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We report the temperature-dependent Raman spectra for high-density single-walled carbon
nanotube thin films. We show that the position of the main Raman mode (G) softens as the
temperature increases and is nonlinear in the range of 70270 K. This effect is explained by optical
phonon decay. In the linear regime, the first-order temperature coefficient (y1) equals —0.02cm™ /K,
which is lower than for any other carbon nanotubes. Importantly, we found that local laser-induced
temperature change shows a nonlinear trend as a function of global temperature with a minimum
at 270K. Our results contribute to understand the thermal properties of carbon nanotube thin films
that could be applied, for example, in photovoltaic or thermoelectric devices. © 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902522]

Since their discovery, carbon nanotubes (CNTSs) have
been studied intensively due to their unique opto-electronic,
mechanical, and thermal properties, which allow for many
applications.'™ Simultaneously, various CNT production
methods have been extensively developed, meaning it is pos-
sible to produce supported or suspended individual carbon
nanotubes® and more complex structures such as bundles,’
composites with other nanoscale materials,6 or thin films.”
CNT thin films are more attractive than individual tubes due
to their broader applicability. However, how/whether the
properties of individual nanotubes change when transformed
into a thin film, where nanotube interactions and topology
may strongly affect the macroscopic properties, are particu-
larly interesting because the film properties may differ sig-
nificantly from those observed for an individual tube. Thus,
such CNT films can be treated as a metamaterials® character-
ized by their thickness and density. Such metamaterials can
be fabricated via a few methods (sprayed, aerogels, dielec-
trophoresis, and drop-casting)’'? including vacuum filtra-
tion.” The vacuum filtration process produces high-density
films with the desired film thickness, size, and, more impor-
tantly, high homogeneity. These traits enable the use of CNT
films to produce devices such as photovoltaic devices,"” heat
dissipation devices,'* temperature sensors,'” or optoelec-
tronic devices.'® For most of these applications, knowledge
of the film’s thermal properties is critical to their perform-
ance. Heat dissipation is currently one of the most significant
performance limitations for various electronic devices.
Temperature-dependent phonons behavior have been so far
studied by several works dealing with individual nanotubes®
or bundles'”™" in high temperature range (>300K).
Nanotube rings® have been investigated in low temperature
range showing linear and quadratic temperature dependence
of phonon shifts. Up to date there has been no report on
the thermal properties of thin high-density CNT films.
Understanding how the thermal properties of an individual
CNT change when transformed into a high-density CNT thin
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film, where tube-tube interfaces may strongly affect the heat
and charge transfer, would be interesting because the film
thermal properties may differ significantly from those
observed for individual tubes.?'

In this paper, Raman spectroscopy was used to study the
thermal properties of a high-density semiconducting single-
wall carbon nanotube thin film. We showed that the position
of the main Raman mode (G) exhibits a nonlinear tempera-
ture dependence stemming from the optical phonon decay.
Based on the obtained results, we calculated how the local
thin film temperature changed with differing laser power
levels. Our work may contribute to understand the thermal
properties of SWCNT thin films and might be used as a
starting point for determining the thermal conductivity of
supported CNT thin films and the interfacial thermal resist-
ance between a CNT thin film and the substrate.

