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The them1al conductivity of individual multiwalled carbon nanotubes (outer diameter of ~45 nm) 
was obtained by employing the 3-w method. To this end, the third-harmonic amplitude as a response 
to the applied alternate current at fundamental frequency (w) is expressed in terms of thermal 
conductivity. A microfabricated device composed of a pair of metal electrodes 1 µ,m apart is used 
to place a single nanotube across the designated metal electrodes by utilizing the principle of 
dielectrophoresis. The multiwalled carbon nanotube was modeled as a one-dimensional diffusive 
energy transporter and its thermal conductivity was measured to be 650-830 W /mK at room 
temperature. © 2005 American Institute of Physics. [DOI: 10.1063/1.1957118] 

Since the discovery of carbon nanotubes (CNTs), 1 many 
researchers directed their efforts to understand and character-
ize their unique properties. These researches have reported 
remarkable electrical,2 mechanical,3 and thennal4 properties 
related to their unique structure and small size, making them 
the ideal material for various engineering applications, such 
as sensors,5 actuators,6 energy storage systems,7 and 
nanoelectronics.8 Of particular interest in this letter is the 
thermal conductivity of CNTs. 

Thermal conductivity of single-walled CNTs was theo-
retically predicted to be higher than that of monocrystalline 
diamond.4

'
9 There have been a few attempts to measure ther-

mal conductivity of single-walled CNT bundles. 10-r2 One 
study showed that the measured values of thennal conduc-
tivity were at around 30 WI mK, which is two orders of mag-
nitude lower than the theoretically predicted value. 10 These 
drastically reduced values result from the boundaiy phonon 
scattering between individual nanotubes in the bundle. It is 
difficult to measure the correct thennal conductivity due to 
the uncertainty of the thermal resistance in the tube-tube 
junctions and the filling factor of CNTs in the bundles. 
Therefore, it is desirable and necessary to investigate indi-
vidual CNTs in order to achieve accurate and reliable data. 

Thermal conductivity of a single multiwall CNT 
(MWCNT) has been measured, by using an indirect thermal 
conductance technique. 13 A microfabricated device was used 
to place a single nanotube for themrnl conductivity measure-
ment. A precisely fabricated microstructure was needed for 
the accurate estimation of the heat flow to the substrate and 
to the test section. The 3-w method proposed herein is an-
other viable technique for the thennal property measure-
ments of individual CNTs. So far, only the thermal conduc-
tivity of CNT bundles has been measured with the 3-w 
method, 12 indicating values of order 10 W /mK for as-grown 
single-wall CNT bundles. 

In the present work, a microfabricated device was used 
for the placement of individual nanotubes, which were sus-
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pended between the metal electrodes. By applying an alter-
nate current (ac) to the CNT, the third-haimonic amplitude 
was measured, giving rise to its thermal conductivity by the 
3-w method. The 3-w method has been extensively used 
for measurin§ thermal conductivities of thin films and 
superlattices.1 

•
15 In these studies, a metal pattern serving as 

a heater and thermometer was fabricated on a film. Due to 
the heat transfer to the film, the metal pattern was heating the 
film and sensing the temperature fluctuation at the same 
time. Unlike in these references, in this letter, the measure-
ment of thermal conductivity of a single CNT was performed 
by using a self-heating 3-w method. If the two ends of the 
CNT are in excellent thermal and electrical contact with a 
substrate and the nanotube in-between is suspended in a 
vacuum forming a bridge structure, a constant-an1plitude ac 
current of the form I 0 sin wt applied through the nanotube 
will create a temperature fluctuation at 2w, which will induce 
the third-harmonic voltage signal. r6 

A recent electrostatic microscopr; study suggested that 
MWCNTs are diffusive conductors. 7 For MWCNTs, heat 
dissipation along the nanotube is likely to occur if they ai·e 
diffusive. One study estimated the temperature distribution 
along the tube by the scanning thermal microscopy tech-
nique, indeed showing the diffusive nature of MWCNTs.18 In 
this case, the one-dimensional heat diffusive equation along 
the tube can be utilized to obtain a closed-form solution of 
the third harmonic response to an accuracy of 1/81 as shown 
in the following equation:r6 

J2I3RR'L V =-~o~_ 
3w,rms - '1T4 KS ' 

2wL2 
tai11.p---- ~a:, 

(1) 

where R, L, S, and K are the resistance, length, cross-
sectional ai·ea, and themrnl conductivity of the CNT, respec-
tively. R' is the temperature gradient of the resistance at 
room temperature defined as (dRI dTh . <.p and a: ai·e the 

0 
phase lag of the 3-w signal and the them1al diffusivity of 
CNT. This equation is valid only for low cmTent 
( < 100 µ,A) and frequency ( < 1 kHz). 
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FIG. 1. The fabrication process flow for metal electrodes across which a 
CNT is deposited. (a) Photoresistive pattern by light lithography, (b) 

Pt off, (c) RIB to define the trench between the electrodes, and (d) 
selective deposition of CN'IS by dielectrophoresis. 

