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How the morphology of a macroscopic assembly of nanoobjects affects its properties is a long-
standing question in nanomaterials science and engineering. Here, we examine how the thermo-
electric properties of a flexible thin film of carbon nanotubes depend on macroscopic nanotube
alignment. Specifically, we have investigated the anisotropy of the Seebeck coefficient of aligned
and gated single-wall carbon nanotube thin films. We varied the Fermi level in a wide range, cover-
ing both the p-type and n-type regimes, using electrolyte gating. While we found the electrical con-
ductivity along the nanotube alignment direction to be several times larger than that in the
perpendicular direction, the Seebeck coefficient was found to be fully isotropic, irrespective of the
Fermi level position. We provide an explanation for this striking difference in anisotropy between
the conductivity and the Seebeck coefficient using Mott’s theory of hopping conduction. Our exper-
imental evidence for an isotropic Seebeck coefficient in an anisotropic nanotube assembly suggests
a route toward controlling the thermoelectric performance of carbon nanotube thin films through
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morphology control. Published by AIP Publishing. https://doi.org/10.1063/1.5066021

There is an increasing demand for high-performance flexi-
ble thermoelectric materials for their compatibility with various
shaped objects and batteries for growing flexible thin film elec-
tronics and sensors. As flexible thermoelectric materials, poly-
mers and carbon nanotubes are strong candidates,' and single
wall carbon nanotubes (SWCNTSs) are particularly attractive
because their one-dimensionality, such as their van Hove singu-
larities in electronic density of states, is expected to have supe-
rior thermoelectric performance.” SWCNTs prepared in the
form of flexible, randomly oriented thin films have exhibited
relatively large Seebeck coefficients (150-300 xVK™') in
semiconducting type samples.>™ In addition, they can be read-
ily made p-type or n-type through Fermi-level control by chem-
ical or electro-chemical approaches,*®” suitable for large scale
p—n thermoelectric flexible devices.® Thus, there are currently
worldwide efforts to understand, control, and improve the ther-
moelectric properties of SWCNT thin films.

Thermoelectric properties of SWCNT films are strongly
influenced by many factors such as their electronic type
(metallic versus semiconducting)f‘5 the location of the Fermi
level (Ep),*®7 and sample morphology.®'° For improvement
of thermoelectric performance of SWCNT films, it is neces-
sary to control and optimize the thermoelectric parameters of
the sample, that is, Seebeck coefficient S, electrical conduc-
tivity o, and thermal conductivity x. For optimum power gen-
eration from a given temperature gradient, one needs to
maximize the value of Sza, known as the power factor.
Previously, it has been revealed that preparation of high-
purity semiconducting SWCNT films is important to achieve
large Seebeck coefficients.>™ Also, it has been shown that
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precise Eg tuning is crucial for enhancing the power factor of
SWCNT films.* However, these previous studies were made
on samples in which SWCNTs were randomly oriented.
Several studies have reported an enhancement of the power
factor through an increase in the conductivity induced by a
change in morphology.* ' However, an understanding of
how morphology affects thermoelectric properties remains
elusive.

To tackle this problem, a systematic study of thermo-
electric properties of aligned SWCNT thin films is desired.
Such a study should allow us to examine the relationships
between geometrical nanotube arrangements and thermo-
electric properties. However, to date, how S depends on the
nanotube alignment has not been well understood. A previ-
ous report indicated that the value and the anisotropy of S
change with sample annealing,'' but it is important to note
that both ¢ and S sensitively depend on Er.*'? Hence, to pro-
vide an unambiguous understanding of how S changes with
nanotube alignment, it is crucial to perform systematic mea-
surements of the Er dependence of S in a well-aligned
SWCNT film in both parallel and perpendicular directions in
a wide range of E values.

Here, we report a systematic and detailed study on the
values and anisotropy of the electrical conductivity and the
Seebeck coefficient in films of aligned SWCNTSs as a func-
tion of Er. We employed the recently reported controlled
vacuum filtration method'® to fabricate wafer-scale single-
domain thin films of aligned SWCNTs. By using the electro-
lyte gating method,*'*!'* we systematically varied the Ey of
the SWCNT thin film in a wide range, observing a sign
change in S when the system goes from the p-type region to
the n-type region. The value of ¢ showed strong in-plane
anisotropy, i.e., more conducting in the direction parallel to

Published by AIP Publishing.
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the nanotube alignment direction. However, surprisingly, S
did not display any sign of anisotropy, irrespective of the
position of Er, which agrees well with what we expect from
Mott’s hopping theory.

