transport conditions occur at high
electrical bias (e.g., nanowires or other molecular wires).

Suspended SWNTs were grown across Pt contacts and
lithographically predefined trenches, as described else-
where.13,14The nanotubes were characterized with SEM and
AFM to ensure single-tube connections and to obtain length
(L) and diameter (d) information. The SEM image of a
typical suspended SWNT is shown in Figure 1. Electrical
characterization was done in vacuum (approximately 10-6

Torr) at ambient temperatures between 250 and 400 K. The
measuredI-V characteristics of a metallic suspended SWNT
with L ≈ 2.6 µm andd ≈ 1.7 nm are displayed in Figure 2
(symbols). The thermal isolation of the tube (no substrate
or ambient gas) ensures that all heat produced from Joule
self-heating is conducted along the tube itself (heat loss by
blackbody radiation is estimated to be at most a few
nanowatts, whereas the dissipated Joule power is 3 orders
of magnitude greater, at several microwatts). This is essential
for the high-bias SWNT behavior and for extracting its
thermal conductance, as explained below. Unlike SWNTs
on substrates that carry more than 20µA current,15,16

suspended SWNTs exhibit negative differential conductance
(NDC) and a current-carrying ability almost an order of
magnitude lower at high bias, when significant self-heating
and nonequilibrium phonons strongly impede electrical
transport.5

Electrical transport in the low-bias region of theI-V
curves in Figure 2 is limited by the finite resistance of the
contacts (RC ≈ 10 kΩ) and by electron scattering with
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acoustic (AC) phonons, with a mean free pathλAC ≈ 1.6
µm at room temperature.5,16 Self-heating in this region is not
significant, and the observedI-V characteristics are similar
to those of SWNTs on substrates. The electrical resistance
of the suspended SWNT under high-bias (V > 0.3 V) is,
however, more than an order of magnitude higher (∼300
kΩ at 1 V in Figure 2) and limited by Joule self-heating
and strong electron scattering with high-energy optical
phonons (OPs).5 This behavior enables our extraction of
suspended SWNT thermal properties at high temperature
directly from the electrical characteristics at high bias.

We model the resistance of the SWNT with the Landauer-
Büttiker approach3,5

whereRC is the electrical contact resistance andλeff ) (1/
λAC + 1/λOP,ems+ 1/λOP,abs)-1 is the effective electron mean

free path (MFP), which includes elastic scattering with AC
phonons, and inelastic OP emission and absorption. The
MFPs are dependent on temperature and bias, as explained
in detail elsewhere.3,5 To obtain theI-V curves, the scattering
MFPs and, consequently, the SWNT resistance are computed
self-consistently with the temperature and the Joule power
dissipated along the nanotube using the heat conduction
equation

where the second term is the Joule heating per unit
length andA ) πdb is the cross-sectional area (b ) 3.4 Å
the tube wall thickness). Naturally, a key component of
this approach is the thermal conductivity,k, along the SWNT.
We have found that we can pose the inverse problem,
asking what thermal conductivity is necessary (for a
given bias, power dissipation, and, hence, a given SWNT
temperature profile) to reproduce the experimentally mea-
sured I-V curves. Because the suspended tube suffers
significant self-heating only at high bias, we focus specifi-
cally on the voltage regionV > 0.3 V.17 To gain a qualitative
understanding, we note that transport is strongly limited by
OP scattering in this regime, and the resistance becomes
simply inversely proportional to the net OP scattering MFP
alone: R ∼ (h/4q2)(L/λOP). This MFP scales inversely with
the OP occupation (NOP), which is proportional to temper-
ature in this range.5 We can summarize these relations as
R R 1/λOP R NOP R T. Here, the temperature is determined
by the Joule power dissipated along the nanotube and by its
thermal conductivity,k, as in eq 2. This provides physical
insight into the electrothermal behavior of the SWNT at high
bias and explains how the thermal conductivity is directly
linked to the measured high bias electrical characteristics.5

Using the high bias region of theI-V curves is also essential
because it minimizes the role of other parameter variations
(e.g., due to imperfect knowledge ofRC or λAC) and, hence,
errors associated with them.

