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In this work, we have developed a complete solution for the thermal transport in single-wire based
3� experiment and have studied the effect of radiation on the experiment. Microscale Pt wires are
used as the reference sample to measure its specific heat and thermal conductivity. Sound agreement
between the measurement data and reference values is obtained. A series of experiments is
conducted to characterize the thermal transport property of single-wall carbon nanotube �SWCNT�
bundles. The average thermal diffusivity measured for three different SWCNT bundles is around
1.74�10−5 m2/s, much less than the thermal diffusivity of bulk graphite in the layer direction.
Physical reasons for this low thermal diffusivity are discussed based on our structure study of the
SWCNT bundles. © 2006 American Institute of Physics. �DOI: 10.1063/1.2402973�

I. INTRODUCTION

The development of microelectromechanical systems
�MEMSs� and nanoelectromechanical systems �NEMSs� pre-
dicts outstanding significance in the technological world and
every part of human life. For these extremely small systems,
their components play a significant role in their performance
and function. To better control and optimize the system func-
tionality, knowledge about the physical properties of the
components in the system becomes extremely important.

A wide variety of unique physical properties1–5 of carbon
nanotubes �CNTs� makes them applicable as the basic com-
ponents of MEMS and NEMS. In general nanostructures,
due to their low dimensions, they exhibit much reduced ther-
mal conductivity because of increased boundary scattering
and modified phonon dispersion.6,7 But CNTs exhibit high
thermal conductivity because of their crystalline structure,
where the boundary scattering is almost absent, and due to
their large phonon mean path.8

In the past, microfabricated devices9 and many conven-
tional techniques10–14 have been developed to study the ther-
mal conductivity of CNTs and thin films15–17 at the nano-
meter level. Difficulties may arise due to thermal radiation,
heat loss in the measuring probes, and accuracy in measuring
the power supply. One of the methods, the 3� technique,
overcomes the above difficulties using the specimen as both
heater and thermometer which is closely related to hot
wire18,19 and hot strip methods.20 Though initially the 3�
method was developed to measure the properties of amor-
phous bulk materials with low and high thermal conductivi-
ties, later it was applied for thin films and nanowires/
nanotubes. This method uses narrow band detection
technique, resulting in a better signal to noise ratio. In this

technique, the sample is considered as a thermometer if it is
electrically conductive and if its resistance changes with tem-
perature. An ac current of � frequency is supplied to the
sample, which creates a temperature fluctuation at 2�, finally
leading to a 3� voltage fluctuation across the specimen. This
3� fluctuation in the specimen embodies the information
about the thermophysical properties of the material. Experi-
ments were performed further to study the details of the
method.12,21 Choi et al.22 discoursed about the microelectro-
mechanical system technology to connect single multiwalled
CNTs between two electrodes and then used the 3� method
to find the thermal conductivity.

In the 3� technique to measure the thermal conductivity
of individual one-dimensional nanostructures, due to the
large aspect ratio of the sample, the radiation heat loss from
the sample surface could have a strong effect on the experi-
mental results. In addition, due to the small size of the
sample, the heat transfer in the connected electrodes can af-
fect the result to a great extent. All these effects are well
explored in this work for freestanding wire-based 3� tech-
nique.

In Sec. II, we will present the theoretical solution for the
thermal transport in a single wire connected between two
electrodes. In this solution, the three-dimensional �3D� heat
transfer in the electrode base is taken into account. In Sec.
III, we will discuss how the radiation heat transfer affects the
experimental results. Section IV constitutes three sections: a
brief explanation about the experimental setup, system cali-
bration using platinum �Pt� wires, and structure and thermal
characterizations of single-wall carbon nanotube �SWCNT�
bundles.

II. PHYSICAL MODEL DEVELOPMENT

In the self-heating 3� experiment, a thin conductive wire
is connected between two bases. In our experiment, the
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modulation frequency of the current passing through the wire
will be carefully selected to make the thermal diffusion
length �=�2� / f ��: thermal diffusivity of the wire;
f: modulation frequency� much larger than the wire diameter
D. As a result, it is physically reasonable to assume that the
wire has a uniform temperature distribution in its cross sec-
tion. Only the heat transfer along the axial direction of the
wire needs to be considered. The heat transfer problem of
interest will be divided into two parts: one part is the heat
transfer along the wire �z direction, as shown in Fig. 1�, and
the other part is the heat transfer in the bases. Solutions to
these two parts will be combined using the boundary condi-
tions at z=0. In the experiment, the electrical heating power
has the form of I0

2 cos2��t�R=1/2I0
2R�1+cos�2�t��.

