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A two-laser technique is used to investigate heat spreading along individual single walled carbon

nanotube (SWCNT) bundles in vacuum and air environments. A 532 nm laser focused on the

center of a suspended SWCNT bundle is used as a local heat source, and a 633 nm laser is used to

measure the spatial temperature profile along the SWCNT bundle by monitoring the G band

downshifts in the Raman spectra. A constant temperature gradient is observed when the SWCNT

bundle is irradiated in vacuum, giving direct evidence of diffusive transport of the phonons probed

by the Raman laser. In air, however, we observe an exponentially decaying temperature profile

with a decay length of about 7 lm, due to heat dissipation from the SWCNT bundle to the

surrounding gas molecules. The thermal conductivity of the suspended carbon nanotube (CNT) is

determined from its electrical heating temperature profile as measured in vacuum and the nanotube

bundle diameter measured via transmission electron microscopy. Based on the exponential decay

curves measured in three different CNTs in air, the heat transfer coefficient between the SWCNTs

and the surrounding air molecules is found to range from 1.5� 103 to 7.9� 104 W=m2 K, which is

smaller than the 1� 105 W=m2 K thermal boundary conductance value calculated using the kinetic

theory of gases. This measurement is insensitive to the thermal contact resistance, as no

temperature drops occur at the ends of the nanotube. It is also insensitive to errors in the calibration

of the G band temperature coefficient. The optical absorption is also obtained from these results

and is on the order of 10�5. VC 2011 American Institute of Physics. [doi:10.1063/1.3627236]

I. INTRODUCTION

As the power densities of micro- and nano-electronic

devices continue to increase, thermal management is becom-

ing an increasingly important area of research. In coming

years, device performances will rely intimately on the devel-

opment of new thermal management solutions. The heat gen-

erated in micro- and nano-scale devices can be dissipated to

the substrate or taken away by the surrounding gas or liquid

molecules. Carbon nanotubes (CNTs) have been investigated

for applications as thermal interfacial materials between hot

device areas and heat sinks due to their extremely high ther-

mal conductivity.1 A number of studies have shown mixed

results for CNT-containing thermal interface materials, for

which the performance was mainly limited by the small vol-

ume fraction of CNTs in contact with both mating surfaces

and the high interfacial resistances in the contact area.2–5

However, Kordas et al. have shown moderate enhancements

of the heat dissipation to gaseous environments on a chip

embedded with vertical microfin structures made of CNTs.6

In general, decreasing the fin diameter results in increasing

the surface to volume ratio and, thus, heat dissipation to the

surrounding gas molecules. If the heat transfer from the fin is

based on free convection, the free convection coefficient (h)

on a horizontal rod is known to increase with decreasing di-

ameter (d) according to a power law h / ðk=dÞRn
a,7 where k

is the thermal conductivity of the gas and Ra is the Rayleigh

number, which is proportional to d3. The exponent n
increases from 0.058 to 0.333 when the Rayleigh number

increases from 10�10 to 1012.7 Therefore, a rod with a diame-

ter as small as a single-walled carbon nanotube (SWCNT) is

expected to have a higher gas heat transfer coefficient as

compared to fins of much larger diameters. However, the

Rayleigh number associated with 1 to 10 nm diameter

SWCNTs is on the order of 10�14 to 10�17, which is much

smaller than the 10�10 to 1012 range that has been studied in

the past. Therefore, heat transfer from a nanotube fin needs

to be described with the use of the kinetic theory of mole-

cules instead of free convection or other continuum approxi-

mations. In order to establish how efficiently the heat can be

dissipated from a hot surface when bridging the heat sink

with a carbon nanotube fin, thermal transport in and thermal

exchange between the surface of an isolated CNT and its sur-

rounding gas environment must be studied.

Measuring the thermal transport and heat dissipation in

individual CNTs presents several challenges, mainly because

of their small size. Several different thermal measurement
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techniques have been developed, including micro-fabricated

suspended thermometers,8–10 electronic burnout measure-

ments,11 the 3x method,12,13 and the interpretation of the

current-voltage characteristics of CNT systems.14,15 How-

ever, the measurements described above consider heat con-

duction only along the nanotube itself, and they do not

consider the heat transfer from the nanotube to surrounding

gas environments.