A schematic block diagram of our inverse thermal
conductivity extraction procedure is shown in Figure 3.
Quantitatively, we compute the “forward solution”R(V, T)
as in eq 1 and ref 5 and consider individual bias points along
the I-V curves in Figure 2. Given the experimentally
measured resistance and power at a given applied bias, we
adaptively modify the thermal conductivity input (in eq 2)
of our self-consistent model until the agreement with the
measuredI-V data is within 0.5%. This is done by starting
with an initial guessk0 ) 3000 Wm-1K-1, then calculating
the theoretically expected current for the starting bias (V0 )
0.3 V). If this current is larger (smaller) than the experimental
value, then the value ofk is decreased (increased), and the
temperature and current are reevaluated. The procedure is
repeated until good agreement between the calculated and
measured current is obtained. The converged solution is then
used as the initial guess input for the next bias point. The
series of computed current values creates the solid lines
plotted in Figure 2, the agreement with the data being
essentially “perfect” by design. Given the power input and

Figure 1. Scanning electron microscope (SEM) image of a typical
SWNT freely suspended across a 2-µm trench and lying on top of
the Pt contacts. This sample was coated with 1.5 nm Ti/2.5 nm Au
to facilitate SEM imaging.

Figure 2. Electrical (current vs voltage) characteristics of a
suspended SWNT withL ≈ 2.6 µm andd ≈ 1.7 nm. The symbols
represent the experimental data measured in vacuum at ambient
temperatures,T0, from 250 to 400 K; the lines are the results of
our calculations using best-fit values of thermal conductivity at high
temperature and high bias (Figure 4). Not all of the data points
that were taken are shown, for clarity.

R(V, T) ) RC + h

4q2

L + λeff(V, T)

λeff(V, T)
(1)

A∇(k∇T) + I 2(R - RC)/L ) 0 (2)
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theaVerageSWNT temperature estimate at every bias point,
a plot of this best-fit thermal conductivity versus average
temperature can be obtained, as shown in Figure 4. Having
carried out the electrical characterization at various ambient
temperatures from 250 to 400 K, the thermal conductivity
dependence on temperature under Joule heating is therefore
deduced approximately from 300 to 800 K. We note that
the extracted trend in thermal conductivity is very clear,
despite (or perhaps owing to) the straightforward nature of
this approach. The fact that the four extracted data sets in
Figure 4 line up consistently well is also very encouraging,

given that the only input parameter changed between
extractions was the ambient temperature,T0.

At first glance, the observed trend of the high-temperature
thermal conductivity in Figure 4 is consistent with Umklapp
phonon-phonon scattering,18 which gives an approximately
1/T temperature dependence, as was suggested previously.5

However, a more subtle effect can be noted at the upper
end of the spanned temperature range, that is, a drop of the
thermal conductivity at a rate steeper than 1/T. This is
attributed to second-order three-phonon scattering pro-
cesses,10,19 whose scattering rates are proportional toT 2,
leading to a thermal conductivity that scales as 1/(RT + âT 2)
where R and â are constants.20 Such behavior has been
observed previously, for example, in the experimental Si and
Ge thermal conductivity at high temperatures,21 but not in
SWNTs until now. In the case of our SWNT, the three-
phonon scattering process very likely involves the anhar-
monic interaction of two acoustic modes and one optical
mode20 because the population of the latter is known to be
raised significantly in suspended metallic SWNTs at high
temperature and bias.5 At the low end of the temperature
range spanned by this study (near room temperature), we
observe a leveling of the thermal conductivity, suggesting a
transition toward thermal transport limited by phonon-
boundary scattering due to our finite sample size. We note
that in the examined temperature range the thermal conduc-
tivity of the SWNT is owed to transport via phonons, the
electronic contribution being negligibly small.8