For thermal transport in the wire, the complex governing
equation follows

���cpT�
�t

= k
�2T

�z2 + Q0e2i�t + Q0, �1�

where Q0= I0
2R /2LS. L, S, and R are the length, cross-

sectional area, and resistance of the wire, respectively. I0 is
the amplitude of the modulated electrical current. �, cp, and k
are the density, specific heat, and thermal conductivity of the
wire, respectively. The solution T to Eq. �1� consists of three
parts: the transient component Tt, which reflects the tempera-
ture change at the early stage of electrical heating, the final

temperature elevation T̄s due to the electrical heating, and the

steady transient component T̃s, which varies with time peri-
odically. In the 3� measurement, the lock-in amplifier only
picks up the signal periodically varying with time. Therefore,

only T̃s needs to be evaluated here. T̃s results from the peri-
odical source term Q0 exp�2i�t� in Eq. �1�. When only this
source term is considered, Eq. �1� has a particular solution in

the form of T̃s=�e2i�t. Substituting this particular solution in
Eq. �1�, we readily find that � has the form of

� =
Q0

�cp2i�
+ C1e�Az + C2e−�Az, �2�

where A=�cp2i� /k. To simplify the expression in the deri-
vation, we take B=Q0 / ��cp2i��. Since the heat transfer in
the wire is symmetric with respect to the location of
z=L /2, only the heat transfer in the range of z=0�L /2 will
be evaluated. At z=0, the wire temperature is assumed to be
T0e2i�t. T0 will be solved later based on the interface bound-

ary condition at z=0. Consequently, we have boundary con-
ditions of �� /�z=0 at z=L /2 and �=T0 at z=0. Substituting
the boundary conditions into Eq. �2�, C1 and C2 are solved as
C1= �T0−B� / �1+e�AL� and C2= �T0−B� / �1+e−�AL�.

The heat transfer rate q at the interface between the wire
and the base �z=0� �as shown in Fig. 1� is evaluated as

q = − k���D/2�2��

�z
�

z=0

= − k��D/2�2�A�T0 − B�
1 − e�AL

1 + e�AL
. �3�

As stated before, the modulation frequency will be care-
fully selected to make �=�2� / f �D for the wire. In the 3�
experiment, the base material is a sound thermal conductor
and has high thermal conductivity. Therefore, this condition
��=�2� / f �D� also applies for the base. As a result, we can
assume that the small hemispherical region, as shown in Fig.
1, has a uniform temperature of T1e2i�t. The simplification
makes it possible to obtain an analytical solution for the
whole system. In our experiment, silver paste is used to con-
nect the to-be-measured wire with the base, and the end of
the wire is embedded in the paste. The wire-based contact
shown in Fig. 1 clearly represents this structure. For the base,
the heat transfer will become one dimensional in the spheri-
cal coordinate, as shown in Fig. 1. The governing equation
for this heat transfer is

��bcp,bTb

�t
= kb

1

r2

�

�r
	r2�Tb

�r

 , �4�

where �b, cp,b, and kb are the density, specific heat, and ther-
mal conductivity of the base, respectively. Again, we only
need to solve the steady transient component of the tempera-

ture T̃s,b, which varies with time periodically. Letting T̃s,b

=�be2i�t, we can obtain

�b =
1

r
�C3e�A1r + C4e−�A1r� , �5�

where A1=�bcp,b2i� /kb. When r→	, �b will become negli-
gible. Therefore, we have C3=0. If we assume the at r=r0

and �b=T1, we have C4=T1e�A1r0r0. The heat transfer rate at
r=r0 is expressed as

qb = 2�r0
2	− kb

��b

�r



r=r0

= 2�r0
2kbT1	 1

r0
+ �A1
 . �6�

Up to this point, for the temperature distributions in the
wire �Eq. �2�� and the base �Eq. �5��, only two parameters are
to be determined: T0 and T1. In order to determine them, two
interface boundary conditions are used qb=−q and �r0

2�T0

−T1� /Rtc� =qb. Here Rtc� is the thermal contact resistance be-
tween the wire and the base. Using these two interface con-
ditions, T0 and T1 are determined as

T0 =
U1B�1 + U2�

U1�1 + U2� − 1
, �7�

FIG. 1. Schematic of the interface treatment between the wire and the base
for heat transfer analysis.

