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ABSTRACT: Organic materials have attracted attention for thermoelectric
materials reusing low-temperature waste heat. For the thermoelectric performance
enhancement of organic materials, the introduction of inorganic nanowires is
effective due to the percolation effect. In this study, we synthesized Cu,Se NWs by
the photoreduction method and prepared poly(3,4-ethylenedioxythiophene):poly
(styrene sulfonate) (PEDOT:PSS) thin films containing Cu,Se NWs by spin-
coating PEDOT:PSS and Cu,Se NWs alternatively. The composite films exhibited
a drastic increase in electrical conductivity at more than 40 wt % Cu,Se, and the
Cu,Se amount threshold was in good agreement with surface structures as
observed by a scanning electron microscope. This indicates that the percolation effect of connected Cu,Se NWs brought high
electrical conductivity. As a result, the composite thin films exhibited a higher power factor than the PEDOT:PSS film. This power
factor enhancement by the percolation effect would be expected to contribute to the development of thermoelectric performance
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enhancement for organic materials.

B INTRODUCTION

Thermoelectric conversion is expected as one of the energy
harvesting techniques. Thermoelectric conversion efficiency is
represented by ZT (=S’6T/k), where S is the Seebeck
coefficient, o is the electrical conductivity, x is the thermal
conductivity, and T is the absolute temperature.”” For high
thermoelectric performance, high S and ¢ and low x are
required. While the trade-off relationship of the above three
parameters has been bottlenecked for improving thermo-
electric performance, to remove the bottleneck, nanostructur-
ing is an effective approach.” The nanostructure interface can
bring phonon scattering, leading to k reduction,”™"® which can
control thermal flow'®™"” and affect the carrier scattering
mechanism, leading to S enhancement, such as the energy
filtering effect.”’™**

It is effective to introduce inorganic nanostructures for
improving the thermoelectric performance of organic materials,
such as poly(3,4-ethylenedioxythiophene):poly (styrene sulfo-
nate) (PEDOT:PSS), which have attracted attention for low-
temperature waste heat due to their low cost, eco-friendliness,
and flexibility.”> ™' Especially, the introduction of one-
dimensional nanostructures, such as carbon nanotubes or Te
nanowires, effectively enhanced the thermoelectric power
factor (S’¢) of PEDOT:PSS due to the formation of a
conductive path.*>*’

Cu,Se is also a promising candidate for inorganic
nanostructures because it is low cost, has abundant elements,
and exhibits high thermoelectric performance depending on its

© 2022 The Authors. Published by
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crystal structure. Bulk a-Cu,Se has recently been found to
exhibit a high average ZT of 0.68 near RT (RT-390 K).** It is
also worth noting that this a-phase tends to be contaminated
with a small amount of the S-phase, resulting in lower ZT due
to higher carrier concentration than the optimal value.’
Therefore, it is expected to enhance the thermoelectric
performance of PEDOT:PSS by the introduction of Cu,Se
nanowires (NWs). Although Cu,Se NWs have been
synthesized by various methods, it is difficult to maintain
only the a-phase even at RT when Cu,Se were nano-
structured.”*** This is because increasing Cu vacancies
distorted the structures of the a-phase until rearrangement of
the p-phase is energetically favorable due to the larger
contribution of the surface energy to the total energy of
formation than that of bulk.”

In this study, we synthesized a-Cu,Se NWs by the
photoreduction method and evaluated the thermoelectric
properties of PEDOT:PSS/Cu,Se NW composite thin films
with various amounts of Cu,Se NWs. In previous reports, we
demonstrated the synthesis of size-controlled Cu nanoparticles
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by the photoreduction method,**™** where the slow reaction

can control the morphology of copper nanoparticles.”” We
applied the above method to the synthesis of a-Cu,Se NWs.
The slow reaction can be expected to control the Cu vacancies,
leading to the synthesis of Cu,Se NWs. As a result, the
composite thin films exhibited a higher thermoelectric power
factor (S%6) than pristine PEDOT:PSS thin films due to the
percolation effect of NWs. This study would be expected to
contribute to the development of thermoelectric performance
enhancement for organic materials.

B EXPERIMENTAL SECTION

Synthesis of Cu,Se NWs. Se NWs were synthesized by
the following method.** SeO, (25 mg, FUJIFILM Wako Pure
Chemical Corporation) and f-cyclodextrin (50 mg, FUJIFILM
Wako Pure Chemical Corporation) were dissolved in 10 mL of
Milli-Q water and stirred with ultrasonication for 10 min. The
solution was slowly added to an L-ascorbic acid solution
prepared with L-ascorbic acid (0.2000 g, Wako Pure Chemical
Corporation) and Milli-Q water (10 mL) and stirred for 4 h.
The mixed solution was centrifuged and the resulting
precipitates were washed with EtOH and Milli-Q water several
times alternately. The precipitates were redispersed in EtOH
and stirred for 4 h, forming Se NWs as precipitates.

