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Noncontact thermal characterization of multiwall carbon nanotubes
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In this work, a photothermal experiment is designed and conducted to characterize the thermal
transport in carbon nanotub€ENTSs) along the axial direction exclusively. We characterize the
thermal contact resistance between CNTs and the substrate. The measured value demonstrates a
sound thermal contact between them. Our experimental result reveals a low thermal conductivity of
the CNTs along their axial direction. The unique structure of the CNTs characterized in our work
indicates that the thermal transport in the axial direction is across the carbon atomic layers. This
explains why the measured thermal conductivity is much lower than theoretical predictions, in
which the thermal conductivity is along the atomic layer direction. In addition, our transmission
electron microscope observation of the CNTs reveals poor structural qualities, which can strongly
enhance phonon scattering and reduce the thermal conductiviB0@ American Institute of
Physics[DOI: 10.1063/1.1854725

I. INTRODUCTION these experimental results differ significantly from the theo-
retical predictions(1600—6600 W/m K>~ Later, the ther-

The unique structure and dimension of carbon nanotubemal conductivity of parallel SWCNTs was measufédnd a
(CNTy lead to physical properties that have prompted darger value of 218 W/m K was obtained, which was still
wide variety of potential applications. Knowledge of thermalmuch smaller than the theoretical predictions reviewed
transport in CNTs in these engineering applications is cruciahbove. The thermal conductivity ofggfilled SWCNTs was
for achieving desired device functions, optimizing systemmeasured to be~15W/mK using the comparative
performance, and improving the dependability of devices. Inmethod® Recently, Shiet al'® measured the thermal and
recent years, a number of theoretical and experimental studhermoelectric properties of one-dimensional nanostructures
ies have been undertaken to investigate the thermophysicaking a microfabricated device. They reported thermal con-
properties of nanowires/tubes with great emphasis placed afuctivities of ~3 W/m K and 150 W/m K for SWCNT
CNTs. An extensive review of phonons in CNTs has beerbundles of 148 and 10 nm diameters, respectively.
conducted by Dresselhaust and Ekidrid,which studies on For multiwall CNTs, experiments conducted by ¥t
thermal properties of CNTs have been discussed. For theal.,'! Xie et al,’® and Lu, Yi, and Zhantj led to a thermal
retical investigations of heat transfer in CNTs, the obtainedtonductivity of only about 27 W/m K. For an aligned mul-
data for the thermal conductivity has shown great deviationstiwall CNT array, Borca-Tasciuet al* reported anisotropic
Using molecular dynamic@MD) simulation, Berber, Kwon, thermal diffusivities that were two orders of magnitude
and Tomanekreported a room temperature thermal conduc-smaller than that anticipated from individual CNTs. Yaetg
tivity of 6600 W/mK for (10, 10 single-wall CNTs al.'® measured the thermal conductivity of aligned multiwall
(SWCNT9, while a much different value of 1600 W/m K CNT arrays to be 12—17 W/m K. They estimated the ther-
was proposed by Osman and Srivastavapplying the  mal conductivity of pure nanotubes to be200 W/m K.
theory of force field, Che, G#n, and Goddard pointed out Kim et al® measured the thermal conductivity of an indi-
that the thermal conductivity of10, 10 SWCNTs was vidual CNT to be over 3000 W/m K at room temperature.
2980 W/m K, differing much from the above results. They estimated the mean free path of phonons in the nano-
Maruyama performed nonequilibrium MD simulation and tube to be around 500 nm, comparable to the effective length
found that the thermal conductivity of SWCNTs increasedof the tube(2.5 um). Therefore, the boundary scattering of
linearly with their length up to 0.xm. In his work, the phonons could substantially reduce the measured thermal
thermal conductivity of 410, 10 SWCNT 200 nm long was conductivity. The techniques employed in these experimental
calculated to be~375 W/m K at room temperature. studies involved bonding samples and sensors/heaters to-

As for the experimental study, only a handful of experi- gether. As a result, an appreciable thermal contact resistance
ments have been conducted to measure the thermal condusetween the sample and heater/sensor could arise and
tivity of CNTs. Honeet al® measured the thermal conduc- strongly affect the final measurement results. Absence of
tivity of dense-packed SWCNT ropes, and attained a value dknowledge of this thermal contact resistance imposes signifi-
35W/mK for an as-grown mat sample and only cant uncertainties on the measured thermal conductivity. In
2.3 W/mK for the sintered sample. It is worth noting that addition, most of the experiments require a large-size sample

in order to acquire sensible signals, in which case it is con-
Author to whom correspondence should be addressed; electronic maiiderably difficult to preclude nanowires/tubes from touching
xwang3@unl.edu each other. Hence the heat conduction occurring inside does
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Ultrathin Si 70 nm-thick Cr film transport in CNTs.

