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ABSTRACT: Thermal properties of single wall carbon Laser
nanotube sheets (SWCNT-sheets) are of significant impor- -
tance in the area of thermal management, as an isolated
SWCNT possesses high thermal conductivity of the value
about 3000 W m™~" K™'. Here we report an indirect method of ~Cuheatsink
estimating the thermal conductivity of a nanometer thick

suspended SWCNT-sheet by employing the Raman scattering
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the radial breathing modes predicts narrow diameter size 4 pm em)

distribution with achiral (armchair) symmetry of the

constituent SWCNTs. From the first order temperature coefficient of the A;, mode of the G band along with the laser
power dependent frequency shifting of this mode, the thermal conductivity of the suspended SWCNT-sheet is estimated to be
about ~18.3 W m™' K™!. Our theoretical study shows that the thermal conductivity of the SWCNT-sheet has contributions
simultaneously from the intratube and intertube thermal transport. The intertube thermal conductivity (with contributions from
the van der Waals interaction) is merely around 0.7 W m™' K™!, which is three orders smaller than the intratube thermal
conductivity, leading to an abrupt decrease in the thermal conductivity of the SWCNT-sheet as compared to the reported value
for isolated SWCNT.

KEYWORDS: single wall carbon nanotube, Raman spectroscopy, phonon, thermal conductivity, chemical vapor deposition,
MD simulation

Bl INTRODUCTION size distributed, and suspended SWCNT-sheet. The heat

Carbon nanotubes (CNTs) are an allotrope of carbon, in which energy in solids is transferred by the quantized lattice vibration

carbon atoms are bonded each other to form tiny cylinders."™* called phonons and free electrons. Both of these contribute to

Among CNTs, single walled carbon nanotubes (SWCNTS) are the intrinsic thermal conductivity of solids.'” In metals the
) . a .

of great research interest due to their extraordinary physical thermal conductivity has contributions predominantly from free

properties such as higher thermal conductivity and ballistic electrons, whereas in semiconductors and insulators, phonon

electron transport.”~” Individual SWCNTSs can have very high
thermal conductivity (as high as 3000 W m™'K™' or even
higher as predicted theoretically);'*™** thus, SWCNTSs are a
very promising material for thermal management applications.
However, for practical applications, especially for thermal
management, SWCNT-sheets are often desired. In the
literature, there are wide discrepancies in the thermal
conductivity values for various CNT systems, ie., from
individual isolated CNTs to their assembly (thread, sheet,
etc.)."* ™' In most of the earlier reports, SWCNT-sheets have
either broader diameter size distribution or embedded in a
polymer matrix.'”'® Thus, the intrinsic thermal conductivity
has not been realized. In view of this, it is necessary to shed
light on the thermal property of defect free, narrow diameter
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contribution dominates. As Raman spectroscopy probes the
zone center phonons and phonon related phenomena in
solids,*™** it could possibly be used as a potential tool to
estimate the lattice thermal conductivity of carbon materials.
Herein, we report an indirect method for estimating the
thermal conductivity of a nanometer thick suspended SWCNT-
sheet by employing the Raman scattering technique. The tube
diameter of our sample is confirmed by the transmission
electron microscopy and Raman scattering studies. Thermal
conductivity of the suspended SWCNT-sheet has been
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Figure 1. (a) TEM image of the SWCNT-sheet. The image is obtained from

one of its edges. Regions I and II show the aligned and unaligned tube

domains of the sheet, respectively. (b) A typical image with higher magnification, that shows a narrow diameter size distribution of the tube.
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Figure 2. (a) Room temperature Raman spectra of SWCNT-sheet. (b) Portion of part a shows clear low intense peaks. (c) The G band is fitted with

four peaks.

estimated from first order temperature coefficient of the A,
mode of G band, along with laser power dependent frequency
shifting of this mode. Our experimental finding of the low
thermal conductivity is explained by our theoretical calculation.

