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We herein report the determination of the intrinsic thermal conductivity (x) and interfacial thermal
conductance (g) of single-walled carbon nanotube thin films (50 nm) on top of a SiO, substrate. The
study was performed as a function of temperature (300-450K) using the opto-thermal technique.
The value of x decreases nonlinearly by approximately 60% from a value of 26 Wm ™' K" at 300K
to a value of 9 Wm™"' K~ at 450 K. This effect stems from the increase of multi-phonon scattering
at higher temperatures. The g increases with temperature, reaching a saturation plateau at 410K.
These findings may contribute to a better understanding of the thermal properties of the supported
carbon nanotube thin films, which are crucial for any heat dissipation applications. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919792]

Carbon nanotubes (CNTs) have been intensively investi-
gated during the last 20 years because of their exceptional
electrical,’ mechanical,2 optical,3 and thermal properties.4
These particular properties stimulated exploratory research
for a wide variety of applications, e.g., heat spreaders,” elec-
trical interconnects,6 solar cells,” and supercapacitors.8 For
instance, by harnessing the high thermal and electrical con-
ductivity of CNTS, a potential candidate for next-generation
interconnects materials may be produced.® For the design of
this application (and many others), knowledge of the thermal
properties of carbon nanotubes, such as thermal conductivity
(k) and interfacial thermal conductance (g), is of great
importance.

Many previous works have addressed the issue of deter-
mination of the thermal properties of individual CNT struc-
tures using different methods, e.g., opto-thermal,lo thermal
bridge,” or 3m."? Therefore, it is known that the room tem-
perature thermal conductivity of individual single wall CNTs
(SWCNTs) may be very high, exceeding 3000 Wm™* K~*.13
However, for practical applications, more complex carbon
nanotube structures are needed such as CNT bundles or espe-
cially thin CNT films. However, the complexity of the struc-
ture and various synthetic methods of such carbon systems
introduce wide divergence in the thermal conductivity
values,'® often leading to a significant decrease in the values
to as low as 0. Wm ' K~' for random networks'> or 2.3
Wm ' K for carbon nanotube mats.'" Other studies have
shown a value of 18.3 Wm ! K ! (Ref. 16) for suspended
high-density SWCNT thin films and values from 8 to 20
Wm! K~ (Ref. 17) for different multiwall carbon nanotube
(MWCNT) mats. Determination of the room temperature
thermal conductivity of thin CNT films from tubes produced
by different methods has been demonstrated,'* showing no
dependence of x on the thickness of the film. Relatively thick
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(several pum) un-aligned nanotube ropes were used to mea-
sure the temperature dependence of thermal conductivity
below 300K, showing a decrease of k with decreasing
temperature.'®

Temperature-dependence of various CNT mats/bundles
has been reported in the literature. For example, Sinha er al.'®
reported x(7T) dependency for as-grown (CVD) and sparse
MWCNT and SWCNT-films, showing an remarkably slight
(linear) increase of x from approximately 1.5 Wm ! K ! at
300K by ~8% at 380K. Aliev et al*° studied the thermal
conductivity of differently aligned MWCNTs (forest, bun-
dles, and sheets) in the temperature range of (70-320) K dem-
onstrating significant change upon temperature and length of
the samples, from « ~15 Wm ' K~ at 70K up to several
hundred Wm™" K™! at room temperature. More studies can
be read in the recent review by Marconnet ez al.’

The interfacial contact conductance also plays an impor-
tant role in the thermal properties of thin films laying on sub-
strates.” For instance, the value of this quantity was
theoretically estimated to be ~5.8 x 10’ W/m’K for various
diameters of separated SWCNTSs on a SiO, substrate, and
this value was dependent on temperature.”’ Other reports
have demonstrated the CNT-substrate thermal boundary
resistance for vertically aligned carbon nanotube arrays and
different substrates, e.g., 510222 or SiC.%* However, until
now, there are no studies of the interfacial contact conduct-
ance between horizontally aligned CNT thin films and the
substrate.

In this work, we measure the intrinsic temperature-
dependent thermal conductivity and interfacial thermal
conductance of a high-density semiconducting single-walled
carbon nanotube thin film on a SiO,/Si substrate. We show
that the thermal properties (k and g) of the SWCNT film
change significantly as a function of temperature in the range
of 300450 K. These findings may contribute to a better under-
standing of the thermal properties of supported CNT thin
films, which are crucial for any heat dissipation applications.

