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Abstract—The single-walled carbon nanotube-based thin films with a thickness from 11 ± 3 to 157 ± 18 nm
have been formed using vacuum filtration. The thermal conductivity of the thin films as a function of thick-
ness and temperature up to 450 K has been studied by the 3ω technique. It has been found that, in the region
of 49 nm, the supplied heat from a gold strip started propagating with the high efficiency to the thin film
plane. The thermal conductivity of the thin films with a thickness of 49 ± 8 nm was measured using the 3ω
technique for bulk samples. It has been found that the thermal conductivity of the single-walled carbon nano-
tube-based thin films strongly depends on their thickness and temperature. The thermal conductivity sharply
(by a factor of ~60) increases with an increase in thickness from 11 ± 3 to 65 ± 4 nm. In addition, it has been
observed that the thermal conductivity of the thin film with a thickness of 157 ± 18 nm rapidly decreases from
211 ± 11 to 27.5 ± 1.4 W m–1 K–1 at 300 and 450 K, respectively.
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1. INTRODUCTION
Different allotropic forms of carbon are the key

materials for f lexible electronics [1, 2]. In terms of the
development and creation of prototypes of f lexible
electronic devices, single-walled carbon nanotubes
(SWCNTs) are promising [1, 3]. To design f lexible
electronic devices, including f lexible thermoelectric
converters [4], on the basis of SWCNTs, the heat
transfer mechanism should be known. Heat transfer in
the SWCNT-based systems is fairly complex and
depends on the formed structure of a system. The
mechanism of heat transfer in single- and multi-
walled carbon nanotubes has a phonon nature [5].
When the mean phonon free path is longer than a
nanotube, the phonon transport is ballistic [6]. The
main dissipation channel is phonon–phonon scatter-
ing by the crystal lattice defects. In most applied prob-
lems, just the SWCNT-based thin films are used [1–3,
7]. A new effective scattering channel provided by the

contacts between nanotubes is formed in the films. As
was shown in reviews [8, 9], the thermal conductivity
of the carbon nanotube-based structures can change
from 0.1 to 6600 W m–1 K–1. Thus, the experimental
study of the thermal conductivity of the SWCNT-
based film systems as a function of the film thickness
and geometric parameters (length and diameter) of
individual nanotubes is a key task.

In this study, we report for the first time the mea-
surements of the thermal conductivity of the thin films
based on commercial SWCNTs using the 3ω tech-
nique. A strong dependence of the thermal conductiv-
ity on the thickness and temperature was established.

2. TECHNIQUES FOR THE FILM
SYNTHESIS AND STUDY

Aqueous dispersions were prepared from a Tuball
dry raw SWCNT powder (OСSiAl) and the sodium
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cholate surfactant (2 wt % in the aqueous dispersion).
According to previous studies [3, 10], these SWCNTs
have a diameter in the range of about 1.6–1.9 nm. The
SWCNT-based thin films were obtained by vacuum
filtration. The technique for preparing the dispersions
and SWCNT-based thin films was described in detail
in [10]. The substrate used was AGC display glass. The
thickness of the SWCNT films was determined by
transmission electron microscopy on a Hitachi
TM7700 electron microscope in the cross-sectional
mode [10, 11]. It should be noted here that the carbon
nanotube-based thin films had a nonuniform thick-
ness [10]. To analyze the film thickness, ten measure-
ments of the cross-sectional image for each sample
were performed. The thickness of a thin film was
determined as the arithmetic mean of ten measure-
ments with the standard deviation. Thus, in this work,
we studied the SWCNT films with thicknesses of
11 ± 3, 34 ± 12, 49 ± 8, 65 ± 4, and 157 ± 18 nm,
respectively. The surface morphology of the thin films
was determined on a Nanoink DPN 5000 atomic force
microscope.