B EXPERIMENTAL SECTION

Thermal chemical vapor deposition technique was used for the growth
of high quality SWCNTs. In a typical procedure,”® 100 mg of Fe/MgO
(0.6 wt % Fe) catalyst was uniformly spread in the quartz boat, and the
quartz boat was placed in the middle of quartz tube (inner diameter 22
mm) mounted in a temperature-controlled cylindrical horizontal
furnace. The furnace was heated up to 1023 K, with the Ar gas flow,
and then, high purity grade methane/argon (20:80) was introduced for
10 min at a flow rate of 750 cc/min. The furnace was then cooled to
room temperature under Ar atmosphere. In order to remove the Fe-
and Mg-based impurities (Fe, FeO,, and MgO,) and amorphous
carbon from the as-grown SWCNTSs, the material is purified in three-
step process which minimizes the damage to the SWCNTs. In the first
step, the dense sheet of composite powder (S00 mg) was sonicated
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with S0 mL of concentrated HCl (37% HCl in H,0) at room
temperature, to extract the SWCNTs by dissolution of MgO,, FeO,
and Fe impurities present in the sample. The resultant product was
washed with deionized water until neutrality, washed with methanol,
filtered, and dried under vacuum for 8 h at 60 °C. In the second step,
300 mg of HCl-treated SWCNTSs was dispersed in 100 mL of 6 M
HNO; in a round-bottom flask, refluxed at 70 °C for 24 h to remove
Fe particles as well as amorphous carbon, and then washed with water/
methanol, filtered, and dried at 80 °C in a vacuum oven for 12 h. In
the last step, dried SWCNT powder was heat-treated at 300 °C for 1 h
under Ar atmosphere. Raman measurements were carried out using a
Horiba-Jobin T64000 micro-Raman system, and a diode laser with
excitation wavelength of 514.5 nm was used. The temperature
dependent Raman studies are carried out by changing the sample
temperature by an external temperature controller. These samples are
characterized using a high resolution transmission electron microscopy
(HRTEM, JEOL JEM-2200FS). The thermal transport is simulated by
the direct MD simulation method implemented in the LAMMPS
package.’® The C—C interactions in the SWCNT crystalline sample
were described by the Adaptive Intermolecular Reactive Empirical

dx.doi.org/10.1021/am505484z | ACS Appl. Mater. Interfaces 2014, 6, 19958—19965



ACS Applied Materials & Interfaces

Research Article

A, peak positon (cm™)

19

Intensity (arb. units)

i 0
1600 1640

1560
Raman shift (cm’1)

1520

1594

1592

1590

1588

L =
o
° 12 2
? <
s
- '0 §
2 aQ
o s : 110 2
o>
1 1 1 1 8
100 200 300 400 500

Temperature (K)

Figure 3. (a) Temperature dependent Raman spectra of the G band of SWCNT-sheet. (b) Plot of peak position and fwhm of the A;, peak, with the

solid lines being the fitting to the data.

Bond Order (AIREBO) potential.”” The distance cutoff for the
Lennard-Jones potential in the AIREBO was chosen as 1.02 nm. The
thermal current across the system is driven by frequently moving
kinetic energy from the cold region to the hot region.”® This energy
transfer is accomplished via scaling the velocity of atoms in the hot or
cold temperature-controlled regions. The total thermal current
pumped into the hot region (or pumped out from the cold region)
is ] = aE"". We have introduced a current parameter a to measure the
energy amount to be aggregated per unit time. We note that the total
current ] is the eflux parameter in the fix heat command in LAMMPS.
The physical meaning of the parameter « is the ratio between the
aggregated energy and the kinetic energy of each atom; i.e., & measures
the thermal current for each atom with respect to its kinetic energy.””
The velocity scaling operation was performed every 7 ps, which can be
regarded as the relaxation time of this particular heat bath. We chose 7
= 0.04 ps in all simulations.

B RESULTS AND DISCUSSION

Figure la shows a typical high resolution transmission electron
microscopy image of purified CNT. In the figure, we have
highlighted two regions, I and II; these clearly show that the
CNT-sheet consists of both aligned and unaligned tube
domains with large packing density. A higher magnification
image is shown in Figure 1b, and it can be seen from the figure
that our CNT sample consists of SWCNTs. Further analysis of
these images reveals a narrow tube diameter distribution.