More recently, the spatial temperature profile, tempera-

ture drop at the contacts, and thermal contact resistance were

measured on an electrically heated SWCNT using micro-

Raman spectroscopy.14 In other recent work, micro-Raman

spectroscopy has been used to measure the thermal transport

in suspended CNTs, where thermal equilibrium was

established.15–17 However, most of these prior Raman meas-

urements have been conducted in air, and the heat dissipation

through the air has been ignored. In one very recent measure-

ment, the temperature distribution of electrically heated nano-

tubes a few microns long has been measured using Raman

spectroscopy in both vacuum and different gas environ-

ments.18 Much higher temperatures were observed in vacuum

than in the various gases, which indicates that the heat dissipa-

tion to the surrounding gas medium is significant. Moreover,

this work showed that polyatomic molecules remove more

heat from the CNT than do monatomic molecules.18 However,

because of the potentially large electrical contact resistance in

these short nanotube samples, the thermal conductivity of the

nanotube and the nanotube-gas heat transfer coefficient could

not be quantified accurately from the measurement results.

Although a direct measurement of the gas heat transfer

coefficient of individual carbon nanotubes is still lacking, the

thermal boundary conductance (TBC) between the surface of

a CNT and various gas molecules has been investigated theo-

retically in several works. Molecular dynamics (MD) simula-

tions have predicted the thermal boundary conductance of a

single walled CNT surrounded by argon molecules as 2.4

MW=m2 K and 1.6 MW=m2 K in solid and liquid argon

environments, respectively.19 A larger TBC was also calcu-

lated for a CNT in a liquid octane environment.20 Hu et al.
simulated the TBC between a CNT and air as 0.1 MW=m2 K

at 1 atm.21 In addition to MD simulations, the theoretical

value of gas conductance per unit surface area can be esti-

mated using a simple gas kinetic model as a function of the

molecular density, the root mean square velocity of the gas

molecules, and the heat capacity of the gas.22 This yields an

upper bound of the CNT=N2 and CNT=O2 TBCs of 0.11

MW=m2 K and 0.1 MW=m2 K at room temperature and 1

atm, respectively, close to Hu et al.’s MD result.

In the work presented here, the thermal conductivity of

a suspended CNT is first measured in vacuum using the

same electrical-heating method reported in our previous pub-

lications and those of others.14,15,18 We then use one focused

laser to create local heating in the suspended CNT and

another laser to measure the temperature distribution along

the nanotube using Raman spectroscopy. By analyzing the

normalized temperature decay curves along the CNT in a gas

environment, we obtain the heat transfer coefficient to the

surrounding gas molecules. The measurement is insensitive

to the thermal contact resistance, as no temperature drops are

observed at the ends of the nanotube. Furthermore, it is also

insensitive to the errors in the calibration of the G band tem-

perature coefficient.

II. EXPERIMENTAL METHODS AND RESULTS

SWCNT bundles are grown via chemical vapor deposi-

tion23 and suspended across 30 to 100 lm wide slits etched

through a 380 lm thick, 3 mm� 3 mm silicon substrate. The

slits are fabricated via reactive ion etching through the back

of a double-sided SiNx=Si=SiNx wafer, followed by a potas-

sium hydroxide etch and subsequent removal of the top SiNx

layer. A SiO2 film 400 nm in thickness is then grown on the

back-etched samples in order to prevent electrical shorting

by unintentionally grown CNTs connecting the side walls of

the slit and the electrodes. Following the CNT growth, Ti=Pd

electrodes are deposited at the two ends of the CNT using a

shadow mask.

Figure 1 shows a schematic diagram of the two-laser

measurement setup, in which a 532 nm laser is focused and

aligned underneath the suspended CNT through an aberra-

tion corrected 40� objective lens with a numerical aperture

of 0.6. This produces a 0.75 lm diameter laser spot for

locally heating the CNT. Raman spectra are measured with a

633 nm laser focused through another 40� or 50� objective

lens incident on the top of the CNT, as shown schematically

in Fig. 1. Raman spectra are collected in a Renishaw inVia
micro-Raman spectrometer. Spatial mapping of the Raman

spectra is achieved using a PRIOR ProScan II high precision

microscope stage. Also, a cylindrical lens is placed in the

633 nm laser beam path to create a line-focused laser profile.