FIG. 1. Schematic of the experimental principles. . .
P princip As a result, the thermal transport induced by laser heating

S ) can be treated one-dimensionally along the thickness direc-
not follow the axial direction exclusively and the measuredion of the sample.

thermal conductivity is an average value reflecting the heat
conduction in multidirection.

In this work, a photothermal experimental technique is )
developed to characterize the thermal conductivity of highlyB- EXPerimental setup
aligned multiwall CNTs. Due to the special design of the  Figure 2 shows how the experiment is arranged and op-
sample and the experimental technique, we are able to digrated. A continuous Nd:yttrium—aluminum—garnet laser
tinguish the thermal conductivity of CNTs and the thermalbeam (A=1064 nm is modulated by an acousto-optical
contact resistance between CNTs and the substrate. The exodulator(AOM) and then is focused on the CNT sample.
perimental principles and details are presented in Sec. the AOM is triggered to modulate the laser beam to be pe-

while the experimental results are discussed in Sec. lll.  riodical square waves with the on/off time equal in each
period. Different laser powers will heat the sample to differ-
Il. DETAILS OF EXPERIMENT ent temperatures, which may affect the thermophysical prop-

erties of the samples. In our experiment, a laser beam of

In this section, first we present the experimental prin-200 mW (after modulation is used, which assures suffi-
ciples of the photothermal technique. Then we describe theiently high thermal radiation signal from the Cr surface
experimental setup and how the experiment is conducted. while keeping the sample temperature increase moderate to
preclude large change of the thermophysical and optical
properties of the sample. The laser beam has a Gaussian
distribution in space. In the experiment, the spot of the laser

Figure 1 shows the principles of the experiment. Thebeam on the sample is abot0.7x 1.4 mn? (the beam is
sample used in our experiment embodies highly alignedot perpendicular to the sample surfgcehich is much
CNTs perpendicularly grown on a 70 nm-thick Cr film that is larger than the thermal diffusion depth in the lateral direction
coated on an ultrathifl4-um-thick) Si wafer. A modulated of the sample. As a result, the Gaussian distribution will have
laser beam is used to irradiate the backside of the silicomegligible effect on the measured phase shift. The thermal
wafer. Ultrathin Si is chosen as the substrate because it haadiation from the Cr filn{refer to Fig. 3 passes through the
weak absorption of the infrared laser be@x¥ 1064 nn) in thin silicon wafer and is directed to an infrared detector. A
our experiment and is transparent to the thermal radiatiose window is placed in front of the infrared detector to filter
from the Cr surface. As a result, the laser beam induces diut the reflected laser beam and allows only the thermal ra-
rect heating of the Cr film, leading to a periodic temperaturediation to pass. The signal from the infrared detector is
variation at the Cr surface. The heat conduction along CNTpreamplified and then is measured by a lock-in amplifier. The
strongly affects this temperature variation, which is sense@xperiment is controlled by a PC for automatic data acquisi-
by measuring the surface thermal radiation. The phase shifton.
of the thermal radiation relative to the laser beam is mea- We are interested in measuring the phase stiifte de-
sured and used to determine the thermophysical properties tfy) between the thermal radiation and the modulated laser
the sample. The phase shift of the thermal radiation is meaeam, but the measurement will inevitably include a time
sured over a large frequency range. Trial values of unknowilelay induced by the system. This time delay is calibrated by
properties are used to compute the theoretical phase shift ateasuring the reflected laser beam from the sample. In this
each experimental frequency. The trial values giving the bestalibration, the Ge window is removed. The signal measured
fit (least squareof the experimental results are taken as theby the infrared director consists of both the reflected laser
properties’ value. In the experiment, the heating sfibe = beam and the thermal radiation. Our experiment indicates
size of the focal point of the laser beais about 0.7 mm that the reflected laser beam is much stronget0® times
X 1.4 mm. The modulation frequency of the laser beam ighan the thermal radiation, which ensures that the measured
between 2 and 70 kHz. Within this frequency range, the therphase shift(¢.,) in calibration is for the reflected laser
mal diffusion depth within one heating period in the lateralbeam. The phase shift of the reflected laser beam is induced
direction of the sample is much smaller than the heating spoby the system exclusively since reflection does not induce