To assess the thermal properties of thin CNT films, we
utilized a Raman spectroscopy technique and an approach

© 2015 AIP Publishing LLC
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developed by Balandin ez al®* for graphene and later
adopted and extended by Ghosh ef al.,>> Chen et al.,*® and
Cai et al.”’ (See also, a comprehensive review on thermal
properties of carbon materials—Balandin.”®) We chose the
Raman technique because it is a simple and reliable method
for the characterization of thermal properties of nanomateri-
als. Thus far, this method has been applied to study the
thermal properties of CNTs (individual and films),'**° gra-
phene,”” WS,,** and MoS,.*"* The mentioned approach
enables calculation of the thermal conductivity (k) and the
interfacial thermal conductance per unit area (g) using the
local temperatures (depending on the heat transport ability of
the material) provided by Raman studies with different heat-
ing powers. Importantly, this approach enables derivation of
the intrinsic (volumetric) film thermal conductivity because
it does not require any contacts to the measured film.

CNT thin films were fabricated using well-dispersed
water  solutions of semiconducting SWCNTs from
Nanolntegris (Iso-Nanotubes-S, 99% purity). Initially, the
nanotubes were stabilized by a combination of ionic surfac-
tants. The tube diameters were in the range of 1.2—-1.7nm
with a mean length of | um and a concentration in solution
of 0.01 mg/ml. The thin films were prepared by a standard
vacuum filtration process.*> A specified amount of carbon
nanotube solution was filtered onto the mixed cellulose ester
membrane (Millipore, 0.025 pum pore-size, 25 mm diameter)
to obtain the desired thickness of the film. Residual surfac-
tant in the film/filter “sandwich” was rinsed away with
deionized water. After the filtration process in the first step,
the membrane with the SWCNTs film was dried and then
left in toluene for a few hours. Next, a 5 x 5mm section of
the SWCNT film-coated membrane was cut and transferred
face down onto a SiO,/Si substrate (1 um thickness of silicon
dioxide). A cellulose membrane was dissolved in the vapors
of acetone. Then, a sample was immersed into liquid acetone
to remove any residual filter. Finally, the sample was rinsed
with methanol and gently dried with nitrogen. Notably, no
crosslinking solution or residual surfactant was observed
between the carbon nanotubes in the final film structure (con-
firmed by Raman measurements).

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) were employed to initially characterize
the thin films. Fig. 1(a) shows an SEM image of the SWCNT
film. The film thickness, determined by the AFM measure-
ments, was approximately 50 nm. The absorbance spectra of
our films (fabricated on the glass substrate) were collected
using a Cary 5000 spectrometer (see Fig. 3(d) for details).

A=514nm }§
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The temperature-dependent Raman spectra were col-
lected using a Renishaw spectrometer with a 514 nm Ar laser
excitation line. A schematic of the experimental setup is
shown in Fig. 1(b). The carbon nanotube thin film on the
Si0,/Si substrate was illuminated by the laser beam from the
Raman spectrometer. In the experiment, we used two objec-
tives with magnifications of 20x and 100x, with different
numerical apertures (NA = 0.4 and 0.85, respectively), and
in a consequently different laser beam radius. In this configu-
ration, the laser beam is not only a source of photons which
scatter during Raman measurements but also a heat factor
(use of higher laser power can increase the local temperature
of the sample). To measure the temperature-dependent
Raman spectra, a sample was placed on the hot plate, which
enabled change of the temperature from 300 to 450K with a
stability of 0.1 K at ambient conditions. To determine the
local temperature of the SWCNT film upon laser heating, we
used the Raman G line position because its intensity is
higher than the G mode and enables more precise determi-
nation of the Raman mode position.?

Fig. 2(a) presents the normalized Raman spectra of the
SWCNT thin film at selected temperatures from 300 to
450K measured using the 20x objective and 0.16 mW inci-
dent laser power (where laser heating is not expected).
Detailed data obtained from temperature-dependent Raman
measurements of the G* peak for different objectives and
incident laser powers are presented in Fig. 2(b).