The cylindrical lens spreads the incident laser beam in the x-

direction (along the CNT). Because the grating spreads the

spectrum in the y-direction on the detector, simultaneous

spectra can be taken by collecting the full 2D image reaching

the detector array in the spectrometer. This allows more than

30 lm of spatially mapped micro-Raman spectra to be col-

lected simultaneously. Using this technique, the resolution of

each pixel is 1.25 lm and 1 lm for the 40� and 50� objec-

tive lenses, respectively. This increases the speed at which

these measurements can be performed by a factor of 30,

eliminating issues associated with sample drift during the

measurement. The temperature-induced G band downshifts

are calibrated in a Linkam THMSE 600 temperature con-

trolled stage as �0.0226 cm�1=K, which is consistent with

values presented previously in the literature.14,16,24

Figure 2(a) shows a scanning electron microscopy

(SEM) image of a 76 lm long suspended CNT bundle. The

FIG. 1. (Color online) Schematic diagram of the two-laser measurement

setup.
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diameter of this bundle was determined via transmission

electron microscopy (TEM) to be 12.5 nm, as shown in the

inset of Fig. 2(a). The parabolic G band Raman temperature

profiles along this 76 lm long CNT measured under different

electrical powers are shown in Fig. 2(b). The thermal con-

ductivity is obtained from the quadratic coefficient of the

second order polynomial fit to the temperature profile

obtained in vacuum, together with the measured electrical

power, suspended CNT length, and diameter, as described in

a previous publication.18 Here, the thermal conductivity of

the CNT bundle is determined to be 163 W=m K. The esti-

mated heat loss due to radiation in the CNT can be expressed

as Qrad ¼ ecntAcntrðTcnt
4 � To

4Þ, where ecnt, r, Acnt, Tcnt, and

To are the emissivity, Stephan-Boltzmann constant, surface

area of a SWCNT bundle, average temperature of a SWCNT,

and ambient temperature, respectively.7 If the CNT is taken

as a blackbody, with ecnt¼ 1, the radiation heat loss for sam-

ple 1 listed in Table I can be calculated as 0.395 nW, which

is about 4 orders of magnitude smaller than the total electri-

cal heating power, 0.89 lW. We therefore can neglect the

radiation heat loss in the CNT.

Figure 3(a) shows the temperature profiles of a sus-

pended CNT sample measured using the two-laser technique.

Here, the CNT was locally heated by a focused laser beam

while the temperature distribution along the nanotube was

measured using a second laser. The temperature profiles

measured in vacuum show linear temperature profiles, and

the peak temperature moves with the heating laser spot loca-

tion. The linear temperature profiles are expected for a diffu-

sive thermal conductor with a point heat source. In

comparison, the temperature profile measured in air is non-

linear and decays exponentially away from the heating laser

spot, as shown in Fig. 3(b). Moreover, the maximum temper-

ature increase in the CNT is only 150 K when irradiated in

air at 35 mW, as compared to 275 K when irradiated in vac-

uum at the same location with only 30 mW, further indicat-

ing the non-negligible heat dissipation to the surrounding gas

environment.

Similar nonlinear temperature profiles were observed in

other suspended CNT samples in air. Figure 4 shows the nor-

malized temperature profile of another sample measured

using the two-laser technique. Here, the location of the

focused laser heating spot is defined between x¼�0.375

and 0.375 lm. For this sample, the temperature decays rap-

idly with an exponential dependence over a few microns.

This implies that heat dissipation from the long CNT to the

surrounding air molecules plays an important role in the heat

dissipation. Because the heating laser spot is defined between

x¼ 0.375 and x¼�0.375 lm, the normalized temperature

profile is fit to an exponential function from x ¼60.375 lm

toward both edges of the trench, as shown by the red curve

in Fig. 4.

