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We report micro-Raman spectroscopy measurements of the temperature distribution of
current-carrying, 5 �m long, suspended carbon nanotubes in different gas environments near
atmospheric pressure. At the same heating power, the measured G band phonon temperature of the
nanotube is found to be significantly lower in gaseous environments than in vacuum. Theoretical
analysis of these results suggests that about 50%–60% of the heat dissipated in the suspended
nanotube is removed by its surrounding gas molecules, and that the thermal boundary conductance
is higher in carbon dioxide than in nitrogen, argon, and helium, despite the lower thermal
conductivity of carbon dioxide. © 2010 American Institute of Physics. �doi:10.1063/1.3499256�

I. INTRODUCTION

Thermal management in nanoelectronic devices has be-
come an important area of study because of the enormous
power densities dissipated in these devices. In fact, self heat-
ing is one of the main factors limiting the performance and
reliability of nanoelectronic devices fabricated using conven-
tional materials such as silicon and copper as well as new
materials including carbon nanotubes �CNTs�, which possess
superior electronic, mechanical, and thermal properties.1–3

Recently, energy dissipation from current-carrying CNTs has
been studied by several groups. Current saturation at high
electric fields was observed in metallic CNTs supported on
silicon/silicon dioxide �Si /SiO2� substrates and was attrib-
uted to the emission of hot optical phonons by energetic
electrons.4 Negative differential conductance at high fields
was measured in suspended metallic CNTs and was believed
to be caused by the generation and absorption of optical
phonons by electrons.5 With the use of micro-Raman spec-
troscopy measurements, nonequilibrium optical phonon
populations in both suspended and supported metallic CNTs
were directly revealed and explained by the preferential cou-
pling of hot electrons to different optical phonon
populations.6,7 In scanning thermal microscopy measure-
ments of the lattice temperature distribution of current-
carrying CNT devices supported on SiO2, the majority of the
Joule heat was found to be dissipated to the two contact
electrodes in a multiwalled CNT and to the substrate directly
in a current-carrying single-walled �SW� CNT.8 Hence, the
more pronounced hot phonon effects observed by transport
and Raman measurements in suspended SWCNTs can be at-
tributed to the elimination of the heat dissipation path to the
substrate. Moreover, the high-bias current in suspended
SWCNTs was measured to increase with the presence of gas
molecules surrounding the nanotube in comparison to the

case in vacuum. In particular, polyatomic gas molecules with
lower thermal conductivity were found to lead to higher cur-
rent than monatomic gases. These results could not be ex-
plained purely by heat dissipation from the nanotube to the
surrounding molecules based on the maximum nanotube-gas
thermal boundary conductance �g� calculated from the ki-
netic theory and was instead attributed to the relaxation of
hot optical phonons by surrounding molecules, especially
polyatomic gas molecules, due to the coupling of the mo-
lecular vibration with surface phonons.9

The heat dissipation from suspended CNTs to surround-
ing gases has been considered to be negligible in several
prior measurements of the thermal properties and optical ab-
sorption of CNTs.10–13 This assumption is justified if the ther-
mal conductivity of the CNT samples is as high as the high-
quality samples measured by other methods in vacuum and if
heat transfer from CNTs to the surrounding gas molecules is
not much higher than that predicted by a number of theories.
In a molecular dynamics study, Hu et al.14 calculated the
thermal boundary conductance between a SW CNT and air at
room temperature and atmospheric pressure to be about 9
�104 W /m2 K when the oxygen adsorption energy is taken
to be 2.64 kbT, where kb is the Boltzmann constant. This
value is close to the upper limit calculated from the kinetic
theory for a molecular accommodation coefficient of unity,
i.e., gmax=nvrmsCv /4=1.1�105 W /m2 K,15 in which n,
vrms, and Cv are the molecular density, root mean square
velocity, and specific heat per molecule of the gas molecules,
respectively. Here, vrms= �3 kBT /m�1/2, where kB is the Bolt-
zmann constant, T is the absolute temperature, and m is the
molecule mass. For diatomic air molecular, Cv=2.5 kB.
However, these theoretical calculations have not been veri-
fied experimentally by direct measurements of heat transfer
between CNTs and surrounding gases.

In this work, we report an optical measurement tech-
nique coupled with an electrical heating method to study the
effect of gas molecules on electron transport and heat dissi-a�Electronic mail: scronin@usc.edu.
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pation from current-carrying suspended CNTs. The tempera-
ture profiles of current-carrying CNTs are obtained from the
G band Raman downshifts observed under different electri-
cal heating powers and gaseous environments. Our measure-
ment results show that the Raman G band temperature of
CNTs is lowered considerably by surrounding gas molecules,
which could remove a large fraction of the Joule heat for the
1–5 �m CNT samples measured here.