To measure the thermal conductivity of the
SWCNT thin films, the 3ω technique was used. For
this purpose, gold strips were formed by optical photo-
lithography on each SWCNT film. Each gold strip had
a length of 3 mm, a width of 20 μm, and a thickness of
40 nm. To provide electrical insulation, an Al2O3
dielectric layer was formed between a thin SWCNT
film and a gold strip. The Al2O3-layer thickness was
~7 nm. This Al2O3 thickness ensured the electrical
insulation and introduced a minimum error in the
thermal conductivity of the measured thin film. The
gold and Al2O3 layers on a glass substrate and thin
SWCNT films were obtained by electron beam depo-
sition in a single process. Hereinafter, it is meant that,
when measuring the frequency dependence of the sub-
strate, the 7-nm Al2O3 layer/glass substrate system is,
in fact, measured.

Using a Keithley 6221 meter, we specified an ac
current f lowing through the gold strip, according to
the 3ω technique. The amplitude of the generated
third harmonic was measured with a Stanford
Research System SR810 selective voltmeter. The ther-
mal conductivity in the SWCNT thin films was mea-
sured in the temperature range of 300–450 K. All the
measurements were performed in vacuum under a
residual pressure below 3 Pa.

The study of the thermal conductivity of thin films
has certain features. Using the 3ω technique, we mea-
sured U3ω as a function of Ln(2ω) of the substrate,
where U3ω is the amplitude of the voltage generated at
a tripled frequency and ω is the frequency of the ac
current supplied to the gold strip. Then, the measure-
ments of U3ω as a function of Ln(2ω) of the film/sub-
strate system were performed. In the U3ω(Ln(2ω))
dependences, the linear portion was found. After that,
a linear approximation of these two dependences was
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made. The difference between the constants of the
film/substrate system and the substrate obtained by
approximating the dependences of U3ω on Ln(2ω) in
the linear portion determines the thermal conductivity
of a thin film. According to the 3ω technique [12], the
thermal conductivity coefficient κ of a thin film is dis-
tinguished as the frequency-independent term

(1)

(2)

where U3ω film/substrate is the voltage amplitude at the tri-
pled frequency in the film/substrate system,
Iω film/substrate is the current amplitude at the fundamen-
tal frequency in the film/substrate system, α is the
temperature coefficient of the electrical resistance of
the gold strip, R1 and R2 are the electrical resistances
of the gold strips used to measure the substrate and
film/substrate system, U3ω substrate is the voltage ampli-
tude at the tripled frequency during the substrate mea-
surements, Iω substrate is the amplitude of the current at
the fundamental frequency during the substrate mea-
surements, P is the power supplied to the gold strip, t
is the thickness of the investigated film, κfilm is the
thermal conductivity coefficient of the thin film, and l
and b are the length and half-width of the gold strip,
respectively. As a matter of fact, the thin film acts as an
additional thermal resistance [12]. The main measure-
ment condition is the same heating of the substrate
and film/substrate system. For this purpose, appropri-
ate currents at the fundamental harmonic are selected
according to the resistances of the gold stripes and the
α value. Thus, upon analogous heating, the
U3ω(Ln(2ω) dependence for the film/substrate system
will be parallel to the U3ω(Ln(2ω) dependence for the
substrate.

If the heat f lux from the gold strip propagates into
the depth to a distance smaller than the film thickness,
then the bulk samples are measured using the
approach based on the 3ω technique [13]. In this case,
the thermal conductivity of the film will be deter-
mined using the formula

(3)

where ∂ln(2ω)/∂U3ω is the reciprocal angular coeffi-
cient of the linear portion of the U3ω(Ln(2ω)) func-
tion. In addition, the angular coefficient is found using
the linear approximation.

The 3ω technique measures the thermal conduc-
tivity of thin films sufficiently accurately. In our case,
the relative measurement error was ≤5%. The main
contribution to the measurement error is made by the
error of determination of the temperature coefficient
of the electrical resistance of the gold strip and the
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Fig. 1. Atomic force microscopy image of the SWCNT thin film with thicknesses of (a) 11 ± 3 and (b) 157 ± 18 nm.
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Fig. 2. Dependence of ΔT on ln(2ω) for a glass substrate
and SWCNT thin films with thicknesses of 11, 34, 49, 65,
and 157 nm formed by vacuum filtration.