To investigate an individual CNT, a mierodevice had to 
be developed and fabricated using microelectromechanical 
system technology to place the CNT across the designated 
metal electrodes, which had been patterned by a two-mask 
lithography process (Fig. 1). An ultraviolet-lithography step 
can generate a photoresist (PR) pattern [Fig. l(a)]. After thin-
film evaporation of Pt on this PR patterned wafer, a lift-off 
process follows to define the metal electrode pattern [Fig. 
l(b)]. The grown or deposited nanotubes had to be sus-
pended between the electrodes to avoid heat loss from the 
nanotube to the substrate l (d)]. Thus, the removal of 
SiN layer by reactive ion etching (RIB) is necessary as a final 
fabrication step [Fig. l(c)]. 

A droplet of solution containing commercially available 
MWCNTs (NanoLab) was dropped on a microfabricated 
chip [one of eight small chips mounted on a ceramic pack-
aging shown in Fig. 2(a)]. Subsequently, a high-frequency 
(5 MHz) ac field was applied across the electrodes. 
2(a) shows a simple setup composed of a resistor, a capaci-
tor, a sample, and a Teflon circuit board (the power source is 

FIG. 2. Selective deposition of a single CNT across the metal electrodes and 
subsequent soldering by EB. (a) Equivalent circuit diagram for selective 
deposition and (b) soldered result by EB. The inserted shows a 
magnified view of the nanotube with ultrahigh (0.6 nm 
resolution). 
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FIG. 3. Schematic diagram of measurement setup. The third-ham1onic sig-
nal generated in the specimen is measured, due to the fundamental ac cur-
rent excitation. 

not visible in the picture). The inserted represents an 
equivalent electric circuit. In this case, a nonuniform electric 
field induces dielectrophoresis19 and guides discrete CNTs in 
the solution to the designated electrodes. A combined use of 
electric fields with an ac:direct current( de) ratio of 2:1 was 
used to place a single CNT across the electrodes. This com-
bination of ac and de takes advantage of the influence of both 
ac and de during the deposition.20 This selective deposition 
technique allows one to control the placement of single 
nanotubes acceptably well, as shown in Fig. 2(b). 

The nanotube and the substrate are in line contact which 
yields a very high electrical contact resistance of the order of 
1 M!l. The resistance at the contacts must be minimized for 
two reasons. First, for high contact resistance, the boundary 
conditions will be changed and Eq. (1) is no longer valid. 
Second, a spurious 3-w signal can appear at very low current 
amplitude. To supply an electric field, with which one can 
measure electrical and thermal properties, a good contact 
must be assured. To realize this, we utilized electron-beam 
(EB) deposition at the nanotube-substrate contacts and sub-
sequent annealing of the sample. 

In the EB technique, one can use Pt vapor as a deposit-
ing source on top of the tube-substrate contact region as 
shown in 2(b). By exposing the tube-metal contact to an 
EB in the presence of metalorganic vapor (trimethyl cyclo-
pentadienyl platinum, C9H16Pt) emitted inside an ultrahigh 
vacuum chamber, we were able to pattern Pt on the contact 
area. The metal deposits greatly enlarge the contact area be-
tween the tube and the metal contact, which reduces the elec-
ttical and thermal resistance at the contacts significantly. 

The basic elements of the 3-w measurement scheme are 
shown in Fig. 3. Two major components, the lock-in ampli-
fier (Stanford Research System SR850) and the constant-
amplitude current source (Kithesley 6221), are shown in the 
diagram. The lock-in amplifier can pick up the third-
harmonic signal across the tube, which contains valuable 
thermal transport data. Assuming that the driving frequency 
is 1 kHz and thennal diffusivity (a) is 10-4 m2/s, the phase 
is predicted from Eq. (1) to be less than 10-3 degree, which 
is smaller than the noise level. Therefore, at the low-
frequency region (below I kHz), cine can only obtain the 
thennal conductivity since the thermal time constant 
(L2!'Ti2a) for a CNT is extt·emely small. In this frequency 
region, the amplitude becomes independent of the phase as 
shown in Eq. (1). 