Figure 2a shows the room temperature Raman spectra of our
CNT sample recorded over a wide wavenumber range (10—
3200 cm ™). For comparison we have provided Raman spectra
of as-synthesized (bottom) and purified (top) SWCNT-sheet
(see Supporting Information Figure S1).

Distinct peaks can be noticed in the low (@ < 500 cm™),
mid (500 < @ < 1800 cm™'), and high (1800 < @ < 3200
cm™") frequency regions of the spectra. The observed Raman
spectra resemble those from previous reports of SWCNTs.*° >
In other allotropes of carbon, such as graphite and graphene,
Raman modes at the low frequency side are absent (expect for
the shear mode in graphite at 30 cm™);* however, due to
confined geometry of CNTs, Raman selection rules impose
some of the modes in the low frequency region.** These
Raman active modes have either E,/,, or A}, symmetry which
originates from the coherent vibration of the carbon atoms in
the radial direction tube. These are called radial breathing
modes (RBMs). Its peak frequency is tube diameter dependent
(frequency is inversely proportional to the diameter for a
homogeneous cylindrical tube) and hence useful in estimating
the tube diameter precisely. In order to provide a clear picture
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of these RBM modes along with other low intensity peaks, we
have plotted the spectra from 10 to 1370 cm™' separately in
Figure 1b, and peak positions are indexed.

The various properties of SWCNTs depend on the manner
in which a graphene sheet is rolled up to form SWCNTs, and
the latter is determined by the chiral index (1, n,).*> a
SWCNT with unequal, nonzero values of chiral index has chiral
symmetry. For achiral SWCNTs, those with chiral index of (n,,
0) and (ny, n,) are called zigzag and armchair, respectively.36
Several theoretical calculations have been reported on the
possible number of Raman modes and their frequencies by
considering different chiral indexes. Our observed Raman
modes and their frequencies match well for sets of armchair
tubes with indexes (8, 8), (9, 9), (10, 10), and (11,11).*” Note
that it has been theoretically predicted that these are the most
stable armchair SWCNTs. The geometrical diameter of the
tube in terms of the chiral index can be expressed as d = ao(1,
+ mn, + n,2)V%/x where ay is the in-plane lattice constant of
graphite (ay = 2.441 A). For armchair SWCNTs where n, = n,,
the tube diameter linearly depends on n, as d = 1.356n,. The
estimated diameters of SWCNTSs with chiral indexes of (8,8),
(9,9), (10,10), and (11,11) are 1.08, 1.2, 1.35, and 1.49 nm,
respectively. These sets of tube diameters are consistent with
the TEM results (see TEM histogram in the Supporting
Information Figure S2). It may be pointed out that although
the Raman spectra indicate the majority of nanotubes have
armchair chiral symmetries, however, the presence of nanotubes
with chiral symmetry cannot be ignored in the sample.

An intense peak can be observed in the midfrequency range
of Raman spectra (1500—1600 cm™ frequency range), which is
known as the G band.”® Unlike graphite and graphene, the G
band of SWCNT arises due to the zone folding of the
graphene. Brillouin zone and the G band (armchair) is a triplet
with Raman active A, Ey, and E,; symmetries. The Raman
spectra of the G band is best fitted using a theoretically
obtained Raman line shape (damped harmonic oscillator
model) which can be written as

;(Ol"oa)a)oz(ﬁ +1)

(wg — @) + 0’T

I(w) =
(1)

Here, n = exp((—Aw)/(kgT)) — 1 is the phonon occupation
number, w, and I’y are the peak position and the line width,
respectively, and y, is related with peak intensity. The G band is
best fitted by four peaks (see Figure 1c) at about 1547.2, 1565,
1592, and 2006 cm™, and these peaks are identified as Eyg
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(AjgE1g), Ajy and E,, respectively, on the basis of the

. . .40 _
previously reported polarized Raman studies.” The low (wg™)
and high (wg") frequency side of the G band is associated with
vibration of carbon atoms along the circumferential and the
nanotube axis direction, respectively. It has been verified both
theoretically and experimentally that the A;, mode appearing at
1592 cm™ is the most intense peak in armchair SWCNTs.
Now we will consider this mode for further analysis of our
results.*' Tt may be noted that the D (1344 cm™') peak
intensity in a carbon material is the measure of defect
concentration in carbon material. The D peak intensity is
about 100 times lower than that of G peak indicating good
quality of our sample. In the Raman spectra, some of the weak
peaks originate from two phonon scattering processes
(combinational or second order phonon).