A carbon nanotube film was produced via a vacuum
filtration method and deposited onto a Si/SiO, substrate. In
detail, carbon nanotube thin film was produced using the water
solution of separated semiconducting SWCNTs from
Nanolntegris (Iso-Nanotubes-S, 99% purity) with the tube
diameters from 1.2 nm to 1.7nm and the length in the range of
0.1-4 um. The concentration of the SWCNT solution was
0.01 mg/ml. An appropriate amount of solution was vacuum
filtered onto the mixed cellulose ester membrane (MCE,
0.025 um pore-size and 25 mm diameter) to achieve specified
thickness of SWCNT film. After vacuum process dry mem-
brane with film was immersed in toluene and left overnight.
Next, a 5 x Smm piece of the SWCNT film coated MCE
membrane was cut and transferred face down onto Si/SiO, sub-
strate (1 um thickness of silicon dioxide). The MCE membrane
was dissolved in the vapors of acetone. Finally, the sample was
immersed with liquid acetone and methanol, respectively, to
remove the residual MCE membrane. We note that this method
allows to produce highly packed films, with an uniform thick-
ness, and what is also important, high purity. The final result of
the process is the film without residual surfactant’ (different
laser wave-length Raman measurements shown only carbon
peaks). An atomic force microscope (AFM) and scanning elec-
tron microscope (SEM) were used to preliminarily characterize
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the SWCNT thin films. An SEM image of the SWCNT film is
shown in Fig. 1(a). The film thickness determined by the AFM
measurements was approximately 40nm (below this thickness
the film loosed its uniformity).

To assess the thermal properties of the CNT films, we
used a Raman scattering and temperature phonon shift tech-
nique. We chose Raman spectroscopy because it is a simple
and convenient method for estimating the thermal properties
of a nanomaterial. So far, this method has been applied to
study the temperature effects in individual carbon nano-
tubes,4 graphene,22 WSZ,23 and MoSz.24

A schematic of the Raman experimental setup is shown
in Fig. 1(b). The laser beam from the Raman spectrometer
(in the backscattering configuration) was focused onto the
thin film on the Si/SiO, substrate. A focused beam diameter
on the sample of approximately 0.65 um was calculated from
the relation 2//(nNA), where A is the laser wavelength and
NA is the numerical aperture of the lens. In this setup, the
laser beam plays two roles. First, it is a source of photons,
which scatter inelastically during the Raman measurements;
and second, it provides energy that can substantially increase
the local film temperature. Thus, the Raman study enables
local sample temperature increases while providing informa-
tion about the temperature.

The Raman spectra were collected using a Renishaw
spectrometer with a 514 nm laser (2.41 eV) excitation line to
show that the main carbon G band splits into two modes
denoted as G™ and G~ (Fig. 1(c)). The stretching of the C—C
bond in graphitic materials produces a so-called G-band in
the Raman spectrum, which is common to all sp® carbon
structures.” The curvature effects for single wall carbon
nanotubes produce multiple peaks in the G-band spectrum.?
Although up to six G-band phonons are Raman allowed for
chiral SWCNTs, only two dominate the spectra: G™ and G ™.
At room temperature, the G band position for an S-
SWCNT thin film without any laser heating was
1593.9cm™". In this work, the local temperature of the laser
spot was estimated from the Raman G™ line shift because its
intensity is much higher than that of G™.

To measure the temperature-dependent Raman spectra,
the sample was introduced into an optical cryostat (Oxford

SWCNT
thin film
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Instrument). The temperature was varied from 70K to 450K
with a stability of 0.1 K. The laser powers carefully cali-
brated on the sample were 0.05 and 7mW. The pressure
inside the chamber was approximately 10~ ®mbar. The
Raman data have been reproduced for several points in dif-
ferent samples with the same film thickness. No changes in
the D peak have been observed confirming that no local irre-
versible effect in the sample morphology is seen. Also for
each temperature several spectra are collected in order
exclude any hysteresis effect.

Fig. 1(c) shows an example of the normalized Raman
spectra for the SWCNT thin film at selected temperatures
(from 70K to 450 K) measured using the low laser power of
0.05 mW (where no laser heating is expected). More detailed
results from the temperature-dependent Raman study of the
G" mode are shown in Fig. 2, which shows a downshifted
peak position and increased FWHM as a function of 7. As a
reminder, in this case, the peak position relates to the phonon
energy (iw) and FWHM corresponds to the phonon lifetime.