II. EXPERIMENTAL METHODS AND RESULTS

SWNTs were grown by chemical vapor deposition and
suspended across two platinum �Pt� electrodes separated by
trenches ranging from 1–5 �m wide, etched in a Si /SiO2

substrate. The details of the sample fabrication and CNT
growth process are described in a previous publication.16

Figure 1 shows the scanning electron microscope �SEM� im-
age of a 5 �m long CNT device measured in this study. All
electrical measurements are performed with an Agilent
4156C parameter analyzer. A 532 nm Spectra-Physics solid
state laser is collimated and focused through a Leica DMLM
microscope with 40� and 100� objective lenses for mea-
surements performed in vacuum and gaseous environments,
respectively. Raman spectra of CNTs are collected in a Ren-
ishaw inVia Raman microspectrometer with a PRIOR ProS-
can II high precision microscope stage to control the position
of the incident laser with respect to the CNTs. In addition, a
cylindrical lens is placed in the laser beam path to create an
elongated laser profile through the 100� objective lens to
enable the Raman spectra along the entire 5 �m long CNT

to be measured simultaneously with 0.5 �m spatial reso-
lution. The diameter �d� of the CNT is determined from the
measured radial breathing mode to be 2.04 nm.17

In this work, the temperature profiles along suspended
CNTs are determined from the temperature-induced down-
shifts in G band Raman spectra measured with and without
electrical heating current. The temperature-induced G band
downshifts are calibrated in a Linkam THMSE 600 tempera-
ture controlled stage, revealing a value of −0.0255 cm−1 /K,
which is consistent with previous values in the
literature.10,11,16,18,19 The current-voltage �I-V� characteris-
tics, shown in Fig. 2�a�, exhibit a slight nonlinearity with a
decreasing dI /dV with increasing V, which is a signature of
current saturation at high fields.4 However, we do not ob-
serve negative differential conductance.5 The identical spa-
tial temperature increase in G+ and G− phonon bands, as
shown in Fig. 2�b�, indicates thermal equilibrium among dif-
ferent phonon bands in our measurement. The two-probe re-
sistance of this sample is on the order of 1 M�, indicating
additional scattering due to defects and/or large contact re-
sistances. Although the measured current appears to be
slightly higher in gases than in vacuum for high-bias volt-
ages, the measured current at the same voltage is lower in Ar
and He for V� �0.8 V and in N2 and CO2 for V�1 V than
in vacuum. The I-V characteristics of some measured
samples are found to change after several electrical heating
cycles, which is likely due to CNT or contact annealing.
However, the order of heat removal ability among these four
gases from CNTs is not affected by the variation in I-V char-
acteristics.

Figure 3�a� shows an approximately parabolic Raman G
band temperature �T� profiles along the axial direction �x� of
the nanotube measured in vacuum at different electrical heat-
ing powers of 0.53, 0.69, and 0.87 �W. Because ballistic
phonon transport would lead to a uniform temperature pro-
file, the parabolic temperature profiles observed in Fig. 3�a�
indicate the diffusive nature of the phonon transport in the
CNT measured here.10

Figure 3�b� shows the spatial temperature data taken
from the same CNT in argon at various electrical heating
powers. As compared with vacuum, the heating power re-
quired to achieve the same temperature in the CNT in argon
is 3.87 times larger than that required in vacuum �Fig. 3�c��.

FIG. 1. SEM image of a 5 �m long CNT suspended between two Pt
electrodes.

FIG. 2. �Color online� �a� Current-voltage curves of a 5 �m long suspended CNT measured in vacuum and different gas environments. �b� G+ and G− band
phonon temperature distributions measured along the suspended CNT in argon under an electrical power of 2.67 �W. The average G+ and G− band phonon
temperatures are 127 K and 123 K, respectively, along the suspended nanotube.
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Figure 4 shows the relation between the average temperature
increase and the electrical input power of the CNT measured
in different gases and vacuum. Significantly lower tempera-
tures are observed in gases than in vacuum. Moreover, the
temperatures observed in CO2 are considerably lower than in
Ar, He, and N2 �Fig. 4�, despite the fact that He has the
highest thermal conductivity among these four gases. The
same behavior has been observed in four other nanotubes
with shorter suspended lengths L=1–2 �m.