A. Experimental principles
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FIG. 4. Measured phase shift of the reflected laser beam and absolute time
delay induced by the instrument.

delay, this phase shift would be 180° because the zeroth or-
der of the deflected laser beam from the AOM is used to
FIG. 3. Pictures of the CNT sample taken under a SE¥Overall picture irradiate the sample surface. From the measured phase shift,
of CNTs on the substrate, arit)) top area of CNTs to show their high-  the gpsolute time delay induced by the system is calculated
degree alignment and size as(180-¢p,)/360/f wheref is the modulation frequency. In
Fig. 4 it is evident that the time delay induced by the system
time delay. The real phase shift of the thermal radiation isg apout 700 nél ns=10° s). Figure 5 displays the absolute
Pmea” Pear Wheredne,is the raw data of the measured phasepnase shift of the thermal radiation signal from the Cr sur-
shift for thermal radiation. face, as well as the fitting results. For experimental result
The phase shift of the thermal radiation is measured in Jitting, the physical model developed by Hu and W%ﬂ'?dis
frequency(f) range of 2—100 kHz. At high frequencies, the employed. In work by Hu and Warfﬁ',ﬂthe laser beam was
thermal radiation signal is too weak in comparison with theyseq to irradiate the sample surface. The air pressure varia-
noise. Therefore, in data reduction, only the data points b&;jon in the region adjacent to the sample surface was mea-
tween 2 and 70 kHz are used. This frequency range ensurgged and used to determine the thermophysical properties of
that during the period of laser heating, the thermal penetrasamples. In this work, the laser beam is used to irradiate an
tion depth in the lateral direction of the sample is muchjnterface inside the sample. Thermal radiation from the in-
smaller than the spot size of heatifig0.7x 1.4 mnf). Asa  sjde interface is measured and used to determine the thermo-
result, we only need to consider the one-dimensional hegfhysical properties of a specific layer. In this work, the
conduction in the thickness direction of the sample. T”‘""sample consists of different layers, including the air at the
values of unknown thermophysical properties of the samplegop of the CNT array, the CNT array, Cr film, Si substrate,
will be used to calculate the theoretical phase shift. The triafnq the air below the Si substrate. Volumetric absorption of
values, which give the best fiteast squareof the experi-  he |aser beam in the Cr coating and the thermal contact
mental results, will be taken as the properties of the samplgesistance at the CNT/Cr and Cr/Si interfaces are consid-
ered. It is evident that the fitting result and the experimental
IIl. RESULTS AND DISCUSSION data agree well each other. Since it is hard to directly tell the
difference between the fitting result and the experimental

The sample used in our experiment is obtained fromy,e, i the figure, we also plot the difference between them
Nano-lab, Inc. The CNTs were fabricated using plasma-ij

h d hot il hemical g O | diamond in the figure It is observed that this phase shift
enhanced hot filament chemical vapor deposition. Detalls ofjierence is around or less than 0.2°, which is consistent

the fabrication procedure are discussed in work by ReNSith the experimental uncertainty observed in our experi-

17-19 = H
group. Fl_gure 3 shows_plctures of the sample ta_ke_n UNment. Based on phase shift fitting, the effective dengity)
der a scanning electron microsco@EM). In Fig. Ja) it is

observed that the CNTs are highly aligned. Carbon nano-

tubes look tilted in Fig. @) because they were stripped off 10 prrerpreerrere T 2
the substrate for sample preparation in order to be observed 20 : ¢+ Difference
under the SEM. Figure (B) indicates that the diameter of 3 f R E':::ﬂmm 13
CNTs is around 100—200 nm. The length of the CNT array is B0k ] =
about 20um based on the observation under the SEM. As % :,”,. Jo §
mentioned in the experimental principléSec. 1l A), a g 40 2
70-nm-thick Cr coating is deposited between the end of 5_50:_ -:-1'—;
CNTs and the Si substrate. s ]
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Figure 4 presenFs the_ measured_ phasg shift for th? '§9G. 5. Data fitting of the absolute phase shift of the thermal radiation from
flected laser beam in calibration. Without instrument timethe sample surface.