124314-2 Hou et al. J. Appl. Phys. 100, 124314 �2006�

Downloaded 16 Jan 2007 to 129.93.11.83. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



T1 =
U1B

U1�1 + U2� − 1
, �8�

where U1=k�A�1−e�AL� / ��1+e�AL��2kb�r0
−1+�A1��� and U2

=Rtc� 2kb�r0
−1+�A1�. We are interested in the average tempera-

ture ��̄� of the wire. By integrating Eq. �2� along the z direc-

tion, we can easily find �̄ as

�̄ =
1

L/2


0

L/2

�dz

= B +
2

L� 1
�A

�C1e�AL/2 − C2e−�AL/2� +
1

�A
�C2 − C1�� .

�9�

The average temperature T̃
¯

s �in complex form� along the

wire is calculated as T̃
¯

s= �̄e2i�t= �̄mei�2�t+
�, where �̄m and 


are the amplitude and phase shift of �̄, respectively.

It has to be pointed out that only the real part of T̃s is the
solution to the heat transfer in the wire. Namely, we can only

use the real part of T̃
¯

s and �̄m cos�2�t+
� to get the 3�
voltage across the wire. Finally, as a component of the prod-

uct of �̄m cos�2�t+
� and I0 cos��t�, the 3� voltage across
the wire is

V3� =
1

2
�̄m

dR

dT
I0 cos�3�t + 
� . �10�

III. EFFECT OF RADIATION HEAT TRANSFER

In Eq. �1�, the radiation heat loss from the surface of the
wire is not considered. For thin wires, because of their large
aspect ratio, the radiation heat loss could have a strong effect
on the measurement result. Considering thermal radiation at
the wire surface, the governing equation for the heat transfer
in the wire is modified as

���cpT�
�t

= k
�2T

�z2 + Q0e2i�t + Q0 −
�DL���T4 − Tsur

4 �
�D2L/4

,

�11�

where � and � are the surface emissivity and the Stefan-
Boltzmann constant, respectively. Tsur is the surrounding am-
bient temperature. For structures with feature/characteristic
size of a few hundreds of nanometers or smaller, the emis-
sion from the surface will be strongly affected by the struc-
ture dimension, and the emission will favor a certain spec-
trum range. Therefore, the concept of emissivity and
blackbody emission used in Eq. �11� will be less accurate.
The treatment of the surface radiation heat transfer in Eq.
�11� is to provide the first order estimation of the radiation
effect on the experiment. Our following analysis and calcu-
lation represent an extreme situation and will place the esti-
mation on the safe side to make sure that in this experiment,
the radiation heat loss from the wire will be negligible. In
our recent transient experiment for nanoscale polymer wires
��400 nm diameter�, it is found that the radiation effect
from the wire surface significantly distorted the experiment

and led to unreasonably high thermal conductivity. There-
fore, the purpose of the radiation effect analysis in the work
is to point out that for the samples measured in the paper, the
radiation effect is negligible. For wires with diameters of a
few hundreds of nanometers or even thinner, great caution
should be exercised to reduce the radiation heat transfer ef-
fect.

As stated before, T=Tt+ T̄s+ T̃s. In steady state Tt=0, so

T= T̄s+ T̃s. Because T̃s  T̄s, to the first order approxima-

tion, we have T4= T̄s
4+4T̄s

3T̃s. Substituting it into Eq. �11�, we
can obtain two separate equations for the dc and ac tempera-
ture components. We are only interested in the component

periodically varying with time, T̃s. Letting T̃s=�e2i�t, we can
have

�	�cp2i� +
16��T̄s

3

D

 = k

�2�

�2z
+ Q0. �12�

It is readily found that the solution to Eq. �12� has the same
form as Eq. �2�. Therefore, the solution developed for Eq. �1�
can be used for Eq. �12� as well by replacing �cp2i� with

�cp2i�+16��T̄s
3 /D in Eq. �2�.

As analyzed before, when the wire diameter becomes
small, the radiation could influence the 3� signal to a great
extent. In order to find out how the radiation effect varies
with diameter, several cases are studied with different wire
diameters. The wire material and base material are Pt and
copper, respectively. Their properties are given in Table
I.23,24 The thermal contact resistance takes 1.0
�10−9 m2 K/W. In real experiments, the temperature eleva-
tion of the wire is controlled to be moderate. Therefore, in

this calculation, the steady temperature T̄s in Eq. �12� is cho-
sen to be room temperature, 300 K. The voltage applied to
the Pt wire is assumed to be 28 �V based on our experiment.
To explore the extreme situation of the radiation influence,
the emissivity of the Pt wire is set to 1.