As mentioned in the Introduction, the central idea behind
this work is to estimate the thermal conductivity of SWCNT-
sheet with low defects and narrow diameter size distribution. In
order to estimate the thermal conductivity, we will follow
similar procedure as in our recent report for few layer MoS,
and other published reports.**** For this we will first focus on
the temperature dependent Raman study of SWCNTSs. Figure
3a shows the Raman spectra of the G band of the sample
recorded over a temperature window 83—473 K. It can be seen
from the figure that with increase in temperature the G band
shows a systematic red-shift. Moreover, a noticeable broadening
of the G band is observed with increase in temperature. These
spectra are further analyzed by fitting four peaks as discussed
above, and the intense peak at 1592 cm™! (Alg) is chosen for
the temperature dependency study. The plot of the peak
position of this peak versus temperature is shown in Figure 3b.
The temperature dependence of this peak position follows a
linear behavior, and the data is best fitted by considering the
following linear equation @ = w, + aT, where w, is the
frequency at 0 K, and a is the first order temperature
coefficient. The value of first order temperature coefficient (a)
is found to be —1.7 X 107> ecm™' K. The obtained value
closely matches with that of graphene.** The red-shift of the
optical phonon with increase in temperature is generally
associated with a combinational effect of volume contribution
(thermal expansion) and temperature contribution, resulting
from anharmonicity in the crystal lattice. The phonon
fregsuency can be expressed in terms of volume and temperature
as:

0lnV) (dhw

(55), = (5 (), (557),
)G

oP
Here y ~ (0In V/0T)p and k ~ —(0 In V/AP) are the volume
thermal coefficient and isothermal volume compressibility,
respectively.

Now, we will discuss the temperature dependent broadening
of peak at 1592 cm™! (Alg). The fwhm of this mode as a
function of temperature is plotted in Figure 3b. If the lattice
crystal were a perfect harmonic crystal, one would have
expected an infinitesimal Raman line width. In reality,
anharmonicity existing in the lattice forces allows optical
phonons to interchange their vibrational energies to other
phonon modes. In that case, an optical phonon can decay into
either two acoustic phonons of equal and opposite momentum
(Klemens channel) or one optical and one acoustic phonon

dlnw dlhnhw

oT

dlnw
oT
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(Ridley channel).**We will now focus on a qualitative
description of the temperature dependency of the first order
Raman scattering by considering the generalized decay channel.
If we consider the contribution to line width that arises from
the decay of zone center optical phonon into one acoustic and
one optical phonon, then it may be possible to express the
temperature dependent phonon line width as*’

I(T) =T, + A[l + n(w,, T) + n(w,, T)] (2)

where Iy is the background contribution, A is the anharmonic
coefficient, and n(w, T) is the Bose—Einstein distribution
function. The values of I'y, A, ®;, and @, used in the above
equation are 4.5, 2, 250, 1340 cm™), respectively, and the fitted
line to the data is shown in Figure 3b. It may be further noted
that the anharmonic process that accounts for multiphonon
recombination is not the only cause of Raman line shape.
Additional broadening of the G" was observed in SWCNT
bundles due to the tube—tube interaction.*® Defects and
isotopes can affect the Raman line shape by disturbing the
translation symmetry of crystal. However, the presence of poor
D band intensity ruled out defect contribution to the
broadening.