We used a linear approximation to analyze the Raman
down shift in the G* peak position as a function of tempera-
ture during the first step, which uses a common formula®>

o(T) = wo + x:T, ey

where @ is the phonon frequency at zero temperature and
y1 is the first-order temperature coefficient. The fitted slope
for the lower laser power measurements is shown in Table |
(the fit is presented in Fig. 2(a) using a dotted line). The yr
coefficients for other carbon materials are also presented in
Table I for comparison. Interestingly, the temperature coeffi-
cient for our thin film is lower than any individual CNTs,?®
but it seems to be higher than for CNT pellets and graphene.
However, for CNT pellets,27 the authors claim their CNT
samples contained metallic particles, which may signifi-
cantly lower the yr coefficient. Finally, this result shows that
our pure CNT films exhibit a lower first-order temperature
coefficient than any other CNT.

We note that purely thermal effects (8w/0T), were
responsible for the temperature-dependent phonon shifts in
the CNTs because the volume of the related lattice expansion
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FIG. 1. (a) SEM image of a high-density single-walled CNT thin film; the scale bar represents 400 nm. (b) Schematic of the experimental setup; the focused
laser spot diameter was 0.65 um. (c) An example of normalized Raman spectra for SWCNT thin film measured at selected temperatures from 70 to 450K using
a laser power equal to 0.05mW. The spectral resolution of the spectrometer is about 1 cm™ .
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FIG. 2. (a) Temperature dependence of the Raman peak positions in the G
mode for SWCNT thin films using two laser powers: Py =0.05 mW (blue
dots) and P, =7 mW (red open dots). The dotted line represents a fit to Eq.
(1); and the solid line represents Eq. (2). The average uncertainty of determi-
nation of peak position was <0.2cm ™" (error bars not shown for the sake of
clarity). (b) FWHM for the G mode as a function of temperature. The solid
line represents the fit to Eq. (4).

effect (0w/0V);(0V/OT)p is very small (on the order of
1075 1/K)*® and can be neglected during further analyses.

We use a second approach to describe the w(T') depend-
ence of the G™ mode that is based on the formula proposed
by Balkanski er al.?

w(T):w0+A<1+exL_l), )

where x = h(wo/2)/kgT, h is Planck’s constant, kg is the
Boltzmann constant, A is the fitting parameter, and 7 is the
sample temperature without laser heating (Pp.=0.05mW).
This model describes the effect optical phonon decay has on
two acoustic phonons with equal energies due to potential
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anharmonicity in the structure. This approximation was
represented by the solid lines in Fig. 2(a). The values of fit
parameters: oo and A are shown in Table I. We found that
this relation better described the experimental G* peak (LO
phonons) position data as a function of temperature than
Eq. (1), especially in the lower temperature range (<270K).
Interestingly, the nonlinear behavior shown here for
SWCNT thin films was also observed for single-layer materi-
als: MoSz,24 WSZ,23 and most importantly, suspended single
wall carbon nanotubes obtained via chemical vapor deposi-
tion* or supported SWCNTs'? (where this effect was related
to contributions from electron-phonon interactions).

For higher temperatures, formula (2) turns into a linear

dependency because x = ’Z‘:? < 1
¢ 4Ak
o(T)'S o0 + A+ 52T = ofy + 14T, 3)
hwo
_ Ak

where w{, =wy+Aand yp = o T; therefore, the theoreti-
cal functions (1) and (2) converge.

Figure 2(b) shows the experimental Raman peak width
(FWHM) data as a function of temperature for both laser
powers. We fit the experimental data to the three-phonon

process described by the following equation:*’

2
1), “

e,l’ J—

I(7) = F0<1 +

where I is the peak width at zero temperature. The theoreti-
cal curve fit the data quite well, which confirms that the
phonon decay process is responsible for the nonlinear
temperature-dependent behavior of I'(T). The fit parameters
are detailed in Table I. These results are in good agreement
with studies of phonon population dynamics in nanotube
bundles probed by time-resolved Raman spectroscopy.’®*!
These works, however, do not show the corresponding
change in the phonon energies.

In theory, the FWHM could also serve as a local ther-
mometer. However, in this work, we used the peak position
as the temperature indicator because the uncertainties when
estimating the peak position were lower than those for the
FWHM.