Before studying the effect of radiation heat loss, the ef-
fect of wire diameter on the phase shift and amplitude of the
3� signal is studied first for typical experimental frequen-
cies. It was found that without considering the radiation heat
loss, the phase shift and amplitude of the 3� signal is almost
independent of the wire thickness. For the effect of radiation
on the phase shift and amplitude of the 3� signal, Pt wires of
different diameters are studied. These calculation results are
summarized in Fig. 2. In the above calculations, it is found

TABLE I. Properties of Pt wire and copper �300 K�

Pt wire copper

Length �mm� 10.0
Density �kg/m3� 2.145�104 8.933�103

Specific heat �J/kg K� 133 385
Electrical resistivity �� m�a 0.1086�10−6

� �� /K�a 0.003 927
Thermal conductivity �W/m K� 71.6 401

aThese properties from Ref. 23. At 300 K, the electrical resistivity of Pt is
0.106�10−6 / �1+ �293.15−273.15��0.003 927�� �1+ �300−273.15�
�0.003 927�=0.1086�10−6 � m.
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that the diameter of the wire has little effect on the phase
shift and amplitude of the 3� signal. Therefore, the differ-
ences in the phase shift and amplitude for wires of different
diameters shown in Fig. 2 are solely attributed to the surface
radiation heat loss. Figure 2 shows that if radiation is con-
sidered, the amplitude and phase shift �its absolute value� of
the 3� signal both decrease with the decreasing wire dia-
meter, especially when the wire diameter is less than 1 �m.
Therefore, for wires �1 cm long� less than 1 �m thick, the
radiation heat loss has a strong effect on the 3� signal and
needs to be taken into account, especially for low frequen-
cies.

The ratio of the radiation heat loss to the heat conduction
along the wire is approximately proportional to Asur /Across

=4L /D, where Asur and Across are the surface and cross-
sectional areas of the wire, respectively. It is obvious that
when the diameter D of the wire is smaller, this ratio be-
comes larger, meaning radiation heat loss from the surface
becomes more important. Therefore, for thinner wires, the
amplitude of the 3� signal becomes smaller because of the
radiation heat loss. This trend can also be explained by the

term �cp2i�+16��T̄s
3 /D used in Eq. �12�. Comparing the

solution of Eq. �12� and Eq. �2�, the effect of the radiation

can be treated by the change of �cp to �cp+8��T̄s
3i / ��D�,

namely, ��cp�effective. When the wire diameter is smaller, the
absolute value of the effective �cp becomes larger, leading to
a smaller amplitude of the 3� signal. The radiation heat loss

from the wire surface reduces the temperature increasing rate
during current heating, making the peak location of tempera-
ture closer to the peak location of current heating. Therefore,
for stronger radiation heat loss �thinner wires�, the absolute
value of the phase shift of the 3� signal becomes smaller.

IV. EXPERIMENTAL DETAILS AND RESULTS

A. Experimental setup

In this work, an experimental setup is established to
verify the physical model developed above and to character-
ize the thermal transport in SWCNT bundles. Since the 3�
voltage �V3�� signal is small and embedded in the large �
voltage variation over the wire, an experiment using the
Wheatstone bridge is designed to distinguish and measure
V3�. The schematic of the experimental setup is presented in
Fig. 3. In the diagram, Rs is the sample and R1 is a rheostat,
whereas R2 and R3 are large-resistance resistors. Since R2

and R3 are large compared to Rs and R1, most of the current
flows through Rs and R1. In order to avoid heat loss by con-
duction to the ambient air, the experiment is performed in a
vacuum of less than 10−3 Torr pressure. At this pressure
level, although the density of air is reduced, the mean free
path of air molecules is increased to a few centimeters long.
Therefore, the thermal conductivity of air of infinite size
stays almost the same as that at 1 atm. On the other hand,
since the mean free path of air molecules is increased to a
few centimeters long, which is three orders larger than the
characteristic size �micrometers� of the wire under measure-
ment, the Fourier’s law of heat conduction breaks down for
the heat transfer from the wire to the ambient air. In fact, a
substantial temperature drop will arise at the wire-air inter-
face. This case is similar to that for nanostructures embedded
in a medium whose mean free path of energy carriers is
much larger than the characteristic size of the
nanostructure.25 The effective thermal conductivity of the air
around the wire will be orders of magnitude smaller than that
of bulk air. This will make the heat conduction from the wire
to air negligible. We have conducted experiments at different
vacuum levels and found that the vacuum of 10−3 Torr is
sufficient to reduce the heat conduction from the wire to air
to a negligible level. The cables used are shielded so that
external noise may not affect the 3� amplitude which is at
the microvolt level. Before conducting the experiment, R3 is

FIG. 2. Phase shift �a� and amplitude �b� with consideration of the radiation
heat loss for Pt wires of different diameters at the same length �1 cm�. For
comparison, the phase shift without considering radiation �25.4 �m, no ra-
diation� is also shown in the figure.