We suspended SWCNTs with an average diameter of
1.4nm in an aqueous solution of 2% sodium deoxycholate
(DOC). The SWCNTSs were a mixture of metallic and semi-
conducting nanotubes, produced by the arc discharge method
(Meijo Nano Carbon Co., ARC SO). We diluted the suspen-
sion to 0.02% DOC, which we then used to fabricate aligned
films wusing the controlled vacuum filtration method
described in Ref. 13. We measured ¢ and S of these aligned
films in directions that are parallel and perpendicular to the
nanotube alignment direction [Fig. 1(a)]. We used
polarization-dependent Raman measurements [Fig. 1(b)] to
determine the nanotube alignment direction and evaluate the
alignment degree (see Fig. S1 in the supplementary mate-
rial). When we define /| and /; as Raman intensities for
pump polarization parallel and perpendicular to the nanotube
alignment direction, respectively, the typical 1/, values in
our films were around 3.5 = 1.0.

We first measured the ¢ and S values in the directions
parallel and perpendicular to the alignment direction without
applying a gate voltage. Figure 1(c) shows a photograph of
the experimental setup used for these measurements. We cut
the aligned film into a Smm X Smm square (thickness:
35 nm); we define the x-direction (y-direction) to be the par-
allel (perpendicular) direction. Thermocouples and heaters
were attached by silver paste to the film to measure ¢ and S
in both the x- and y-directions. The details of the experimen-
tal setup are described in the supplementary material. We
summarize the obtained results in Table 1. As is shown here,
o along the parallel direction was three times larger than that
along the perpendicular direction. However, the measured
values of § in both directions were 29 uV/K; that is, the
Seebeck coefficient is isotropic within experimental errors.

However, as mentioned above, the value of § strongly
depends on the location of the Fermi level. Therefore, we
next investigated how ¢ and S change with the gate voltage.
Figure 2 schematically shows the experimental setup used,
which is essentially the same as those used in previous stud-
ies.* Source, drain, reference, and gate electrodes were
formed on polyimide substrates covered by a 10-um-thick
parylene layer. Electron or hole injection was made through
electric double layer formation using ionic liquid [N,N,N-tri-
methyl-N-propylammonium  bis(trifluoromethanesulfonyl)-
imide (TMPA-TFSI), Kanto Kagaku Co.], and the amount of
injected carriers was controlled by the applied gate voltage.
The aligned SWCNT film was placed over the source and
drain electrodes as a channel. We prepared two devices: one
had a source-drain channel parallel to the SWCNT alignment
direction, whereas the other had a source-drain channel per-
pendicular to the alignment direction. The details of experi-
mental setups are described in the supplementary material.

Figure 3(a) shows the measured ¢ values along the par-
allel and perpendicular directions as a function of gate volt-
age. It is clearly seen that the ¢ value along the parallel
direction was higher than that along the perpendicular direc-
tion in the whole range of gate voltages (see Fig. S2 of the
supplementary material). The value along the parallel

Appl. Phys. Lett. 113, 243105 (2018)

(a)

Perpendicular

Parallel

(b) — Parallel

s — Perpendicular

S1.5%10"

o)

s

£ 10

[ o=t

2

£

C

g  05-

©

©

I I I T
1450 1500 1550 1600 1650 1700

( ) Raman shift(cm'1)

Heater  Thermocouples

Thermocouples

Heater

FIG. 1. (a) Schematic illustration of the parallel and perpendicular directions
in an aligned single-wall carbon nanotube film. (b) Typical Raman spectra
taken with excitation light polarized parallel and perpendicular to the
aligned axis. (c) A photograph of a fabricated device for direction-
dependent electrical conductivity and Seebeck coefficient measurements.
Heaters (white dashed lines) were attached on the rear side of the substrate.
The black dashed line indicates the region where an aligned SWCNT film
was transferred. The alignment axis was set to be parallel to the x-direction.
The scale bar is 2 mm.

