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Thermal conductivity of multiwalled carbon nanotubes
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Thermal conductivity of multiwalled carbon nanotuld€NT’s) prepared using a microwave plasma chemi-
cal vapor deposition system is investigated using a pulsed photothermal reflectance technique. We find that the
average thermal conductivity of carbon nanotube films, with the film thickness from 104n5& around 15
W/mK at room temperature and independent of the tube length. Taking a small volume filling fraction of
CNT'’s into account, the effective nanotube thermal conductivity could k4@ W/m K, which is smaller
than the thermal conductivity of diamond and in-plane graphite by a factor of 9 and 7.5, respectively.
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[. INTRODUCTION ture are 10-5Qum and 3-5 mm, respectively. Nickel thin
films with thickness ranging from 0.5 to 100 nm are selec-

A carbon nanotub€CNT) is a type of very attractive ma- tively deposited on the groove structured silicon substrates.
terial for many unique properties because of its nanometefhe Ni films in the groove structures serve as catalyst for
size tubular structure. Extremely high thermal conductivity isgrowing CNT’s in CH,-+H,+ N, microwave plasma. Sub-
theoretically predicted for CNT’s, due to large phonon mearnstrate temperature, reactant gas flow ratio gf ®H,:N,,
free path in strong carbosp® bond network of CNT walls.  microwave power, deposition pressure, and deposition time
Cheet al? used equilibrium molecular dynamics to simulate gre 720°C, 200:20:10 sccm, 1300 W, 35 Torr, and 10 min,
(SWNT’s) and suggested that it is dependent on the concensg ;m and the diameter is from 40 to 100 nm. To enhance
tration of vacancies and defects in the CNT's. Theoreticaheat absorption in our PPR measurement,dn2thick gold
value of it approaches 2980 W/mK along the tube axisfojl is closely attached to the top of the CNT films. Procedure
which is even higher than that of good conventional thermabt the sample preparation is shown in Fig. 1.
conductors, such as diamond. Figure 2 shows the setup of our PPR measurement sys-

So far, some experimental results of thermal conductivityem. During the measurement, the gold foil is struck by a
for single-walled and multiwalled carbon nanotubesng:YAG laser pulse with a pulse widtffull width at half
(MWNT,S) have been repOI’téﬁ? However the values devi- max|mum(FWHM)] of 8 ns, Spot size of 3 mm, pu|se energy
ate each other very largely, from 20 to 3000 W/mK. Theof 30.3 41J, and frequency of 10 Hz. Immediately after the
measurement techniques include comparative métand 3 |aser pulse striking, the sample surface temperature rises
» method? Although these studies provide considerablesharply and then drops to room temperature. Estimated sur-
knowledge of heat transport along CNT's, some problemsace temperature excursion of about 31 K is about 10% of
still need clarifying. First, previously measured thermal con-the measuring temperature. The temperature decay time is
ductivity of bulk CNT’s may not reflect intrinsic CNT ther-  governed by thermal conduction properties of the CNT film
mal conductivity due to the effect of volume filling fraction. ynderneath the gold foil. A focused continuous He-Ne laser
Secondly, for a steady-state method, radiative heat loss could reflected from the gold foil surface, probing the light re-
lead to an uncertainty of determining the thermal conductiviection variation of the gold foils. Since the reflectivity is
ity. Finally, in practical CNT electronic applications, such asyery sensitive to the surface temperattftépy inverting the
CNT based transistors, photodetectors, bio/chemical sensogptained signal, a temperature excursion profile can be ob-

etc., CNT length dependence of thermal conductivity will betained. The system was calibrated by measuring the thermal
considered as one of a few key factors in design. Howevegonductivity of silicon dioxide film.

the relevant results have not been reported yet.
In this paper, we present the thermal conductivity of

MWNT films measured by a pulsed photothermal reflectance Ill. RESULTS AND DISCUSSION
(PPR technique. In this noncontact technique, sample prepa-
ration is relatively simple. Most importantly, one can treat
the heat conduction problem as one dimensional and he
generation as surface heatih@/loreover, heat loss can be
neglected due to the short tinje-400 ws) of the measure-
ment.

