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Thermal transport in carbon nanotubes is explored using different laser powers to heat suspended
single-walled carbon nanotubes ⬃5 m in length. The temperature change along the length of a
nanotube is determined from the temperature-induced shifts in the G band Raman frequency. The
spatial temperature profile reveals the ratio of the contact thermal resistance to the intrinsic thermal
resistance of the nanotube. Moreover, the obtained temperature profiles allow differentiation
between diffusive and ballistic phonon transport. Diffusive transport is observed in all nanotubes
measured and the ratio of thermal contact resistance to intrinsic nanotube thermal resistance is found
to range from 0.02 to 17. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2829864兴
Thermal transport in carbon nanotubes has stimulated a
great deal of interest due to the exceptionally high thermal
conductivity predicted theoretically1–4 and observed
experimentally.5–11 The thermal conductivity of singlewalled 共SW兲 and multiwalled 共MW兲 carbon nanotubes
共CNTs兲 depends on diameter and temperature and has been
measured
and
simulated
in
the
range
of
250– 6600 W / m K1,2,7,10,12 and 300– 3000 W / m K,5,8,11 respectively. Measuring the thermal conductivity of nanotubes
presents several challenges, including the uncertainty in the
thermal contact resistance, difficulty in generating and accurately determining temperature gradients over very short
lengths, and large variations in nanotube quality. Additionally, nanotubes’ low-dimensional nature makes them especially sensitive to defects and slight perturbations of their
geometries.
Individual MWCNTs and SWCNTs suspended between
microfabricated heaters have been measured, yielding roomtemperature thermal conductivities above 2500 W / m K.5,7
Chiu et al., using a self-heating approach, determined the
high-temperature thermal conductivity of MWCNTs from
electron transport measurements to be 600 W / m K.13 Fujii
et al.8 and Chang et al.9 reported that the room-temperature
thermal conductivity of MWCNTs increases with decreasing
diameter to exceed 2000 and 1000 W / m K, respectively. By
fitting the electron transport data with a Joule self-heating
model, Pop et al. obtained thermal conductivities of suspended SWCNTs of nearly 3500 W / m K.12 Discrepancies
between various measurements in the literature are likely due
to differences in nanotube quality and thermal contact resistance, which cannot be excluded from the measurement results by any of the existing methods. Moreover, the contribution of contact thermal resistance to the thermal
measurement prevents one from establishing whether phonon transport in several micron-long nanotubes is ballistic or
a兲
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diffusive. Reliable techniques for investigating thermal transport in nanotubes, especially the contact thermal resistance
and the ballistic or diffusive phonon transport nature, are
much needed.
In this study, we present a technique for better understanding thermal transport in nanotubes using an optical,
noncontact method. This method reveals the ratio between
the contact and the intrinsic thermal resistance of the nanotube, and also differentiates between diffusive and ballistic
phonon transport.
In our experiment, SWCNTs are grown suspended over
⬃5 m trenches etched in a Si/ SiO2 substrate by chemical
vapor deposition.14,15 A 532 nm Spectra-Physics solid state
laser is collimated and focused through a Leica DM LM
microscope. A 100⫻ objective lens with a numerical aperture
of 0.9 produces a 0.36 m diameter laser spot. Raman spectra are measured in a Renishaw inVia Raman microspectrometer. Only nanotubes that are strongly resonant with the laser
energy are used for heating in this study.16 The temperatureinduced downshifts of the G band were calibrated in a
Linkam THMSE 600 temperature controlled stage. The position of the laser spot along the length of the nanotube was
determined relative to the edge of the trench using a high
precision Prior ProScan II microscope stage.
Figure 1共a兲 shows a scanning electron microscopy
共SEM兲 image of a SWCNT suspended across a 4.7 m
trench. The radial breathing mode 共RBM兲 of this nanotube
was observed at 147 cm−1, implying a nanotube diameter of
1.66 nm by the relation RBM = 223.5/ dt + 12.5.17 The radial
breathing mode was only observed in one of the nanotubes
measured in this work, thus precluding the 共n , m兲 assignments of other nanotubes. While we are unable to demonstrate a metallic/semiconductor dependence on the thermal
conductivity, electrons are not expected to make a significant
contribution to thermal transport in CNTs.7,18,19 The size and
location of the laser spot where spectra were taken is indicated in this figure by the white circles. Figure 1共b兲 shows
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FIG. 1. 共Color online兲 共a兲 SEM image of carbon nanotubes suspended over a 4.7 m trench. 共b兲 G band Raman frequency measured along the length of the
nanotube in 共a兲 at different laser powers. 共c兲 Laser heating profile of the suspended nanotube shown in Fig. 1共a兲. Error bars reflect the uncertainties in the G
band shift and its temperature coefficient.