013108-3 Choi et al. 

1
0 

for CNT, µA 
10 100 

1000 ~~~~~~~~~~~~~~~~~~ 

> ::t 

~ 100 
.E 
>P, 

--&-Pt 

I 
0 CNT, d=46 nm 
0 CNT, d=42 nm 

[] 
I 

~ 
0' 
rgi 

'?' 
(/cl 
I I o, 

10 '--~~~~~~~~~~-,_,__n~~~~~~ 
10 100 

1
0 

for Pt, mA 

100 

> ::I. 
1-" z 
(.) .. 
.E 
>P, 

10 

FIG. 4. 3w amplitude as a function of cunent. The exponents, 2.8 and 2.9, 
are very close to the predicted third power, which implies the heat dissipa-
tion along the MWCNT. By fitting the result according to Eq. (1), the ther-
mal conductivity can be obtained at 650-830 W /mK at room temperature. 

To check the validity of the method, we perfo1med a set 
of preliminary feasibility measurements for a platinum mi-
crowire (20 microns in diameter and 6 mm in length). The 
wire has four contacts and is suspended in a vacuum (1.0 
X 10-2 mbar) without touching the substrate. In order to 
have an ideal heat sink, a sapphire substrate was used and the 
boundary condition was set to be at constant temperature at 
the contacts. The measured values are within 5% of the lit-
erature values. 

The third-hannonic voltage measurement data for two 
suspended MWCNTs are shown in Fig. 4. The nanotube 
samples were annealed at 600 ° C after EB deposition. The 
annealing process was carried out in order to minimize the 
electrical contact resistance. The practical elimination of this 
resistance was recognized as an important factor to the accu-
rate results. Evidence toward this end was coUected by mea-
suring the total resistance (Rtata1=Rcantact+RcNT) of the 
sample with different CNT lengths and diameters prepared at 
the same conditions by utilizing the two-point probe tech-
nique. The lead resistance was measured at 132 .a and not 
included in the total resistance. The total resistance was di-
rectly proportional to the length of the nanotube and in-
versely proportional to the cross-sectional area, which im-
plies negligible contact resistance. The physical reason for 
this was the removal of the voids between the nanotube and 
metal substrate during the annealing process.21 The resis-
tance and the temperature coefficient for two CNTs were 
measured at 296 K. The first sample with douter=46 nm, 
dinner=27 nm, and L=l.0 microns measured at R=922 fl 
and R' = 1.15 .fl/K. The second sample (douter=42 nm, 
dinner=26±1 nm, and L=l.l microns) turned out to be R 
= 1320 .a and R' = 1.39 .fl/K. By fitting these results accord-
ing to Eq. (1), the exponent of the current amplitude !0 was 
found to be 2.9 and 2.8 for the first and second sample, 
respectively. These values are very close to the third power 
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predicted from theory, a finding supporting the diffusive na-
ture of heat transport of MWCNTs. For comparison, the ex-
ponent found for the Pt wire was 3.1. The the1mal conduc-
tivity was then calculated with Eq. (1) and found to be equal 
to 650 and 830 W /mK for the first and second sample, re-
spectively. Considering the two major sources of uncertainty 
in the measurement as the diameter of CNTs (0.6 nm reso-
lution) and the 3-w voltage (0.5 µV resolution), we esti-
mated the measurement error at ±6%. The difference in the 
thermal conductivity between the two cases reported herein 
is possibly due to the size of CNTs. It should be noted that no 
3w signal solely by the lead resistance (metal electrode) was 
observed. 

In summary, we used the 3-w method to measure the 
thermal conductivity of individual MWCNTs. The technique 
required the placement of individual nanotubes across the 
designated metal electrodes and EB-assisted deposition of Pt 
on the nanotube-metal contacts, fo11owed by annealing. The 
thermal conductivity measured by this technique was found 
to be equal to 650 and 830 W /mK. The MWCNTs exhibited 
the diffusive nature of energy transport since the third-
harmonic amplitude is nearly proportional to the third power 
of the applied current an1plitude. 

The authors are very grateful to Dr. H. Sehr for nitride 
wafers prepared in the Laboratory for Micro- and Nanotech-
nology of Paul Scheffer Institute, Villigen, Switzerland 
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