As a second procedure to evaluate the thermal conductivity
of SWCNTS, it is necessary to study the dispersion of 1592
cm™! (Alg) mode over change in laser power on a free-standing
SWCNT-sheet. In this case, the heat conduction to the sink is
purely through SWCNT-sheet. The choice of freestanding
sample is desired as heat generated from laser power will be
dissipated to the substrate, and it would result in inappropriate
information about the change in the peak frequency over laser
power. A suspended freestanding SWCNT-sheet is fabricated
by suspending the sample on a TEM grid (with no carbon
support) as shown in Figure 4a. As Cu has high thermal

Laser

(b)

SWCNT -sheet
Cu heat sink

Laser heating

Figure 4. (a) TEM image of the suspended SWCNT-sheet. (b)
Schematic representation of the SWCNT-sheet with laser heating.

conductivity (~390 W m~! K™!), it will serve as heat sink.*’
Hence, it is assumed that increase in laser power will not affect
the temperatures of the heat sink. The suspended SWCNT-
sheet nearly resembles a rectangular geometry where two edges
are supported on the copper grid. The length and the width of
the suspended sheet are about 4 and 3 um, respectively. Our
laser spot size is about 1.5 ym, and in order to ensure uniform/
homogeneous heat energy propagation to the copper (heat
sink), the laser was focused at the center of the suspended
sheet. The schematic representation of laser heating on the
suspended SWCNT-sheet is shown in Figure 4b.

For steady and uniform heat conduction through a plane
laminar surface of area A, the heat flow can be expressed by the
conventional heat flow equation as ((0Q)/(0dt)) = —k 55 vT
dA, where k is the thermal conductivity and T is the absolute
temperature. The term at the left-hand side of the equation
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ACS Applied Materials & Interfaces

Research Article

T T

Intensity (arb. units)

[ et

|
o
i
b
[
{i
i
i
4!
i

\Vmw '

......

{15915
115900 "

-1588.5

-41587.0

peak positon (cm

+

O

-41585.5

1 1 1 1

1 1 1 - 1 1 1
1525 1550 1575 1600 1625 1650 2
Raman shift (cm™)

4 6 8 10
Laser Power (mW)

Figure S. (a) Laser power dependent Raman spectra of the G band of suspended SWCNT-sheet. (b) Plot of A;, peak positions with laser power.

The solid line is the fitting to the data.

represents the heat flux. In a recent study Balandin et al.>® have
modified the above equation while estimating the thermal
conductivity of a suspended monolayer graphene using Raman
spectroscopy. The modified equation in term of thickness and
incident laser power is given by k = (1/27h)(AP/AT) where h
is the thickness of the layer, and AP is the difference in laser
power. By recalling the linear equation that we have used
previously to fit the temperature dependency of A;; mode and
differentiating it with respect to power, the expression for the
thermal conductivity can now be written as follows:

L= 1 s\
~sl5a )5 o

Here, 51, and 6w/GP are the first order temperature coefficient
and the change in frequency with incident laser power of A,
mode, respectively.

We change the laser power from 2 to 10 mW, and for each
power the Raman spectra of the suspended SWCNT-sheet was
recorded which is shown in Figure Sa. These spectra were fitted
with four peaks using a damped harmonic oscillator model as
discussed previously. The G mode (both wg™ and wg*
components) has undergone monotonous red-shifting and
broadening with increase in laser power. The above changes in
the Raman line shape suggest that the increase in laser power
has significantly increased the local temperature. Using the peak
position, the local temperature is extrapolated from the
temperature dependent peak position relation. The local
temperature due to 10 mW laser power is estimated to be
about 750 K. The laser power dependent peak position of the
intense A;, mode is plotted in Figure Sb. As the frequency
changes linearly with laser power, we fitted the data with a
straight line, and the slope of that line gives us the value of the
0w/5P, ie., rate of change of the A;; mode frequency with laser
power. The average value of dw/JP is found to be about 0.73
cm™/mW.

The only parameter in eq 3 which has to be determined is
thickness of the SWCNT-sheet. We employed electron energy
loss spectroscopy (EELS) to estimate the thickness. Thickness
measurement in terms of the inelastic mean free path (MFP)
can be useful for measuring the relative thicknesses of similar
specimens or thickness variations within a specimen of uniform
composition. Thickness is related to the effective mass (Z.g),
incident electron energy (E,), collection angle (f3), etc. The
thickness t is given by t/4 = In(I,/I,), where 4 is the total mean
free path for all inelastic scattering and can be calculated by>"

19962

_ 106F(Ey/E,,)
"~ In(2BEy/E,,) )

Here, F is a relativistic factor (0.768 for E, = 100 keV, 0.618 for
E, = 200 keV). Our calculation and EELS studies for this
sample result in 4 & 117 and thickness about 170 + 10 nm.