TABLE 1. Electrical conductivity and Seebeck coefficient values obtained
in the parallel and perpendicular directions in an aligned SWCNT thin film
without applying a gate voltage.

Electrical conductivity (Sm ") Seebeck coefficient (1V K ")

9.7 % 10* 29
3.5 % 10* 29

Parallel
Perpendicular
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FIG. 2. Schematic illustration of a device for measuring the conductivity

and the Seebeck coefficient in the parallel and perpendicular directions in an
aligned SWCNT thin film as a function of gate voltage.
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FIG. 3. (a) Conductivity, (b) Seebeck coefficient, and (c) power factor as a
function of gate voltage in the parallel (red open circles) and perpendicular
(blue open squares) directions in an aligned SWCNT thin film.
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direction was almost 7 times larger than that in the perpen-
dicular direction around the charge-neutrality point, and the
ratio of conductivity of parallel to perpendicular directions
tends to decrease with the shift of gate voltage and reached
around 2.5-3 as shown in Fig. S2 of the supplementary mate-
rial. However, the measured S values exhibited a completely
isotropic behavior. Figure 3(b) shows § as a function of gate
voltage. In both directions, the sign of S changed when the
charge type of the system changes between p-type and n-
type. The peak values of S in the p- and n-regions were
approximately 50 uVK ™' and —50 uVK ™', respectively. In
stark contrast to g, the S values were the same between the
parallel and perpendicular directions, within experimental
errors, at all gate voltage values. Combining the results
obtained for ¢ and S, Fig. 3(c) plots the power factor, Szo,
against gate voltage. The anisotropy of S°c seen here simply
reflects the anisotropy of ¢.

To shed light on these observed characteristics of ¢ and
S, we use Mott’s theory of hopping conduction,'” which has
described electrical conduction phenomena in heterogeneous
films containing metallic and semiconducting SWCNTs.'¢
According to Mott, the electrical conductivity and the
Seebeck coefficient can be written as

0
G:—JJEé—ng, (1)
E—Ep of
S : )
¢ Ja a—de
L OE

Here, o = ¢’pR?N(Er), N(Er) is the carrier density at the
Fermi level, f is the Fermi distribution function, p is the
probability per unit time that an electron jumps from one site
to another site, and R is related to the mean distance between
the hopping sites.'> We can assume that the value of o will
change depending on the morphology of the SWCNT net-
work. In an aligned SWCNT thin film, the oz value should
be different between the parallel and perpendicular direc-
tions. For example, we can assume that R in the perpendicu-
lar direction should be short because of the short scattering
time compared to that in the parallel direction. As a result,
og in the perpendicular direction becomes smaller than that
in the parallel direction, which results in conductivity anisot-
ropy through Eq. (1), as observed experimentally. However,
in the case of S, oz appears both in the numerator and in the
denominator of the expression, as shown in Eq. (2). Thus,
the anisotropy of R (and hence o) cancels, leading to an iso-
tropic S, consistent with our observations. The details are
described in the supplementary material.

In conclusion, we clarified the conductivities, Seebeck
coefficients, and power factors of aligned SWCNT films for
directions both parallel and perpendicular to the SWCNT
alignment direction. We controlled the position of the Fermi
level in a wide range, covering both the p-type regime and
the n-type regime. We found that the electrical conductivity
value in the parallel direction is much higher than that in
the perpendicular direction. However, we found that the
Seebeck coefficient is isotropic, i.e., its value is the same in
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both the parallel and perpendicular directions, regardless of
the position of the Fermi level. These data firmly established
the isotropic character of Seebeck coefficients in aligned
SWCNT films. Although the results are consistent with what
we expect from Mott’s formulas for the electrical conductiv-
ity and the Seebeck coefficient, more microscopic models
are needed to quantitatively understand our observations.
Technologically, our discovery of simultaneously anisotropic
o and isotropic S in an aligned SWCNT film implies that
their ratio is continuously tunable, which is potentially useful
for managing charge and thermal flows in flexible thermo-
electric devices through morphology engineering.

See supplementary material for a picture of a typical
SWCNT aligned film, the ratio of parallel to perpendicular
conductivities as a function of reference voltage, details of
experimental setups for thermoelectric measurements, and
discussion on isotropic characteristics of the Seebeck coeffi-
cient based on Mott’s hopping theory.
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