The temperature profiles measured in vacuum and in air

indicate that the thermal transport is diffusive. Therefore, the

spatial temperature profile measured in air can be analyzed

using the heat diffusion equation, as expressed in Eq. (1):

d2T

dx2
� gP

kA
ðT � ToÞ ¼ 0: (1)

Here, T, To, P, A, k, and g represent the temperature of the

CNT, the ambient temperature of the surrounding gas envi-

ronment, the CNT’s perimeter, the cross-sectional area, the

thermal conductivity, and the heat transfer coefficient

between the CNT and air, respectively. Because the nano-

tube temperature decays to nearly room temperature within a

short distance from the laser spot, essentially all of the opti-

cal heating is dissipated to the surrounding air molecules,

and we can neglect the heat lost through the ends of the

CNT. In this case, the temperature profile can be considered

as the following for an infinitely long fin of uniform

diameter7:

DTðxÞ
DTH

¼ e�mx; (2)

FIG. 2. (Color online) (a) SEM image

of a 76 lm long suspended CNT. (b)

Temperature profiles measured along the

CNT in vacuum under different electri-

cal heating powers. The TEM image of

the measured CNT is shown in the inset

of (a). The scale bar is 50 nm.

TABLE I. Summary of the sample dimensions and measurement results of three suspended CNTs.

Sample Lcnt (lm) dcnt (nm) Rcnt (MX) k (W=m K) mL, mR (�105 m�1) g (�104 W=m2 K) a

1 76.3 12.54 0.1 163 3.93, 3.78 7.91, 7.31 2.8� 10�5

2 89 12.9 0.27 66 2.89, 4.13 1.79, 3.66 1.4� 10�5

3 31 9.89 1.25 16 4.05, 2.61 0.35, 0.15 5.9� 10�6
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where DTH is the highest temperature reached along the

CNT, located one heating laser radius away from the center

of the heating spot, and m �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
gP=kA

p
. From the exponential

fits shown in Fig. 4, the values of m obtained were

3.78� 105 m�1 and 3.93� 105 m�1 for the right and left seg-

ments of the CNT, respectively. It is worth noting that m
depends on only the normalized temperature profile, making

this measurement insensitive to the precise value of the tem-

perature coefficient of the G band (�0.0226 cm�1=K). Based

on these values of m, we establish the ratio of the heat trans-

fer coefficient to the thermal conductivity of the CNT (g=k)

as 448 m�1 and 484 m�1. Based on the thermal conductiv-

ities of the CNT obtained from the electrical heating data

measured in vacuum (Fig. 2), we can establish the upper and

lower bounds of the heat transfer coefficient as 7.9� 104

W=m2 K and 7.3� 104 W=m2 K, respectively.

The thermal decay length defines the minimum length

that a CNT needs in order to exchange 99% of the heat gen-

erated by a local heat source with the surrounding gas envi-

ronment, and this is given by the relation Lmin¼ 2.65=m
when e�2.65¼ 0.01. This gives Lmin values of 7.0 lm and 6.7

lm for the right and left segments of the CNT, respectively.

The power absorbed in the CNT can also be evaluated by the

temperature gradients observed in the interface between the

laser spot and the left and right segments of the CNT, as

given by

_Q ¼ kA
dDTðxÞ

dx

����
x¼�0:375lm

�kA
dDTðxÞ

dx

����
x¼0:375lm

: (3)

By substituting Eq. (2) into Eq. (3), the power absorbed by

the CNT is solved for _Q ¼ ðmL þ mRÞkADTH .7 The ratio

between the power absorbed and the incident laser power is

equal to the optical absorption probability a ¼ _Q=Plaser ,

which ranges from 5.9� 10�6 to 2.8� 10�5 for this dataset.

Table I shows the sample geometries and measurement

results of three CNTs where electrical contacts were made to

the CNTs.