To describe the temperature dependence of the G peak
position, we used a linear fit with formula®*

o(T) = wo + 4T, ey

where o, is the phonon frequency at zero temperature and
is the first-order temperature coefficient. The fitted y parame-
ters are presented in Fig. 2(b) for each data series.
Measurements were performed for an objective with magni-
fication 20x (incident laser powers (P;) of 0.16 mW and
1.33 mW) and 100x (incident laser powers of 0.04 mW and
0.31 mW). These data are further used for calculation of the
film thermal properties (adopting the model of Cai et al.*").

We performed measurements for two power levels;
however, we performed several measurements for each
power level at each global temperature to obtain more reli-
able and more accurate results. We used such power levels
to effectively heat the film and obtain substantial Raman
shift of the G mode position while not damaging it at the
same time. The laser power range was carefully tested before
using on the samples.

20x (r0=0.41um) or 100x (r0=0.195um) (b)

FIG. 1. (a) SEM image of a high-
density SWCNT thin film, the scale
bar represents 400nm. (b) Schematic
of the Raman experimental setup
(SWCNT film thickness 50 nm), which
is the beam radius for different
objectives.

SWCNT thin film
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The different results for the two objectives come from
the different laser beam sizes (ry) for objectives with differ-
ent NA. The 100x objective had a smaller beam size, thus,
the heat power density was higher than in the case of the
50x objective (for the same laser power level). As a conse-
quence, the temperature rise generated by the heat source
with smaller r, and the temperature measured by Raman
spectroscopy is higher. This result corresponds to larger
Raman shifts, as depicted in Fig. 2(b).

As the starting point for determining the thermal proper-
ties (rc and g) of CNT films is the heat diffusion equation in
cylindrical coordination

1d ( dT) g L

rdr \ dr Kt
where k is the thermal conductivity, g is the interfacial ther-
mal conductance per unit area, ¢ is the thickness of the CNT
film (50 nm, obtained from AFM measurements), and 7, is
the ambient temperature. In the performed experiment, volu-

metric optical heating is described by the above equation,
assuming a Gaussian-type profile of the laser beam

T.) + e_ 0. (2)
K

0- "t"e(_) 3)

where g, is the peak of absorbed laser power per unit area at
the center of the beam spot and r, is the beam radius. The r,
was calculated using the formula ry) = A/nNA (where NA is
the numerical aperture of each lens), and was determined to
be 0.41 um and 0.195 pum for 20x and 100x lenses, respec-
tively. Then, the temperature rise as a result of optical heat-
ing, 0=(T-T,), was introduced. Using the solution of Eq. (2),
the temperature rise measured in the Raman spectra can be
expressed by

O = °— 4)

Furthermore, we used a quantity, defined as if)’” (where P ¢
is absorbed laser power), that can be experlmentally obtained
from the following equation:

300 320 340 360 380 400 420 440 460
Temperature (K)

bars not shown for clarity).
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where y is the temperature coefficient derived earlier from
the measured temperature-dependent Raman spectra. Using
(00,,/OP ;) instead of the measured temperature rise (0,,)
allows us to avoid calibration errors from the optical systems
for both lenses used in the experiment.

The thermal properties were then derived by the solution
of the system of Eq. (5) for two different lenses with differ-
ent beam radii because the solution of Eq. (2) depends only
on two unknown parameters, x and g.

The (00,,/0P ) is determined from experimental data
in the following manner. First, for each global temperature,
(Ow/OP ) is calculated from the position of the G mode
dependence on the absorbed laser power. The absorbed laser
power (P »,) was calculated as the incident laser power times
the absorbance level. The absorbance spectrum of the CNT
film on the glass substrate used in this experiment was meas-
ured and is depicted in Fig. 3(d). For the excitation wave-
length utilized herein (4 = 514 nm), the absorbance level (o)
was approximately 11% (noted by an arrow on Fig. 3(d)).
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FIG. 3. Calculated (a) (Ow/OP ), (b) AT = T-T,, and (c) (00,,/OP 4,) val-
ues as a function of global temperature for the 20x and 100x objectives for
a SWCNT thin film. (d) Absorbance spectra of the SWCNT thin film on
glass.
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We note that measured value of o indicates that the laser
light penetrates entire film through. This is also evidenced by
the presence of the Si peak (~520cm ') in the Raman spec-
tra (data not shown here). Thus, the heat dissipates radially
from the center not only on the surface of the film but also
within.