Using the values of 6w/0P, first order temperature coeflicient
of A}, mode (){Alg = —143 X 107> cm™/K), and thickness of
the FLMS (h = 170 nm) in eq 3, the average extracted thermal
conductivity of FLMS is found to be ~18.3 W m™' K",

The thermal transport in isolated CNT is determined by
phonon due to the strong sp’ bonding and limited by the
anharmonicity in the lattice potential. Second, the measured
phonon mean free path for CNT is about 700 nm for tube
length of 2 um.>* Although the mean free path has lower value
than the tube length but is still comparable, thermal transport
thus approaches the ballistic regime. However, for a randomly
oriented CNT-sheet, extrinsic thermal transport, i.e., phonon
scattering by boundary or tube junctions, cannot be ignored.
Due to the network structure of the sheet, the phonon mean
path is expected to reduce significantly resulting in pure
diffusive heat transport. This results in lower value of thermal
conductivity in SWCNT-sheet. Sten et al.>> have measured the
thermal conductivity of multiwalled CNT bundle using 3-@
method. Their result shows a low thermal conductivity for
multiwalled CNTs, and according to them, the low value of
thermal conductivity is due to disorder in the material.

Theoretical Results. As mentioned earlier the thermal
transport in the isolated CNT is determined by phonon due to
the strong sp® bonding and is mainly limited by the phonon—
phonon scattering in pure samples. The phonon—phonon
scattering is so weak for the flexure mode in the isolated CNT
that this mode has an extremely long lifetime, resulting in the
superior thermal conductivity of the isolated CNT. However,
for a randomly orientated CNT-sheet, the intertube thermal
transport plays an important role; i.e., heat energy needs to be
transferred from a CNT to its neighboring tubes. CNTs in the
network structure are connected to each other through the
weak van der Waals interaction, which should impose a strong
limitation on the thermal transport ability of the CNT-sheet.
We thus perform molecular dynamics simulations to illustrate
the effect of the van der Waals interaction on the thermal
conductivity of the CNT-sheet as follows.

Our theoretical study focuses on the crystalline SWCNT,
which can be regarded as a special configuration of the
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axial view for the crystalline SWCNT. Thermal energy is transport across the SWCNT. Color bar is with respect to the atomic temperature. (b)
Temperature profile at 300 K for a SWCNT. The current ratio & = 0.1, and the relaxation time of the heat bath is 7 = 0.04 ps. The top left inset
shows the linear fitting for the profile in x € [0.125, 0.375], giving a temperature gradient dT/dx,. The right inset shows the linear fitting for the
profile in x € [0.62S, 0.875], giving a temperature gradient dT/dx,. These two temperature gradients (dT/dx; and dT/dx,) are averaged in the
calculation of the thermal conductivity using the Fourier law. (c) Temperature profile at 300 K for the intertube thermal transport of the crystalline
SWCNT. Insets show the linear fitting for the left and right parts to extract the temperature gradient.
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Figure 7. (a) Length dependence of the thermal conductivity for the SWCNT with diameter d = 1.08 nm at 300 K. Data are fitted to a power
function. (b) The comparison between the intratube and the intertube thermal conductivity. The solid line in the top region is the intratube thermal
conductivity at 300 K for a free SWCNT of L = 4.0 um in length, as predicted by the power function k = 2.6L*% in part a. Red dots are for intertube
thermal conductivity of the crystalline SWCNT, where the diameter of the SWCNT is 1.08 nm. Blue circle is the experimental thermal conductivity
for SWCNT-sheet, in which the SWCNT is 4.0 ym in length and 1.08 nm in diameter.