by solving for ⌬T, as ⌬T共x兲 = Q̇关−x2/共A兲2 + x共L/共A兲2
+ 共Rc,right − Rc,left兲 / A兲 + Rc,rightRc,left + L / 共A兲Rc,left兴 / 关L / 共A兲
+ Rc,left + Rc,right兴. This complicated looking but otherwise
simple algebraic expression reduces to ⌬T共x兲 = Q̇ / AL 共−x2
+ Lx兲, when the two contact thermal resistances are negligible compared to the intrinsic thermal resistance of the
nanotube RNT = L / A. The resulting temperature profile, predicted by this model, is a parabola with negative curvature
given by Q̇ / AL, which is what we observe in Fig. 1共c兲.
Figure 2 shows the results of laser heating of a different
nanotube, in which the thermal contact resistance is much
larger than the thermal resistance of the nanotube itself. The
temperature profile shows a linear and asymmetric region in
the central part of the nanotube. ⌬T at the left and right ends
of this linear region are approximately 50 and 100 K, respectively, indicating a large contact resistance with Rc,right
⬎ Rc,left.
For large Rc,right or Rc,left, the curvature of ⌬T共x兲, given
by 2Q̇共A兲−2共L / A + Rc,left + Rc,right兲−1, becomes very small,
resulting in the nearly linear slope observed in Fig. 2. According to the equation for ⌬T共x兲, the ratio of temperature
rises at the two ends of the nanotube is ⌬T共L兲 / ⌬T共0兲
= 关Rc,right共Rc,left + RNT兲兴 / 关Rc,left共Rc,right + RNT兲兴 . Figure 2 shows
that this ratio is about 2. This value of 2 can be caused by a
Rc,right value much larger than Rc,left that is comparable to
RNT. In this case, the total contact thermal resistance is much
larger than RNT. Therefore, the contact regions of the nanotube, especially the right contact, act as a phonon bottleneck.
The deviations from linearity at the ends of the nanotube are
due to the strongly absorbing substrate, which is normally
not in the focal volume of the laser spot. This substrate absorption causes additional heating, which results in an increase in temperature as the laser is brought near the edges of
the trench. Moreover, if the phonon transport were ballistic
in this sample, the temperature rise would result in a constant

the corresponding results of Raman spectra measured at
lower laser power 共93 W兲 and higher laser power
共1.4 mW兲 at these designated locations. The G band consists
of two peaks that both downshift with temperature. We typically use the higher component 共G+兲 in these temperaturedependent studies simply because it has a sharper linewidth
and a higher intensity. Figure 1共b兲 shows the G band Raman
frequencies measured at 17 points along the suspended nanotube at these two laser powers. We observe larger downshifts
in the center of the suspended nanotube than at the ends,
which are thermally heat sunk to the Si/ SiO2 substrate. Because of the G band’s strong sensitivity to changes in
temperature,20–22 we can relate the observed changes in the G
band frequency to changes in the nanotube temperature.The
measured temperature coefficient of the G band displays a
linear temperature dependence with a slope of
−0.022 cm−1 / K,23 which is consistent with previous measurements in the literature. After converting the changes in G
band frequency into temperature changes24,25, we are able to
determine the local temperature rise ⌬T共x兲 as a function of
the position x of the incident laser spot which can be fitted
with a 2nd order polynomial to be ⌬T共x兲 = −31x2 + 155x
− 43, where ⌬T is in Kelvin and x is in micrometers.
If the phonon transport in a nanotube is diffusive, we can
solve the Fourier heat equation for one-dimensional
heat transport. For the current experiment, the total heat generation rate 共Q̇兲 by the incident laser is equal to the sum of
the heat flow rates to the right and left hand sides of the
nanotube, which is Q̇ = Q̇left + Q̇right = ⌬T / 关x / 共A兲 + Rc,left兴
+ ⌬T / 关共L − x兲 / 共A兲 + Rc,right兴, where  is the nanotube thermal conductivity, L and A are the length and geometric cross
section of the suspended nanotube, x is the distance
of the laser spot from the left edge of the trench, and
Rc,left and Rc,right are the contact thermal resistances at the
two ends of the nanotube. The measured temperature profile along the nanotube can be obtained