To describe how the laser power level changes the local
SWCNT thin film temperature, we measured two Raman
spectra at each temperature using Pp=0.05mW and
Py, =7mW, where Py is the laser power on the sample. At
the higher laser power, the Raman peaks downshift due to
the local heating (see the hollow circles in Fig. 2(a)).

TABLE I. Calculated parameters from Egs. (1), (2), and (4) for the lower laser power data and comparisons with the literature. Symbols a and b correspond to

the different temperature regimes.

Sample AT (cm7'/1<) Eq. (1) o (cmfl) Eq. (1) o (cm") Eq.(2) A (cm") Eq.(2) Ty (cm") Eq. (4) Temperature range (K)
This work —0.0201° 1599.7° 1602.5° —6.16" 10.29° 270-450%/70-450°
Suspended SWCNT?® —0.03321 1587.14 183-363
SWCNT + catalysts pellet27 —0.0189 1599.1 299-773
SWCNT bundles™ —0.0407 1591.2 300-673
DWCNT™ 1596 —11 80-700
DWCNT* —0.022 175-320
MWCNT? —0.023 320-840
Supported graphene —0.016 1584 83-373
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An example of the different G peak positions between
the two laser powers for T=350K (the temperature inside
the cryostat) is shown in Fig. 3(a). The negative Aw reflects
the phonon downshift with increasing temperature. The
measured Aw results across the full temperature range are
shown in Fig. 3(b). The peak position dependence is a mono-
tonic function of the temperature with a calculated slope of
—0.007 cm™'/K.

The temperature increase due to the increased laser
power was calculated in the following way. Using a fixed
global temperature (temperature for the cryostat and entire
sample without laser heating), we measured the temperature
corresponding to the G peak position for two laser powers.
For this purpose, we used the data calculated from
Balkanski’s equation for the lower laser power measure-
ments as shown in Fig. 2(a) with the data presented in
Fig. 3(a). The obtained temperature differences for both
series (collected using the lower and higher laser power)
were the local temperature change and are presented in
Fig. 3(b). We note that the local temperature decreased
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FIG. 3. (a) Raman spectra of the SWCNT thin film for both laser powers
taken at 350K. We note the small difference between peaks position
0.4 cmfl) are determined from the fit of the measured data. (b) Change in
the G* peak position due to the absorbed laser power at different tempera-
tures. The line represents a linear fit. (c) Calculated local temperature
change. The curve is only a guide for the eye.
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slightly as the global temperature increases to 270 K. Below
270K, the local temperature began to increase. This result
indicates the most effective heat dissipation in our thin film
occurred at T=270K and most likely suggests a nonlinear
thermal conductivity (x) behavior for the thin film as a
function of temperature. Another, however less possible, ex-
planation for this nonlinear effect could be a change in the
interfacial thermal resistance with temperature, for example,
by freezing the phonons at the film-SiO, interface. Further,
study is needed to clarify this effect.

In conclusion, we experimentally investigated the
temperature-dependent Raman spectra for a semiconducting
SWCNT thin film at temperatures from 70K to 450K and
demonstrated the softening of the main Raman mode posi-
tion (G") with increasing temperature. We found that the
phonon shifts in the G™ mode below 270K exhibit a nonlin-
ear dependence on the global temperature. The temperature
coefficient calculated using the lower laser power (0.05 mW)
was —0.201 cm™'/K. We concluded that the obtained effects
stem from optical phonon decay due to the potential anhar-
monicity in the SWCNT thin film structure. Local tempera-
ture changes in the supported semiconducting SWCNT thin
film under laser heating were calculated from the Raman
measurements as a function of the global temperature. We
found that the local temperature characteristic had a mini-
mum at 270 K. We claim the observed effect might relate to
changes in the thermal conductivity or thermal interface
resistance as a function of the SWCNT thin film temperature,
and more work is needed to clarify this effect. Our results
maybe useful for future studies on the thermal properties of
carbon nanotube thin films.
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