FIG. 3. Schematic of the 3� experimental setup with the Wheatstone bridge
and using a lock-in amplifier as the ac power source.
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tuned to make the � voltage difference between points A and
B minimal. This ensures that the bridge is in balance, and the
measured 3� signal between points A and B has negligible
effect from the small 3� distortion of the heating current. A
lock-in amplifier is used to measure the phase shift and am-
plitude of this 3� voltage variation. In addition, the sine
wave output of the lock-in amplifier is also used as the power
source for the experiment.

B. Measurement of microscale Pt wires

Before characterizing the thermophysical properties of
SWCNT bundles, the system is calibrated with Pt wires
whose properties are known and the size is well defined. In
phase shift measurement, the equipment in the experiment
will induce some system time delay. In order to rule out the
effect of the system time delay, a Pt wire of 25.4 �m dia-
meter and about 5 cm length is taken as the reference for
system calibration. This Pt wire is connected between two
copper electrodes using silver paste. The electrical resistance
of the wire at room temperature is measured to be 11.11 �.
The phase shift �time delay� induced by the system can be
calculated as �
sys=
ref−
the, where 
ref is the measured
phase shift of the reference sample and 
the is the theoretical
�real� phase shift of the reference sample. After system cali-
bration, the real phase shift of the measured sample is calcu-
lated as 
real=
mea−�
sys.

The length of the reference wire used in our experiment
is 4.925 cm. In the experiment, attributed to electrical heat-
ing of the wire, its temperature and resistance will be el-
evated to a higher level TT and RS,T. This in situ resistance of
the wire is determined as RS,T=R1Vwire /VR1

, with Vwire and
VR1

being the measured voltage over the wire and rheostat R1

during the experiment. The increase in temperature over the
sample is determined as TT= �RS,T−R0��D2 /4��0L, where
R0 is the resistance over the wire at room temperature, D the
diameter of the wire, and � the temperature coefficient of the
resistance for Pt.23 �0 is the resistivity at 0 °C �9.828
�10−8 � m� and L is the length of the wire. The heating
power and V3� over the wire are determined using the in situ
resistance of the wire RS,TT

=4�0L�1+�TT� /�D2, which is
calculated using the measured wire length to eliminate the
effect of electrical contact resistance. After measuring the
amplitude of the 3� signal �V3�,meas� between points A and
B, as shown in Fig. 3, it is readily found that the real 3�
amplitude �V3�� over the wire is V3�= ��Rs+R1� /R1�V3�,meas.

Based on the real amplitude V3�, data fitting is con-
ducted to determine the product of �cp for the Pt wire. In this
data fitting, since the wire is thick �25.4 �m�, the radiation
heat loss from the wire surface will have negligible effect on
the measured phase shift and amplitude as stated in Sec. III.
In this amplitude fitting to determine �cp, the thermal con-
ductivity k of the wire is unknown. Different k values are
tried to explore how its value affects the fitted �cp. Our re-
sults prove that �cp has a weak dependence on the value of
the thermal conductivity. With k changing from
6.6 to 126.6 W/m K, �cp changes less than 10%. Figure 4�a�
shows the fitting result of V3� in comparison with the experi-
mental data. A sound agreement is observed between them.

Based on thermal conductivity k=71.6 W /m K value,24 �cp

is fitted to be 2.93�106 J /m3 K at an experimental tempera-
ture of 60.96 °C. This value is close to the reference value of
2.853�106 J /m3 K24 with a difference less than 3%.

In our experiment, it is found that �cp fitting is sensitive
to many parameters, such as the diameter, length, and resis-
tance of the wire. The values of these parameters are either
provided by the company or measured in the experiment.
The uncertainty in these parameters will propagate to the
final fitting result to give rise to uncertainty in the fitted �cp.
We have conducted extensive experiments for �cp fitting and
found that longer wires give better result. For longer wires,
the connecting region and electrical contact resistance will
have relatively smaller effect on the measured length and
resistance. Therefore, the final fitted �cp is closer to the real
value of Pt. In addition, we found that using V3�= ��Rs

+R1� /R1�V3�,meas to calculate V3� will induce appreciable
uncertainties from the electrical contact resistance when
measuring Rs and R1. This is because when Rs and R1 are
small, such as a few ohms, the electrical contact resistance
will become more important. For small Rs and R1, the fol-
lowing equation is suggested to calculate V3�: V3�= ��R2

+R3� /R2�V3�,meas. This is because R2 and R3 are in the order
of megaohms and are much less affected by the electrical
contact resistance. Our careful test using V3�= ��R2

+R3� /R2�V3�,meas confirmed this point.