Assuming local thermal equilibrium between different
phonon populations, the measured temperature profile can be
obtained from the heat diffusion equation

�2�T

�x2 = −
Q

�AL
+

g�d

�A
�T , �1�

where Q, k, L, and A are the Joule heating, thermal conduc-
tivity, length, and cross sectional area in the suspended seg-
ment of the CNT. Following Ref. 20, we calculate A=�d	,
where 	=0.34 nm is the interlayer spacing of graphite.

In vacuum with radiation heat loss ignored, g=0 and the
obtained temperature profile is quadratic. We obtain the
�2�T /�x2 value from a quadratic fitting of the measured tem-
perature profiles in vacuum. Due to electrical contact resis-
tance, the actual Joule heating in the nanotube, Q, will be
lower than the measured total electrical heating power, IV,
by a factor 
. The �2�T /�x2 value obtained in vacuum can
be used to determine the ��k /
 ratio from Eq. �1� with g
=0. Note that 0�
�1, with the upper limit given by the
case of negligible contact electrical resistance. As shown in
Fig. 5, the obtained k /
 shows a linear dependence on
��Tcnt	−0.657, where ��Tcnt	 is the average measured tempera-
ture rise in the CNT. This feature suggests that umklapp

phonon-phonon scattering is dominant in the CNT, further
confirming the diffusive nature of phonon transport in this
likely defective CNT.

The much lower temperature rise measured in gas envi-
ronments suggests a large fraction of heat transfer to the
surrounding gases compared to that of heat conducted along
the CNT to the two electrodes. For g0, the solution of Eq.
�1� is

�T�x� = 
1 −
cosh�mx�

cosh�mL/2�� IV

�ALm2

+
�T1 + �T2

2

cosh�mx�
cosh�mL/2�

+
�T2−�T1

2

sinh�mx�
sinh�mL/2�

, �2�

where �T1 and �T2 are the measured nanotube temperatures
at the two metal contacts, and m��g�d /�A.8 Using the �
�� /
 value measured in vacuum at a similar average tem-
perature in the nanotube, we vary m in Eq. �2� to fit the
temperature profile measured in different gases. The fraction
of heat dissipation to surrounding gas �Qg� can be calculated
from the temperature profile as

Qg

Q
= 1 −

21 −
�T1 + �T2

2

�ALm2

IV
�tanhmL

2
�

mL
. �3�

The results show that about 50%–60% of the Joule heating
along the suspended nanotube is dissipated to the different

FIG. 3. �Color online� Temperature profiles along the CNT measured in Fig. 2 under various electrical heating powers �a� in vacuum and �b� in argon. �c�
Comparison of heating powers required in argon and in vacuum to achieve approximately the same temperature in the nanotube.

FIG. 4. �Color online� Average temperature of the CNT measured in differ-
ent gases plotted with respect to power in different environments.

FIG. 5. �Color online� Measured k /
 as a function of the average CNT
temperature, ��Tcnt	, extracted from G band downshifts measured during
electrical heating.
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gases. Based on the m and � values, we further obtain the
g /
 value, as shown in Fig. 6 together with the maximum
theoretical g values calculated from the kinetic theory with
the accommodation coefficient equal to 1. If the electrical
contact resistance is ignored and 
 is taken as 1, the mea-
sured g would be several times larger than the maximum
theoretical value. Despite the uncertainty in 
 and g, the
measurement results show a higher g value for CO2 than He,
which is opposite to the trend shown by the maximum theo-
retical values. Although the accommodation coefficient on
the CNT surface could be higher for CO2 than for He, further
studies are required to clarify this discrepancy.

In addition, we have estimated the thermal contact resis-
tance between the nanotube and an electrode as Rc= ��T1

+�T2� / IV, which is on the order of 108 K /W. This value is
comparable to those reported for as-grown chemical-vapor
deposition CNTs between two microthermometer devices.21

III. CONCLUSION

In this measurement, approximately half of the Joule
heat generated in suspended CNTs is dissipated to the sur-
rounding gas molecules from the likely defective current-
carrying CNTs measured here. In addition, a higher thermal
boundary conductance was measured in CO2 than in He,
which suggests a higher heat exchange rate between the CNT
and the polyatomic molecules than that with monatomic
molecules. The measurement results highlight the need of a
vacuum environment for accurate measurement of the ther-

mal conductivity of nanotubes and also graphene. With the
availability of long suspended nanotube samples where the
contact electrical resistance can be ignored and the hot pho-
non effect can be minimized in a low electric field, the
method presented here can be used to obtain the molecular
thermal boundary conductance between various gas mol-
ecules and nanotubes of different diameters.
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FIG. 6. �Color online� Measured g /
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results �symbols�. The symbols without the fitting lines are the theoretical g
values from kinetic theory, proportional to Tgas
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