The extracted value of the thermal conductance for the
SWNT examined here is approximatelyG ≈ 2.4 nW/K, and
the thermal conductivity isk ≈ 3500 Wm-1K-1 at room
temperature for the lengthL ≈ 2.6 µm and diameterd ≈
1.7 nm. The thermal conductivity is found to decrease to
nearly 1000 Wm-1K-1 at 800 K. We note that the thermal
characteristics extracted here must rely on an assessment of
the SWNT temperature, which is very difficult to obtain
experimentally in a quantitative manner.22 However, the
temperature under which SWNTs break down when exposed
to oxygen is relatively well established. This is the correlation
we have exploited5 to obtain a calibration of our approach,
and specifically of eq 2. It is known that when exposed to
air (oxygen) SWNTs begin to break by oxidation at 800-
900 K.23 We have used suspended SWNTs of similar length
and diameter, and found breakdown voltages consistently
between 2.3 and 2.5 V in 10 Torr oxygen ambient. The
relatively low pressure of the oxygen ambient is necessary
to ensure that all heat transport mechanisms are similar to
those in vacuum (i.e., negligible heat loss to gas), yet the
presence of the oxygen guarantees breakdown by oxidation,
this reaction temperature being relatively well-known as
mentioned above. We can now perform an estimate of the
error introduced in the thermal conductivity extraction given
the uncertainty in the burning temperature. Assuming a
maximal, worst-case 800-1000 K range for the burning
temperature, we find a 2800-3900 Wm-1K-1 range in the
extracted thermal conductivity around room temperature, and
a narrower 1000-1160 Wm-1K-1 range in the extracted
conductivity at 800 K in vacuum. However, even considering

Figure 3. Block diagram of the inverse numerical method used
for the extraction of thermal conductivity from experimentalI-V
data. The details of the forward solverI(V, T) are given in more
detail in ref 5. The thermal conductivity at each bias and average
SWNT temperature is adjusted until good agreement is obtained
with the experimental data. Consequently, a sequence of (k, T) pairs
are extracted from bias points aboveV0 ) 0.3 V.

Figure 4. Extracted values of the thermal conductivity vs average
SWNT temperature from fitting the high biasI-V data in Figure
2. The symbols used are consistent with those in Figure 2, squares
corresponding to data taken inT0 ) 400 K ambient and so on. The
dashed line marks the 1/T trend expected due to Umklapp phonon-
phonon scattering.5 We note an additional, more subtle effect at
high temperature due to three-phonon interaction between one
optical and two acoustic modes, with a scattering time and
contribution to thermal conductivity proportional to 1/T 2.
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both extremes, the decrease in thermal conductivity with
temperature is consistently found to be steeper than 1/T,
suggesting that even the widest possible range of burning
temperatures cannot rule out our observation of second-order
three-phonon scattering at very high temperatures. However,
we note that aside from this paragraph’s discussion, in the
rest of the paper (in the figures and so forth) a burning
temperature of 600°C ) 873 K was used for the numerical
extraction of the thermal parameters.

To compare our results with others currently available in
the literature,12 we plot the diameter-adjusted thermal
conductivity in Figure 5 askd ) GL/πb, whereG is the
thermal conductance. In this work, we define a SWNT cross-
sectional area that scales linearly with diameter (discussion
surrounding eq 2 above), consistently with refs 10 and 12.
Near room temperature our results are within 20% of the
other data set currently available.12 The discrepancy can be
attributed (in increasingly likely order of importance) to
differences in length10 (L ≈ 2.8 µm in ref 12 and 2.6µm in
this work), chirality, or thermal contact resistance. Differ-
ences in chirality alone could lead up to a 20% variation in
thermal conductivity, based on some theoretical estimates.11

Regarding the thermal resistance of the contacts, we have
estimated it as follows. The length of our nanotube-Pt
contacts is approximatelyLC ≈ 2 µm, and given the nanotube
diameter we estimate the contact areaAC ) dLC. Typical
values of the thermal resistance per unit area for a wide array
of measured solid material interfaces all fall in the range of
1-3 × 10-8 m2K/W at room temperature.24 Hence, we
expect the thermal contact resistance between our SWNT
and the Pt pad to fall in the range of 3-9 × 106 K/W. We
have assumed a thermal resistance at the contacts ofR C,th