FIG. 4. �Color online� �a� Amplitude fitting for the long �4.925 cm� Pt wire
with assumed k=71.6 W/m K. The �cp value is fitted to be 2.93
�106 J /m3 K; �b� phase shift fitting for the short �5.38 mm� Pt wire with
�cp=2.93�106 J /m3 K to find the thermal conductivity �k=71.2 W/m K�.
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After the calibration and �cp fitting using the long Pt
wire, a short Pt wire of 5.38 mm length is measured to de-
termine its thermal conductivity k. Using the fitted value of
�cp=2.93�106 J /m3 K the phase shift of the 3� signal is
fitted to determine the thermal conductivity of the Pt wire.
Different k values are used to calculate the theoretical phase
shift. The k value giving the best fit �least square� of the
experimental data is taken as the property of the wire. In this
phase shift fitting, the reference sample �long wire� and the
short wire sample are measured respectively. Based on the
data, the thermal conductivity of the wire is fitted to be
71.2 W/m K at an experimental temperature of 26.48 °C.
This value is close to the reference data of 71.6 W/m K
�Ref. 24� with a difference less than 1%. Figure 4�b� shows a
sound agreement between the fitted phase shift and the ex-
perimental data with k=71.2 W/m K.

In the experiment to measure �cp for the long Pt wire,
the measured amplitude �V3�� is related to the experimental
parameters as V3�� I3R / ��r0

2L�cp�dR /dT. In this work, R
and dR /dT are calculated based on the measured length, the
temperature increase of the wire, and its electrical resistivity.
Considering R, L, and dR /dT, it is readily found that the
length of the wire will have first order effect on the measured
�cp. In the experiment, the length is precisely checked using
a caliper. For the 4.925 cm long Pt wire characterized in this
work, the length measurement has an uncertainty less than
1%. Therefore, the uncertainty of the measured �cp from the
length measurement will be below 1%. The diameter of the
wire is obtained from the data provided by the industry. Its
diameter is also checked under the scanning electron micros-
copy �SEM�. The result shows that for the small section ob-
served under the SEM, the diameter is 25.88 �m, which is
only about 1.9% larger than the diameter of 25.4 �m used in
data reduction. This will bring about 3.8% uncertainty to-
ward �cp. It is expected that the diameter of the Pt wire will
have some nonuniformity along its length �some sections a
little thicker and some sections a little thinner�. Therefore,
the overall uncertainty brought into the final result will be
less than 3.8%. Since the measured Pt wire is pure Pt, the
temperature coefficient of resistance for pure Pt is used.
Other possible uncertainty comes from the measurement of
the V3� signal and temperature increase of the wire. For the
V3� measurement, the reading for V3�,meas from the lock-in
amplifier is very stable and has a small uncertainty �less than
1%� based on our long-time averaging using the computer-
controlled data acquisition system. When determining V3�,
as discussed above, the large-resistance R2 and R3 are used.
Their values are close to 1 M�, thereby significantly reduc-
ing the effect of electrical contact resistance �approximately
in ohms� in the circuit. Therefore, the treatment of V3� will
bring negligible uncertainty in the final measurement result.
When evaluating the temperature increase of the wire during
the experiment, the same measurement circuit is applied to
both ends of the Pt wire before and during the experiment.
The measured resistance before �R0� and during the experi-
ment �Rs� will consist of the same electrical contact resis-
tance. Their difference �Rs−R0� rules out the contact resis-
tance and is used to determine the temperature increase of
the wire. This temperature increase is then used to calculate

the real resistance of the wire during the experiment. The
uncertainty brought in by this calculation is about 1.3% since
the small temperature increase of the wire will have insig-
nificant effect on its total electrical resistance. One major
source for the experimental uncertainty is the ambient noise
introduced to the system. To check the effect of the noise,
different long wires have been measured to determine their
�cp. It shows that the measured data is always in good agree-
ment with the literature value with a difference less than
10%.