We use a three-layer model to simulate heat transport in
AU/CNT’s/Si structure. For a detailed description about the
Modeling, refer to previous papersi? To minimize the ef-
fect of thermal transport through intertube airspace, the ef-
fective thermal conductivity is deduced from the difference
in the temperature profiles of Au/CNT's/Si and Au/airgap/Si.
Figure 3 shows the normalized surface temperature pro-
Il EXPERIMENTAL DETAILS files for location A “Au/airgap/Si” and location B “Au/
Groove structures are chemically etched on high resistiv€ENT’s/Si,” respectively. To obtain the thermal conductivity
ity silicon (100 substrates. The depth and width of the struc-of CNT’s, the temperature profile is fitted using a three-layer
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FIG. 2. Photothermal reflection experiment
setup.(1) Pump Nd:YAG laser(2) probe He-Ne
laser,(3) lens, (4) sample,(5) attenuator,6) fil-
ter, (7) photodetector,(8) oscilloscope. Inset:
Cross-section schematic illustration of CNT
samples used in the measurement.
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heat conduction model. The silicon substrate is modeled as an infinite medium, because heat diffusion length in silicon is
3.7x10"* m,® which is less than the thickness of silicon substrate. The Laplace transform of surface temperaturg(gjofile
can be described by

Q(s) [ (coshz,/s+ eg,sinh7,v/s)coshy s+ (e, coshy,/s+ €y sinh 7, \/s)sinh 7, \s

- el\/g (eglcoshn2\/§+921sinh772\/§)cosh771\/§+(coshnz\/§+e3zsinh7;2\/§)sinh771\/§ ’

T(s) €y

1+Erf

_1 b 1 22
Q(s)—z ex s+ng

(a) - Data40um alrgap
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o
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wheree, = \p;CiK;, ej=¢;/e;, 7,=d;/\a;, i=1,2,3. Sub- tion range of the fitted thermal conductivity depends on the
scripts 1, 2, and 3 stand for the Au foil, CNT’s or airgap andsignal to noise ratio. One can see that the thermal conductiv-
silicon substrate, respectively, C, K, e, «, andd are the ity does not show a CNT film thickness dependence. In other
bulk density, specific heat, thermal conductivity, thermal ef-words, it is independent of the length of CNT's. The fitted
fusivity, thermal diffusivity, and thickness of each layer, re-thermal conductivity for airgap is around 0.0264 W/mK,
spectively.Q(s) is the Laplace transform of the Nd:YAG consistent with the literature value of 0.026 W/mK. It is also
laser pulse, in a form of noticed that the average thermal conductivity of Au foil is
about 260 W/mK, only about 80% of Au bulk value.
b gs Hartmanri® have confirmed that thermal conductivity of Au
g 7) , (@ film is strongly dependent on the film thickness due to the
influence of surface and grain boundary scattering. In addi-
whereb=2.0x10"® s andg=5.764<10"° s for the laser tion, voids and microcracks within the gold foil may also
pulse we used. reduce thermal conductivity efficiently.
In order to fit the temperature excursion profile, Eb.is
inversely Laplace transformed into time domain using Steh- 4,
fest numerical methotf. The bulk density of 1.93
X 10* kg/m® and specific heat of 129 J/kgK for Au are used &
in the fitting!® The thermal conductivity for silicon substrate &
is taken as 148 W/m K2 Fitting parameters are the thermal é
conductivities of Au foil and CNT films, and the thermal @ o6}
diffusivity of the CNT films. One can see that the simulated §
curves fit the measured temperature profiles reasonably wel€
for 40-um thick airgap[Fig. 4(a)] and CNT film,[Fig. 4(b)].
The average fitted thermal conductivity of the CNT film is
about 15 W/m K. We have measured CNT films with differ-
ent thickness from 10 to 5@um, and the fitted values are
listed in Table I. It is found that the thermal conductivity for L
the four CNT films ranged from 12 to 17 W/m K. The varia- P S S TP
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FIG. 3. Four-point smoothed Transient surface temperature pro- FIG. 4. Measured and fitted temperature profiles for40-
files of 40.um thick CNT film and the air gap. thick (a) airgap andb) CNT film.
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TABLE |. Thermal properties vs thickness of CNT samples.

Tube length(um) 12 25 40 46

Kau (W/mK) 268-288 182-243 267-295 250-310
Kiupe (W/MK) 13-17 12-16.5 13-17 14-17
Thermal diffusivity ay,pd 10> m?s 1) 1-2.6 1-10 5-9 0.7-1

Contact thermal resistance between the gold foil an
CNT'’s does not affect our CNT thermal conductivity very

much. With our CNT’s length 10-5@m and CNT thermal

conductivity of 12—-17 W/m K, the sample thermal resistanc

could be 0.8—-2.910"% m?K/W, which is contributed by

e

han the obtained contact thermal resistaticEhus, contri-
ution from acoustic mismatch is negligible as well.
Heat loss in the measurement also does not affect the
obtained thermal conductivity. First, it has been found that,
in transient thermal conductivity measurement by a flash