TABLE I. Summary of the temperature rise profile measurements of four suspended nanotubes.

Sample

a
共K / m2兲

b
共K / m兲

c
共K兲

Length
共m兲

Plaser
共mW/ m2兲

Rc,left / RNT

Rc,right / RNT

1
2
3
4

31
48
⬍0.2
3.6

155
118
16
−7.9

⬍15
27
26
144

5.0
2.6
5.0
4.7

13
16
25
3.1

0.02
0.08
0.32
1.59

0.02
0.08
17
0.13
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of the temperature rise profile ⌬T共x兲 are attributed to the
thermal contact resistance and that of the nanotube itself. The
ratios of the thermal contact resistance to the thermal resistance of the nanotube span the range from 0.02 to 17. All
results indicate that phonon transport in these nanotubes is
diffusive or that the phonon mean free path is shorter than
the 2.6– 5 m suspended length of the nanotube. As such,
thermal transport in the four nanotubes can be explained with
a simple Fourier heat transport model.

FIG. 2. 共Color online兲 Temperature increase profile along a suspended nanotube, as determined from the G band downshifts measured with 365 W
and 2.87 mW laser power. Error bars are as in Fig. 1.
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⌬T共x兲 regardless of asymmetric contact resistance. Hence,
the linear slope of the temperature profile indicates that phonon transport in this sample is also diffusive.
We performed a systematic study of the temperature increase profile ⌬T共x兲 of four different nanotubes using this
laser heating method. These results are summarized in Table
I. While we are unable to determine the amount of heat generated in the nanotubes by the laser 共Q̇兲, we can determine
the ratio between the contact and nanotube thermal
resistances, rl ⬅ Rc,left / RNT and rr ⬅ Rc,right / RNT. We express
temperature change along the suspended carbon nanotube in the general form of ⌬T共x兲 = −ax2 + bx + c and define
the following coefficient ratios ␣ = b / a = L共1 − rl + rr兲 and ␤
= c / a = L2rl共1 + rr兲. The ratios between the contact and
nanotube thermal resistances are then given by rl
⬅ Rc,left/RNT = 共−␣ + 冑␣2 + 4␤兲 / 共2L兲 and rr ⬅ Rc,right / RNT =
−1 + 共␣ + 冑␣2 + 4␤兲 / 共2L兲.
For the extreme cases of negligible contact resistance
and negligible nanotube resistance, we estimate upper limits
for the curvature 共a兲 and offset 共c兲 of the temperature profile
from the experimental uncertainty. These are indicated in
Table I by the ⬍ signs. Samples 1 and 3, in the table, correspond to the data shown in Figs. 1共c兲 and 2, respectively. The
laser power density 共Plaser兲, used to heat the suspended nanotubes, is also indicated in the table. The values of Rc,left / RNT
and Rc,right / RNT span the range from 0.02, for negligible contact resistance, to 17, for the case of dominant contact resistance. The large variability in Rc / RNT is attributed to the
variation in nanotube quality and quality of the thermal contact to the substrate. Sample 3 exhibits a thermal contact
resistance far exceeding that of the other samples. The origin
of this large thermal contact resistance is unknown. There
were no visible differences observed in the SEM images or
Raman spectra 共including the D-band/G-band intensity ratio兲
of this nanotube.
In conclusion, a noncontact method for observing thermal transport in individual carbon nanotubes is demonstrated. By spatially resolving the temperature rise profile
along the length of nanotubes, this technique can determine
the influence of thermal contact resistance and distinguish
between diffusive and ballistic transport. Distinct behaviors
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