As for the measurement of the thermal conductivity of Pt
wires, short wires have to be used in order to enhance the
effect of heat transfer on the measured phase shift. Different
from the �cp measurement, only the length of the wire will
have significant effect on the final result. Its diameter will
have negligible effect on the measured phase shift and the
final data fitting. For the short wire �5.38 mm� used in the
measurement, the length measurement will have an uncer-
tainty around 0.1 mm �1.9%�, largely induced by the deter-
mination of the contact point between the wire and the elec-
trodes. From Eq. �9� it is seen that the length is related to the
thermal conductivity in the form of ��cp2i� /kL. It is not
difficult to find that the 1.9% uncertainty in the length mea-
surement will introduce about 3.8% uncertainty to the mea-
sured thermal conductivity. In addition to length measure-
ment, noise from the outside will introduce inevitable
uncertainty to the measured phase shift. To address this issue,
the experiment has been conducted at different times to
evaluate the effect of the noise. It indicates that the measure-
ment repeatability can be well controlled to be better than
10%.

C. Thermal characterization of SWCNT bundles

In this section, bundles consisting of SWCNTs are mea-
sured using the established 3� technique. Centimeter-long
ropes of well-aligned SWCNTs were synthesized using a
H2/Ar arc discharge method. The synthesis process is de-
scribed in detail by Liu et al.26 In brief, Ar and H2 gases
were introduced into a vacuum chamber as buffer gases. The
cathode was a graphite rod with the tip sharpened. The anode
was a graphite cylinder with holes filled by evenly dispersed
graphite powder, Fe–Ni–Co �as catalyst�, and a sulfur-
containing growth promoter. An angle between the axes of
the two electrodes was set at 30°–50°. When an electric arc
is initiated, the SWCNT strands can be obtained on the col-
lectors installed in the reaction chamber.

Before characterizing their thermophysical properties,
we first study the structure of the to-be-measured SWCNT
bundles. Figure 5 shows the SEM pictures of SWCNT
bundles with different resolutions. From Fig. 5�a�, it is seen
that the diameter of the SWCNT bundle is over 40 �m. At
this scale, the radiation heat loss from the bundle surface has
negligible effect on the measured 3� signal. Figure 5�b�
shows the threads inside the bundle. Various size pores exist
in the bundle. The orientation of the SWCNTs does not fol-
low the axial direction of the bundle. It is anticipated that the
random orientation of the SWCNTs and the pores inside can
significantly reduce the thermal conductivity of the bundle.
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Figure 5�c� tries to illustrate the diameter of the SWCNT
threads. It is observed that the diameter of the visible
SWCNT threads varies from less than 10 nm to a few tens of
nanometers. To confirm the existence of SWCNTs, Raman
scattering is conducted for the sample. The Raman spectrum
of the bundle is shown in Fig. 6. The peak at 1341 cm−1

indicates that the sample has graphitic networks of finite size

�100 nm� or defects. This has been studied and confirmed
in the past.27 In comparison with the Raman peak for the E2g

�stretching� mode in graphite �1580 cm−1�, the Raman scat-
tering in Fig. 6 shows left shift of this peak �1582 cm−1�.
This shift is induced by some physical mechanisms inherent
to nanotubes of different radii. A high resolution Raman scat-
tering study of SWCNTs has revealed splitting of the E2g

mode peak due to the existence of SWCNTs.26,27 The low-
frequency peak at 128 cm−1 is associated with the radial
breathing mode of SWCNTs and can be used to evaluate the
tube diameter.28,29 Based on the peak location, it is estimated
that the primary diameter of SWCNTs in the bundle is
d=223.75�cm−1 nm� /128 cm−1=1.75 nm. Therefore, the
threads observed in Fig. 5�c� are comprised of many
SWCNTs.

For thermal transport characterization, the to-be-
measured SWCNT bundle is connected between two copper
electrodes using silver paste. Table II shows the length and
resistance of the three SWCNT bundles measured in the ex-
periment. The typical thickness/diameter of the SWCNT
bundle is measured to be around 20 �m. Under this condi-
tion, radiation heat loss from the bundle surface will have
negligible effect on the measured 3� signal. In the 3� ex-
periment, in order to make the experimental principles valid,
the sample has to be an electrical conductor. For SWCNTs,
the diameter and felicity are uniquely characterized by the
vector Ch=na1+ma2��n ,m� that connects crystallographi-
cally equivalent sites on a two-dimensional �2D� graphene
sheet, where a1 and a2 are the graphene lattice vectors and n
and m are integers. The SWCNT will be the conductor when
n−m is divisible by 3.30 Before the experiment, the I-V char-
acteristic of the sample is checked. The results confirm that
within the experimental voltage range �−0.3–0.3 V�, the

FIG. 5. SEM images of the characterized SWCNTs: �a� a low resolution
image showing the overall bundle thickness, �b� high-resolution image
showing the threads inside the bundle, and �c� higher-resolution image
showing the diameter of individual SWCNT threads.