. .technique, the heat loss is noticeable when the temperature
both CNT thermal resistance and the contact thermal res S q P

ecay time is more than 30 ms or 3%s-°respectively. In our

tance. Figure 5 shows how the thermal resistance varies asgeasurement. the temperature rise is 20-30 K above the
function of the thickness of CNT films. A contact thermal opvironment t’emperaturéroom temperatujeand the tem-

8 M2

resistance of 22210 ° m° K/W is obtained by extrapolating

perature excursion duration is onty400 us. By comparing

the nice linear fitting to zero film thickness and it is one oroyr experimental conditions with those used in flash
two orders of magnitude smaller than the CNT thermal retechnique'*® we suggest that the radiative heat loss in our
sistance. Therefore the contact thermal resistance can be igreasurement is not significant. Second, using the three layer
nored. In addition, the boundary thermal resistance causethodel described in the text, the surface temperature of gold
by acoustic mismatch is even one order of magnitude smallebil T*(s) with heat loss will be

(coshnz\/§+ €3, Sinh7, \/g)coshn1\/§+ (eglcoshnz\/ng €,18inh nz\/g)sinh 771\/5

T*(s)=Q(s)

[ (e31c08hy,\/S+ €5, Sinh77,\/S) cosha s+ (cosha, s+ eg, sinhp,\/s)sinh 7 sle; s

)

+ hc,r[(COShﬂz\/§+ e3,5inh7,/5)coshy; \/s+ (3, C0sh7,\/s+ €51 sinh 7, \/s)sinh 7, Vs

whereh. andh, are the convective and radiative heat trans-Since h, /h.~0.02, the radiative heat loss should be much
fer coefficients, respectively. For the case of convective heatmaller than the convective heat loss. Thus, radiative heat

loss, according to the definition &f, ,

_ —KydT/dz

T (4)

loss can be also neglected.

The obtained thermal conductivity of CNT films is not as
high as those expected values, as mentioned in the introduc-
tion. Let us examine the effect of intertube airspace, which is
highly resistive to heat conduction. A thermal conductance

whereT=T,—T,, T, is the gold surface temperature with a model is shown in Fig. 6. The total thermal conductance of

maximum value of 55°CT; is the ambient temperature

the CNT films is contributed from the effective thermal con-

of 25°C, anddT/dz is the temperature gradient normal ductance of CNT’s and the airgap, i.e.,

to the gold foil. h, can be evaluated to be 24 Wik
using the thermal conductivity ofK,~0.027 W/mK.
Substituting dy,=1.2um, Kp,=240 W/mK, e;=2.16
X100 Ws2m=2K™1, 2,=1.95x10"4s? d,=40um,
Kube=15.5 W/mK, e,=1.81x10° Ws?m 2K™% 7,
=4.82<10 3 52, e;=1.56x10* Ws"?’m 2K ™!, and h,

=24 W/m 2K into Eq. (3). Through inverse Laplace trans-

form, the value of L " T*(s)— L 1T(s)]/L 1T(s)~10*.

1-6

*
Ktube_ tub
- air d

d d

+K (6)

where K} is the effective thermal conductivity for the
CNT’s, Kype is the fitted thermal conductivity for the CNT
film, K, is the thermal conductivity for aird is the CNT

volume filling fraction andl is the thickness of the tube films

This indicates that the influence of the convective heat lossr airgap. Through weighing the groove-structured sample

on the gold foil temperature profile can be ignored.

As for the radiation effect, using Au emissivity of
em=0.07, the Stefan-Boltzmann constanigg=5.67
X108 Wim?K#, T,=329K, andT;=298 K, the maxi-
mum value ofh, is evaluated as

h,=emosg(To+T2)(T,+T1)=0.49 W/ntK.  (5)

before and after CNT’s growth and assuming the mass den-
sity of MWNT p~1.34 g/cni, the value ofé is determined
to be about 7-8 % for the four samples. By substituting the
average values df,,c and K into Eq. (6), we haveK},,.
=2X10° W/mK.