The thermal conductivity of the ultra-long suspended

CNT bundles measured in this work is found to be 1 to 2

orders of magnitude smaller than the values for single sus-

pended CNTs reported in previous works, which range from

300 to 3400 W=m K.25,26 However, it is hard to compare ei-

ther the nanotube length or the diameter dependence of the

thermal conductivity in these previous works with the CNTs

reported in our work, because our measured samples include

around 4 to 7 single CNTs instead of one single CNT. Here,

we compare the thermal conductivity of CNT bundles meas-

ured with the values observed in our previous work on CNT

bundles with similar diameters but shorter lengths (11 to

14 lm).17 We find that the measured thermal conductivity of

these CNT bundles is of the same order as those in our previ-

ous work. These results are also similar to those found on 10

nm and 148 nm diameter CNT bundles measured by Shi

et al.27 In addition, recent combined structure and thermal

conductance measurements have indicated the strong effect

of defect scattering on the thermal conductivity of CVD

CNTs.10 We then can conclude that the low measured ther-

mal conductivities found in this work are due to defects and

the strong coupling of phonons at the intertube contact.28

The heat transfer coefficients g determined from our

measurements are based on the measured values of the ther-

mal conductivity and span a range from 1.5� 103 to

7.9� 104 W=m2 K. This is lower than the value calculated

from classical gas kinetic theory, and it is also lower than the

value simulated by Hu et al. (1� 105 W=m2 K). This dis-

crepancy could have two origins. First, the accommodation

coefficient, which describes the ratio of the actual energy

exchange between the CNT and impinging air molecules to

the ideal energy exchange, is most likely less than 1. In other

words, an accommodation coefficient of 1 corresponds to the

case in which the scattered gas molecules are in thermal

FIG. 3. (Color online) (a) Temperature

profiles along a 44 lm suspended CNT

measured in vacuum. Each symbol repre-

sents a different location of the 532 nm

focused laser heat source. (b) Comparison

of the normalized temperature profiles

measured in vacuum and in air.

FIG. 4. (Color online) Normalized temperature profile along a suspended

CNT measured using the two-laser measurement technique. The solid red

curve shows the exponential fit to the normalized temperature profiles start-

ing from x¼60.375 lm.
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equilibrium with the CNTs. Second, the diffusive thermal re-

sistance in the surrounding air can make the measured heat

transfer coefficient lower than the thermal boundary

conductance.

We find that the effective thermal conductivity of the

sample during the laser heating measurement might differ

from the thermal conductivity measured using the electrical

heating method in vacuum if the average temperature of the

CNT varies significantly. For sample 1 listed in Table I, the

average temperature changes measured during electrical and

optical heating are 473 K and 348 K, respectively. Although

one study suggests that the thermal conductivity of a high-

quality SWCNT sample is inversely proportional to the tem-

perature above room temperature because of increased

Umklapp scattering,26 the measured thermal conductivities

of CNTs grown via the CVD method exhibit rather weak

temperature dependences between 300 and 500 K.10 More-

over, the nearly linear temperature profile shown in Fig. 3(a)

resembles the solution of the heat diffusion equation with a

constant thermal conductivity along the nanotube. Neverthe-

less, the obtained k and g values from the measured tempera-

ture profiles are the average values between the 300 K cold

side and the 500 to 650 K hot side temperatures. Further-

more, the Pd contacts used in this work should produce very

low electrical contact resistances. Based on values of electri-

cal contact resistance found in the literature,29,30 we find that

the electrical contact resistance has a negligible effect on our

analysis. The variation in the electrical resistance among

these three measured samples shown in Table I might result

from differing numbers of semiconducting and metallic

CNTs in the bundle or from defects in the samples. However,

we cannot determine any real trends from this limited dataset

of three nanotubes. Even though these nanotubes have rela-

tively low thermal conductivities, the values of g and the

decay lengths are valid.

III. CONCLUSION

In conclusion, we observe heat spreading along sus-

pended CNTs and measure their heat transfer coefficient

using a two-laser, non-contact, optical measurement tech-

nique. The heat exchange between single walled carbon

nanotube (SWCNT) bundles and their surrounding air envi-

ronment is found to be the dominant form of heat dissipation

for nanotube bundles longer than 7 lm. When the SWCNT

bundle is heated by a focused laser beam in vacuum, a con-

stant temperature gradient is observed along the SWCNT at

each side of the laser spot, consistent with diffusive trans-

port. The absorbed power and the optical absorption proba-

bility of the CNTs are also determined from the

measurement. In air, the exponentially decaying temperature

profiles enable us to quantify the heat loss to air from the sur-

face of the SWCNTs. The heat transfer coefficient, deter-

mined from these measurements, is found to lie between

1.5� 103 and 7.9� 104 W=m2 K. These values are signifi-

cantly higher than typical heat transfer coefficients between

bulk materials and surrounding air environments because of

the reduced diameter, making the SWCNT a good candidate

for thermal management applications.
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