) 6 × 106 K/W in our extraction results displayed in Figures
3 and 4. The imprecision in our knowledge of this value
can lead to an uncertainty of approximately 10% in the
extracted SWNT thermal conductivity. We find that a
somewhat larger valueR C,th ≈ 1.6 × 107 K/W would be

needed to extract a room temperature thermal conductance
comparable to that of ref 12 (assuming that chirality and
length differences are negligible). This is not outside the
realm of possibility, given that the highest measured interface
thermal resistance (upper end of the range mentioned above)
was across a Pb/diamond interface,25 which may be of
comparable thermal quality with our Pt/SWNT interface.
Although exact conclusions are difficult to draw, this
discussion nevertheless highlights that knowledge of the
thermal contact resistance is important for determining the
intrinsic thermal properties of a nanostructure.

The length dependence of the thermal conductivity can
be understood because the phonon MFP at room temperature
is approximately 0.5µm.12 If the sample size is comparable
to or shorter than this length, then the thermal conductivity
is limited by phonon-boundary scattering, rather than by
phonon-phonon scattering processes. This leads to an
apparent lower and less temperature-sensitive thermal con-
ductivity for shorter nanotubes than longer ones.10 We
propose a simple analytical model for the length and
temperature dependence of SWNT thermal conductivity that
can be used for quick future estimates

where k is in units of Wm-1K-1, the length L is in
micrometers, andT is in kelvins. This is obtained as a fit to
the combined low- and high-temperature data presented in
Figure 5. Similar expressions have been used previously to
reproduce the thermal conductivity of metals over a wide
temperature range.26 The length enters the formula through
a simple Matthiessen’s Rule estimate,18 where 0.5 is the
room-temperature phonon MFP in micrometers, and the other
constants are fitting parameters. The simple formula properly
reproduces the thermal conductivity behavior over the wide
100-800 K temperature range, but must be modified at lower
temperatures. Note that at high temperature theT-2 term
vanishes and the expression follows the expected 1/(RT +
âT 2) trend, as discussed previously. The dependence on
sample size (L) is also eliminated at high temperatures, when
the thermal conductivity is limited by phonon-phonon
scattering rather than by scattering with the sample bound-
aries. Using eq 3, we plot the estimated thermal conductivity
versus temperature for SWNTs of various lengths in Figure
6, demonstrating sensible agreement with results of more
sophisticated simulations10 and with the experimentally
observed behavior discussed earlier. Future work must
evidently evaluate samples with different lengths to obtain
a more comprehensive understanding of SWNT thermal
conductivity. Nevertheless, the present study along with that
of ref 12 provide the first empirical picture of the SWNT
thermal conductivity in the 2.6-2.8 µm length range and
the 100-800 K temperature range.

In summary, we have presented a method for extracting
the thermal conductivity of an individual SWNT from high-
bias electrical measurements by careful reverse fitting using

Figure 5. Comparison of diameter-adjusted thermal conductivity
(kd ) GL/πb) between our extracted data set (above room
temperature) and that of ref 12 (below room temperature). The
adjustment is necessary to circumvent lack of good diameter
knowledge because both approaches first extract the thermal
conductanceG. In addition, differences and uncertainties in chirality
and thermal contact resistance contribute to the observed discrep-
ancy. An analysis of the magnitude and effects of these sources of
uncertainty is provided in the text.

k(L, T) )
[3.7 × 10-7T + 9.7× 10-10T 2 + 9.3(1+ 0.5/L)T -2]-1

(3)
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an existing electrothermal transport model. The values are
obtained over the 300-800 K range, suitably complementing
the only other data set currently available12 and representing
the first high-temperature study of SWNT thermal properties.
The thermal conductivity is found to decrease more steeply
than the expected 1/T at the upper end of the temperature
range, a behavior attributed to second-order three-phonon
processes with a scattering time proportional to 1/T 2. The
method presented here may be generally applicable to
extracting thermal properties of other one-dimensional
structures where similar transport conditions occur under self-
heating at high bias.
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Figure 6. Analytic plot of the intrinsic SWNT thermal conductivity
over the 100-800 K temperature range as computed with eq 3.
The length dependence is included heuristically with a simple
scaling argument, but differences in chirality may lead to variations
up to 20% between different tubes.11
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