SWCNT-sheet. Figure 6a shows the configuration of a
SWCNT in the top panel and the SWCNT-sheet in the
bottom panel. In the crystalline SWCNT shown in the bottom
panel, all armchair SWCNTs (8, 8) are closely aligned and
parallel to each other. The diameter of the SWCNT is 1.08 nm
that is close to the experiment sample. We study the difference
between the intratube and the intertube thermal conductivity.
The former describes the heat transport along the tube axis,
while the latter captures the ability of delivering heat energy
from a SWCNT to its neighboring tubes. Figure 6b shows the
temperature profile for a SWCNT at 300 K. The SWCNT is
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74.8 nm in length. The two insets show that the left middle
region with relative axial position in [0.125, 0.375] and the right
middle region within [0.625, 0.875] are linearly fitted to extract
two temperature gradients. These two temperature gradients
are averaged to give the final temperature gradient dT/dx. The
thermal conductivity is obtained through the Fourier law k =
(1/2) x (J/1(dt/dx)!), where a factor of '/, comes from the fact
that heat current flows in two opposite directions. The
difference between the left and right temperature gradients is
used to estimate the numerical error in the thermal
conductivity.

dx.doi.org/10.1021/am505484z | ACS Appl. Mater. Interfaces 2014, 6, 19958—19965
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Figure 6¢ shows the intertube temperature profile in the
crystalline SWCNT at 300 K. Each tube in the crystalline is
1.97 nm in length and 1.08 nm in diameter. The parameter a =
0.01 is chosen to be 1 order smaller than that used in the
simulation of the intratube thermal transport. It is because the
intertube thermal conductivity is so small that atoms in cold
regions will be frozen if their kinetic energies are pumped out
too fast.

As the first step, we simulate the thermal transport in a free
SWCNT. Figure 7a presents the length dependence of the
thermal conductivity for the free SWCNT at 300 K. The
thermal conductivity in the free SWCNT does not saturate at a
constant value with increasing length, because of the abnormal
lifetime of the flexure mode in the low-dimensional materials.>*
Data are fitted to a power function y = 2.6x"% For a given
length L = 4.0 pum, the fitting expression predicts a thermal
conductivity of k = 18546 W m™' K. Our experimental
thermal conductivity (18.3 W m™" K™') is about 2 orders
smaller than this value. It indicates that the thermal
conductivity value measured in the experiment is not merely
the intratube thermal conductivity. Figure 7b compares the
intratube thermal conductivity with the intertube thermal
conductivity. The solid line in the top region is the intratube
thermal conductivity at 300 K for a free SWCNT of 4.0 ym in
length, which is predicted by the power function k = 2.6L%%
obtained in Figure 7a. Red dots are for intertube thermal
conductivity of the crystalline SWCNT. The intertube thermal
conductivity is around 0.7 W m™" K™', which is at least 3 orders
smaller than the intratube thermal conductivity. In the
SWCNT-sheet sample, tubes are randomly aligned, so they
are not in the ideal packed configuration as the crystalline
structure. Hence, the thermal conductivity in the SWCNT-
sheet is contributed to simultaneously by the intratube and the
intertube thermal transport. As a result, we measured a value of
183 W m™! K™}, which is sandwiched between the intratube
and intertube thermal conductivity.

Conclusions. To summarize our results, a SWCNT-sheet
has been synthesized by CVD method. Raman scattering
technique is employed to determine the lattice thermal
conductivity of SWCNT-sheet of thickness about 170 nm.
The analysis of the radial breathing modes in the Raman
spectra of the SWCNT-sheet confirms the narrow diameter size
distribution of the tubes with achiral (armchair) symmetry.
From the temperature dependent Raman spectra of the A,
mode of the G band, the first order temperature coefficient is
found to be 1.7 X 107> cm™'/K. By measuring the laser power
dependent Raman spectra of SWCNT-sheet along with the first
order temperature coefficient of A;, mode, the thermal
conductivity of the suspended SWCNT-sheet is estimated to
be ~183 W m™' K. The lower value of the thermal
conductivity has also been explained and verified by theoretical
calculations. Our theoretical study shows that the thermal
conductivity of the SWCNT-sheet has simultaneous contribu-
tions from the intratube and intertube thermal transport. The
intertube thermal conductivity (contributed by the van der
Waals interaction) is merely around 0.7 W m™" K™', which is 3
orders of magnitude smaller than the intratube thermal
conductivity, leading to an abrupt decrease in the thermal
conductivity of the SWCNT-sheet as compared to that of
reported value for isolated SWCNT.
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