FIG. 6. Raman scattering spectrum for the measured SWCNT bundles.

TABLE II. Details of three different SWCNT samples characterized in the
experiment.

Sample 1 Sample 2 Sample 3

Length �mm� 1.828 1.143 1.905
Resistance ��� 122.0 223.0 100.0
Measured thermal
diffusivity �10−6 m2/s�

12.7 19.8 19.7
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I-V curve for the samples is linear, demonstrating the metal-
lic behavior. In addition to the I-V characteristic, the
SWCNT bundle is modeled as resistance, capacitor, and in-
ductor connected in parallel to check its capacitance and in-
ductance. Similar to the work by Choi et al.31 for multiwall
CNTs, experiments are conducted at different frequencies to
measure the impedance of the SWCNT bundle and the phase
lag between the current and voltage over it. The measure-
ment results are shown in Fig. 7. In the frequency range of
2–20 Hz, the impedance stays nearly the same as the dc
resistance of 24.4 �. The phase shift between the current and
voltage is close to 0. The largest phase shift is less than 0.3°.
It demonstrates that in the frequency range of 2–20 Hz, the
capacitance and inductance of the SWCNT bundle have neg-
ligible effect on the 3� experiment.

Since we do not have the exact diameter of the SWCNT
bundle and the dependence of its resistance over the tem-
perature, �cp of the SWCNT bundle becomes difficult to de-
termine based on the experimental data. Instead, the thermal
diffusivity of the sample is characterized based on the phase
shift of the 3� signal. Figure 8 shows the fitted phase shift
versus the experimental data for sample 3. In this fitting, �cp

takes 0.184�106 J /m3 K and the thermal conductivity k is
fitted to be 3.58 W/m K. It needs to be pointed out that for
each assumed �cp, one k can be found to fit the experimental
data. For the three samples measured in the experiment, dif-

ferent values of �cp are used to fit the thermal conductivity.
From the plot of the k��cp curve for the three samples, the
slope of each curve is utilized to obtain the thermal diffusiv-
ity, as stated in Table II. Their values are 12.7, 19.8, and
19.7�10−6 m2/s, respectively. It is clear that the thermal
diffusivity of the three samples is in the same order. The
difference among them is probably attributed to different
alignments of the tube bundles and tube structural character-
istics. The average thermal diffusivity of the above three dif-
ferent SWCNT samples is around 17.4�10−6 m2/s. This
value is much smaller than the thermal diffusivity of graphite
1.24�10−3 m2/s in the layer direction.24 This measured
small thermal diffusivity of SWCNT bundles is attributed to
several characteristics of the bundle structure. First, as we
discussed above �shown in Fig. 5�, the SWCNT threads in
the bundle do not follow its axial direction. This random
orientation can substantially reduce the thermal conductivity
of the material. Second, the contact between the threads
�shown in Fig. 5� will give rise to an appreciable thermal
contact resistance, which can significantly reduce the thermal
transport in the bundle. Finally, possible defects in the
SWCNTs themselves can reduce their thermal conductivity
and give contribution to the measured low thermal diffusiv-
ity.

V. CONCLUSION

In this work, the thermal transport in the 3� experiment
for thermal characterization of individual wires was studied
by developing a comprehensive analytical solution that took
into account the thermal contact resistance, heat transfer in
the electrode base, and radiation heat loss from the wire sur-
face. Our study showed that for wires with a diameter around
100 nm or thinner, the radiation heat loss from the wire sur-
face will have a strong effect on the amplitude and phase
shift of the 3� signal. This influence became stronger for
thinner wires. Experiments were conducted to verify the
physical model by measuring the �cp and k of Pt microwires.
The fitted �cp and thermal conductivity of the Pt wire
agreed well with reference values. The thermal diffusivity of
SWCNT bundles of different lengths was measured using
the established experiment. Their average value is 1.74
�10−5 m2/s, much smaller than the thermal diffusivity of
graphite in the layer direction. This is probably due to the
random orientation of SWCNTs in the bundle, the thermal
contact resistance between SWCNT threads, as well as some
possible structural defects of SWCNTs.
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