The (Ow/OP ;) was calculated for two lenses as the dif-
ference between the G mode position for two P, levels,
which was linearly fitted. Then, by extrapolation of the fitted
data to P, = 0, the temperature dependence of the G
mode position was calculated, and the y parameter was
obtained for each lens. Finally, the experimental value of
(00,,JOP ,1,5) was obtained on the basis of Eq. (5).

To determine the thermal properties of the CNT film,
these values were interposed to the systems of Eq. (5), which
was solved for each global temperature. The calculated
temperature  dependence of the values (Ow/OP,y),
AT =T —T,, and (00,,/OP ,,,), for both lenses are presented
in Fig. 3. It can be clearly observed that the values of AT for
the 20x and 100x objectives are different, which is associ-
ated with the various laser power densities and r, values for
each lens. The obtained slopes of the (90,,/0P ) values
were 573 and 1487 K/W for the 20x and 100x objectives,
respectively.

In the next step, the calculated thermal conductivity and
interfacial thermal conductance of the SWCNT film were
determined for the (90,,/0P ) value at each measured tem-
perature, which are shown in Fig. 4. First, at room tempera-
ture, the value of x was found to be approximately 26 W/mK
and is within the relatively large range from 0.13 W/mK to
over 250 W/mK reported in the literature (see Ref. 9). The
main factors responsible for the significant discrepancy in
the determination of thermal conductivity are the tube-tube
junctions, the alignment, the filling factor of the system,9
and the substrate, as well as the different measurement
methods®*> and environments. We note here that our meas-
urements of the thermal properties took place under ambient
conditions and not in vacuum as in many cases. This
approach is important because it represents the most applica-
ble configuration.

The thermal conductivity was found to exhibit a nonlin-
car temperature dependence, decreasing with temperature
from 26.4 Wm ' K~ at room temperature to 9.2 Wm ™' K~
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FIG. 4. Point stats for calculated values of x and g as a function of global
temperature. The blue curve represents fit to the data using the function (aT
+bT°) ', wherea = —(117 = 4) x 10 *m/Wand h = (82 = 1) x 10 * m/
WK. The g curve (red) is only a guide for the eye.
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at 450K, showing a nearly 60% drop. This trend appears to
be consistent with the Umklapp phonon-phonon scattering
process, in which both first and second order contributions
(Ref. 36) lead to a i(T) that scales as (aT +bT?)~!, where a
and b are constants. The fit obtained from the temperature-
dependent data is shown in Fig. 4. Interestingly, a very simi-
lar trend was observed in the case of an individual SWCNT
above room temperature by Pop ez al.,*® demonstrating that
the nature of the heat dissipation processes in individual tubes
are similar to those in more complex systems such as densely
packed CNT films. Another possible explanation is that in
50nm thick and dense film, the boundary phonon scattering
(at the tube-tube interface) may be much stronger than the
second-order phonon-phonon scattering. However, there is a
lack in the literature on this issue, but theoretical estimation
for graphene shows that the second-order processes limits the
thermal conductivity in graphene nanoribons with average
size above 100 um.*’

The interfacial thermal conductance exhibits nonlinear
characteristics, increasing from 1.18 to 1.57 MWm 2K 'in
the temperature range of 300450 K, reaching a saturation
plateau at approximately 410 K. The value of g needs to be
considered with care because it is directly proportional to the
substrate-CNT film interaction strength (see Ref. 21 and the
references within). By contrast, the linear dependence of
g(T) in the case of individual tubes reported by Ong and
Pop?! were observed to strongly increase nonlinearly with g
to a saturation plateau at 410 K. However, this trend is simi-
lar to that observed for a multilayer graphene system on a
Si0, substrate.®

We note that the value of the interfacial thermal con-
ductance at the interface between the thin film and the sub-
strate may influence the value of x. Our calculations show
that a 10% change of g will change x by nearly 7% at 300 K
and 12% at 450 K.

In conclusion, we herein report the thermal conductivity
of supported semiconducting SWCNT thin films as a func-
tion of temperature under ambient conditions, designated by
the Raman method. We found that the thermal conductivity
has nonlinear characteristics and decreases from 26.4 to 9.2
Wm ' K™ in the temperature range of 300-450K. A
decrease of the thermal conductivity is associated with the
increase of higher order phonon scattering processes. We
show that that the value of g increases with temperature,
reaching a saturation plateau at 410 K. These findings may
contribute to a better understanding of the thermal properties
of supported CNT thin films, which are crucial for any heat
dissipation application.
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