5 6 7 8 9 10

�T
, K

0

1

2

3

4

5

11
ln(2�)

11 nm
34 nm
49 nm
65 nm
157 nm
Glass
slope of the experimental U3ω(Ln(2ω)) dependence.
The authors of [13–15] also mentioned that the rela-
tive error of the thermal conductivity measurements by
the 3ω technique was no more than 2%.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

The surface of the SWCNT-based thin films with a
thickness of 11 ± 3 and 157 ± 18 nm is shown in
Figs. 1a and 1b, respectively.

On the surface of the SWCNT-based thin film with
a thickness of 11 ± 3 nm, individual nanotubes can be
distinguished. In addition, it can be seen that the sur-
face is more porous than in the SWCNT-based thin
film with a thickness of 157 ± 18 nm.

Figure 2 shows the ΔT(Ln(2ω)) dependence for
five samples of the SWCNT thin films and a glass sub-
strate.

It can be seen in Fig. 2 that only the ΔT(Ln(2ω))
dependences for the SWCNT thin films with thick-
nesses of 11 ± 3 and 34 ± 12 nm are parallel to the
dependence for the substrate. This means that the heat
flux from the gold strip passes through the SWCNT
thin film into the substrate. In this case, the thermal
conductivity coefficient was calculated using formula
(2). An interesting effect is observed in the SWCNT
film with a thickness of 49 ± 8 nm. Figure 2 shows that
the ΔT(Ln(2ω)) dependence dramatically changes its
slope relative to the dependence for the substrate.
Physically, this situation can be explained by the fact
that the heat f lux efficiently spreads into the film
plane. The investigated SWCNT thin film is a system
of SWCNTs stacked in a plane. In experimental work
[16], it was shown that the thermal conductivity of an
individual SWCNT attains 3500 W m–1 K–1. Ulti-
mately, a system of such nanotubes can distribute the
heat f lux into the film plane. However, a part of the
PHY
heat f lux may reach the substrate. This case is the most
complex for calculating the thermal conductivity of an
SWCNT thin film, since the ratio between the heat
flux transmitted to the substrate and the heat f lux dis-
tributed in the plane is unknown. At thicknesses of
65 ± 4 and 157 ± 18 nm, the slopes of the ΔT(Ln(2ω))
dependences do not completely coincide with the
dependence for the substrate. In this situation, the
heat f lux completely spreads into the plane of a
SWCNT thin film and does not pass through the
film/substrate interface. Thus, formula (2) was used to
calculate the thermal conductivity of the SWCNT thin
films with thicknesses of 11 ± 3 and 34 ± 12 nm and
formula (3), for the films with thicknesses of 49 ± 8,
65 ± 4, and 157 ± 18 nm.
SICS OF THE SOLID STATE  Vol. 62  No. 6  2020
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Fig. 3. Dependence of the thermal conductivity on the
film thickness at room temperature.
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Fig. 4. Temperature dependence of the thermal conductiv-
ity for the SWCNT thin films with thicknesses of 11, 34,
49, 65, and 157 nm.
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Figure 3 shows the dependence of the thermal con-
ductivity on the SWCNT thin film thickness.