Downloaded 03 Mar 2005 to 129.93.16.3. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



064302-4 Wang, Zhong, and Xu J. Appl. Phys. 97, 064302 (2005)

Ni particle\

X
N
N
X
N
X
N
N
N
N
N
X
X
N
N

@ ®)

FIG. 6. (a) Multiwall carbon nanotubes with structures preferable for ther-
mal transport in the axial direction, arid) schematic of the structure of
CNTs characterized in this work.

and effective thermal conductivitk.¢) of the CNT array are
determined to be 11.72 kgArand 0.145 W/m K, respec-
tively. Since the structure of CNTs is close to that of graph-
ite, we use the density of graphite) 2210 kg/n? as the
density of CNTs to calculate the absolute thermal conductiv-
ity (k) of individual CNTs ask=p/peffXxkeff=27.3 W/

m K. This relationship is physically reasonable because
the thermal transport is only along the axial direction ofFIG. 7. Carbon nanotubes observed under TEM. The scale bar represents
CNTs in our experiment. Based on data fitting, we also?20 "™ i Fig- & and 70 nm in Fig. ®).

determine that the thermal contact resistance at the

CNT/Cr interface is less than>310°8 K m2/W, in which  direction. The published high thermal conductivity of
the effects of the space between CNTs and within CNTSSWCNTSs is along the atomic layer direction. Struct(sgis

are already excluded based on the effective density of théor the CNTs measured in our work, which were grown from
CNT array. The exact value of this thermal contact resis2 thin Ni film coated on a Cr film. In the experiment for
tance is too small to be determined by our current photogrowing CNTs, the Ni film cracked and shrank to become Ni
thermal technique. In the experiment, based on phase shifgnoparticles. These Ni particles left the Cr surface and
data fitting, the thermal contact resistance between the Cytayed at the tip of CNTs to promote tip growth. Therefore,
coating and the Si substrate is determined tolo@43 in fitting of the experimental data, the Ni film is not consid-

%X 1075 K m2/W. During Samp|e preparation for making ered. Due to the special structure of the Ni particle, the
CNTs, such as coating the Si substrate with Cr, the Sptomic layer of the CNT wall is not along the axial direction
substrate is too fragilél4 um-thick) to be cleaned thor- Of the tube, but tilted with respect to the tube aiss a
ough|y before Coating Cr. Therefore, the contamination orfGSU't, the measured thermal conductivity in the axial direc-
the Si surface could give rise to this large thermal contaction is across the atomic layer, explaining why the measured
resistance. After the Cr coating is made, the sample ihermal conductivity is much lower than the theoretical pre-
immediately prepared for CNT synthesis. Therefore, thedictions. The other reason for the measured low thermal con-

thermal contact resistance between CNTs and the Cr coafluctivity of CNTs is their poor structural quality. Figure 7
ing is relatively small. displays some of the measured CNTs observed under a trans-

mission electron microscog@EM). For sample observation
under the TEM, we first scratch a small amount of CNTs off
the substrate and disperse them into methanol. Then the
The above measured thermal  conductivity mesh used for the TEM is dipped into the solution to deposit
(27.3 W/m K) of multiwall CNTs along the axial direction is CNTs on the mesh for observation under the TEM. The scale
much smaller than published theoretical predictionsbar in the picture represents 220 nm in Figa)7and 70 nm
(1600-6600 W/m K for SWCNTSs. One reason for this dif- in Fig. 7(b). It is evident that the thickness of the CNT wall
ference is the special structure of the measured CNTs in ous not uniform and there are a large number of defects in the
work. Figure 6 shows two different structures of CNTSs.tube. These defects strongly increase phonon scattering and
Structure(a) is the one used in theoretical prediction of thereduce the thermal conductivity. At present, we are doing
thermal conductivity of CNTs along the axial direction, in experiments to study the thermal transport in high-quality
which the atomic layer in the tube wall is along the axial CNTs using the experimental setup described in this article.

B. Experimental result interpretation
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