To have a better understanding of the thermal transport in
CNT'’s, other fitting parameters shown in Table | should be
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Thickness of the CNT Film, d (um) lation, if the CNT length is larger than 15 nm, theoretical

thermal conductivity converges to a value of 2980 W/mK. In
FIG. 5. Thermal resistance of Au/CNT's as a function of the our case, the length of MWNT’s ranges from 10 to &0,
CNT length. much far beyond the phonon mean free path of 20 nm.
Therefore, the thermal conductivity should not depend on the
addressed here. One can see that the thermal diffusivity = CNT length for our CNT films. This expectation is confirmed
diverging with the thickness of the tube films. Using the by our measurement, as shown in Table I.
relation a~K*/pC and using the mass density of MWNT  Using equilibrium and nonequilibrium molecular dynam-
p~1.34 g/cd, the specific hea€ of the MWNT’s can be ics simulations with accurate carbon potential, Betlpre-
calculated out around 1-710° J/kg K. This is larger than dicted the thermal conductivity 0f10,10 SWNT of K
the published value of 470 J/kgKBenedictet al?® pre- ~6600 W/mK at room temperature. In contrast,
dicted that the specific heat could depend on the diameter dflaruyama&? obtained the thermal conductivity of5,5)
CNT’s. Phonon dominant specific heat is directly relatedSWNT of K~600 W/mK at room temperature using phan-
with the phonon density of stat®DOS. Small diameter tom technique, ten times smaller than Berber’s results. Kim
CNT’s have large strain due to their large curvatures in comet al® through measuring a microfabricated suspended de-
parison with large diameter CNT’s. This particular strain ef-vice, determined the thermal conductivity of 3000 W m K for
fect is thought to be the reason for the differences in the single MWNT. However, Honet al® measured the ther-
PDOS, which will further affect the specific heat. Interest-mal conductivity of crystalline ropes of SWNT’s and ob-
ingly, our MWNT diameters distribute from 40 to 100 nm, tained a value of 35 W/m K at room temperature, in the same
indeed larger than those CNT’s used in the experiment of Yorder of magnitude as the value observed bgtyal for the
et al,®> where the diameters were from 20 to 40 nm. bundles of MWNT's. One year later, the former authors re-
Electrical conductivityo of the same tube films is deter- ported a value of 200 W/mK for magnetically aligned
mined to be 1.6—%10Q 'cm ! Using the Wiedemann- SWNT film.? From above, we can see that for a single tube,
Franz law’! the ratio ofK/o'T (T=300 K) for our sample is  either single-walled or multiwalled, the thermal conductivity
around 1-410"*4 (V/K)?, is the electrical of the CNT is from 600 to 6000 W/mK, significantly higher than the
samples, which is three or four orders of magnitude largervalues of 15-200 W/mK for bulk CNT samples, including
than the free-electron Lorenz number of 2.45CNT films, CNT ropes, and an aligned CNT array. It should
x 10" 8 (V/K) 2. Therefore, we suggest that the thermal con-be pointed out that for isolated single CNT involved mea-
ductivity of MWNT’s is dominantly contributed by phonons, surements, heat loss to its surrounding may affect the accu-
or K~Cul, wherev is the characteristic sound velocity for racy of measurement, overestimating its thermal conductiv-
CNT’s and| is the phonon mean free path. Wit} ity. In contrast, for bulk CNT samples, heat loss to interair
=200 W/mK andv=10* m/s,” we havel ~20 nanometers, 9aps among the tubes could be much smaller than isolated
which is smaller than that calculated by Kiet al® For our ~ single CNT due to very high CNT number density and very
MWNT’s, due to the large length of our tube samp(&#8—50 small air gaps among them. The small thermal conductivity
um), boundary scattering could not be the main reason tdor bulk CNT samples may also result from intertube
reduce the phonon mean free path. Intergraphene layer a@upling">® and high density of defects which efficiently
intertube coupling as well as the defects scattering are morgcatter the flow of phonons in CNT°sFurther investigation
likely to reduce the phonon mean free p&fif This could be  is needed to clarify these issues.
the reason why our measur&g, . is much smaller than the
expected value.
Maruyama&? proposed that thermal conductivity of CNT’s
may converge when the tube length is much longer than the We have measured the thermal conductivity of MWNT
phonon mean free path. As was confirmed by Chsisu-  films with film thickness or CNT length from 10 to 50m.

IV. CONCLUSIONS
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The average thermal conductivity is found to be about 13hermal conductivity and electrical conductivity suggests that
W/mK and independent of the CNT length. Taking theheat transport in the MWNT's is dominated by phonons.

volume-filling fraction of CNT’s into account, the effective Phonon mean free path is estimated to be 20 nm, much
thermal conductivity for the MWNT's is about 2 smaller than the CNT length. This is consistent with our

X 107> W/mK. A comparison between the obtained effective%tl)\ls-?rl\é?‘té?ﬂ that the thermal conductivity is independent of
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