It can be seen in Fig. 3 that the thermal conductiv-
ity strongly depends on the film thickness. At a film
thickness of 11 ± 3 nm, the thermal conductivity coef-
ficient was 3.42 ± 0.17 W m–1 K–1. However, at a thick-
ness of 65 ± 4 nm, the thermal conductivity coefficient
attained 208 ± 10 W m–1 K–1. The ratio between the
thermal conductivity coefficients of the films with
thicknesses of 65 ± 4 and 11 ± 3 nm was ~60. A further
increase in the film thickness almost does not affect
the thermal conductivity. In particular, for the film
with a thickness of 157 ± 18 nm, the thermal conduc-
tivity was 211 ± 11 W m–1 K–1. We only found few
works [17, 18] in which it was shown that the thermal
conductivity depends on the film thickness. In these
works, it was found that the thermal conductivity
increases with the film thickness. However, we failed to
find such a strong thickness dependence of the thermal
conductivity in the literature. Possibly, at small thick-
nesses, the SWCNT thin films are formed with larger
pores as compared with the thick films. This likely
leads to a decrease in the thermal conductivity. It is
worth noting here that, for the thin film with a thick-
ness of 49 ± 8 nm, the thermal conductivity is underes-
timated, since a part of the heat f lux reaches the sub-
strate. The calculation was made using formula (3) for
bulk samples. Nevertheless, it was first found that the
critical thickness of the SWCNT thin films at which
the heat f lux efficiently spreads into the film plane and
is independent of the substrate is 49 ± 8 nm.

The temperature dependence of the thermal con-
ductivity is shown in Fig. 4.

It can be seen in Fig. 4 that the thermal conductiv-
ity coefficient for the films with thicknesses of 11 ± 3
and 34 ± 12 nm depends relatively weakly on tempera-
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ture. Starting with a thickness of 49 ± 8 nm, the ther-
mal conductivity increases from 375 K. At a tempera-
ture of 450 K, the thermal conductivity was 12.6 ±
0.6 W m–1 K–1. A strong temperature effect was
observed at thicknesses of 65 ± 4 and 157 ± 18 nm. With
an increase in temperature, the thermal conductivity
started sharply decreasing from 211 ± 11 W m–1 K–1 at
300 K to 27.5 ± 1.4 W m–1 K–1 at 450 K. The change
by a factor of ~8 was observed. It should be noted that
a value of 211 ± 11 W m–1 K–1 at 300 K agrees well with
the thermal conductivity for the 5-μm-thick SWCNT
film [19]. In the literature, we found a few studies in
which the thermal conductivity of the SWCNT thin
films was measured above room temperature [20, 21].
In general, a similar temperature dependence of the
thermal conductivity of the SWCNT thin films can be
mentioned. However, such a strong temperature effect
as in the films with thicknesses of 65 ± 4 and 157 ±
18 nm was not detected. A possible explanation of
such a temperature dependence of the thermal con-
ductivity can be the strong phonon scattering at the
interface between nanotubes [20].

The thickness and temperature dependences of the
thermal conductivity obtained in this work can be used
to develop f lexible electronics and SWCNT-based
thermoelectric converters.

4. CONCLUSIONS

In this study, the SWCNT thin films with thick-
nesses of 11 ± 3, 34 ± 12, 49 ± 8, 65 ± 4, and 157 ±
18 nm were formed using vacuum filtration. To mea-
sure the thermal conductivity of the SWCNT thin
films, the 3ω technique was used. The temperature
measurements of the thermal conductivity were per-
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formed in the temperature range of 300–450 K. For
the first time, a transition thickness of 49 nm for the
SWCNT thin films was determined, at which the ther-
mal conductivity coefficient was measured with disre-
gard of the substrate. A strong thickness dependence
of the thermal conductivity was established. The
change in the thickness from 11 ± 3 to 65 ± 4 nm led
to an increase in the thermal conductivity by a factor
of about 60. A strong temperature effect was observed
in the films with thicknesses of 65 ± 4 and 157 ±
18 nm. The thermal conductivity coefficient of the film
with a thickness of 157 ± 18 nm rapidly decreased from
211 ± 11 W m–1 K–1 at 300 K to 27.5 ± 1.4 W m–1 K–1

at 450 K. The change by a factor of ~8 was observed.
The obtained thickness and temperature dependences
of the thermal conductivity can be used in the devel-
opment of f lexible electronics, including thermoelec-
tric converters, based on SWCNTs.
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