The Se NWs (2.0 mg) were dispersed in a copper acetate
solution prepared by dissolving 50.6 umol of copper acetate in
an aqueous solution containing 1 mL of ethanol. The total
volume of the dispersion thus obtained was adjusted to 10 mL
by Milli-Q water. The adjusted dispersion was irradiated by
UV light (Hamamatsu Photonics: L9588-01A) for 2 h with
stirring, and Cu,Se NWs were obtained as precipitates.

Preparation of PEDOT:PSS Thin Films Containing
Cu,Se NWs. The fabrication process of PEDOT:PSS thin
films containing Cu,Se NWs is schematically shown in Figure
1. First, a pH-neutral PEDOT:PSS solution (100 xL, N-100S,

PEDOT:PSS
Cu,Se NWs
ntimes
operation

Cu,Se NWs
PEDOT:PSS

Glass substrate

Figure 1. Fabrication process of PEDOT:PSS thin films containing
Cu,Se NWs on a glass substrate.

Orgacon) was dropped, spin-coated (1500 rpm, 45 s), and
annealed (80 °C, 20 min) on a glass substrate of 10 mm X 10
mm, which was cleaned and hydrophilized by piranha solution
(a mixture of H,SO, and H,0,). The PEDOT:PSS layer was
formed in this way. Second, Cu,Se NWs (0.18 mg) dispersed
in ethanol (30 uL) were deposited, spin-coated, and annealed
(80 °C, S min) on the substrate. The NW layer was
accumulated n times. Finally, the PEDOT:PSS solution (100
uL) was dropped, spin-coated, and annealed (80 °C, 20 min)
on the substrate again. The thin film thus obtained is
abbreviated as NW-n in this paper. NW-0 (without Cu,Se
NWs) was prepared by spin-coating PEDOT:PSS once. The
reference thin film was also prepared using EtOH solution

without Cu,Se NWs instead of the EtOH dispersion of Cu,Se
NWs (“NW-0-EtOH-8”). The crystal structures of NWs and
thin films were characterized by X-ray diffraction (XRD) with
an X-ray diffractometer (Rigaku, Smartlab) and scanning
electron microscopy (SEM)—energy-dispersive X-ray spectros-
copy (EDX) with a field emission SEM (Hitachi High-
Technologies, S-5500), respectively.

Evaluation of the Weight Percent of Cu,Se NWs. The
weight percent of Cu,Se NWs in NW-n (W,,) was calculated by

_ MCuNCu + MSeNSe
M Ney + Mg Ng, + MpgoNg

X 100

n

where N, N, and Ng are the amounts of Cu, Se, and S
atoms in the thin films quantitatively analyzed by EDX,
respectively; Mc, and Mg, are the atomic weights of Cu and Se,
respectively; Mp.qoe is the average formula weight of
PEDOT:PSS per one S atom and was estimated as 161
considering the weight ratio of PEDOT and PSS (1:1.2).
Evaluation of Thermoelectric Properties. Electrical
conductivity ¢ was calculated from the sheet resistance
measured by the van der Pauw method and the thickness
measured by cross-sectional SEM images using the cutoff
sample. The Seebeck coefficient S (=AV/AT) was calculated
from the voltage difference (AV) and temperature difference
(AT) measured by a handmade system, which was calibrated
with a ZEM-3 (ADVANCE RIKO), as shown in Figure S1. For
calibration of S, a 5.0 vol % PEDOT:PSS/DMSO thin film was
also prepared by spin coating (1500 rpm, 45 s) and annealing
(180 °C, 20 min). It is considered that the difference between
the measured values by the handmade system and the ZEM-3
is due to the difference in the S values of thermocouples. These
thermoelectric properties were measured at RT.

B RESULTS AND DISCUSSION

Figure 2a shows the powder XRD pattern for the obtained
Cu,Se NWs. The distinct peaks indicated by rhombic marks
(@) were found to be assigned to monoclinic a-Cu,Se. Since
the observed pattern was entirely different from that for as-
prepared Se NW precipitates assigned to a hexagonal Se
(Figure S2a), Se NWs were considered to be completely
reacted with Cu®" ions. No peaks originating from metallic Cu

—
Q
-

. @ o-Cu,Se

Intensity

20 40 60
20 (degree)

Figure 2. (a) Powder XRD pattern of Cu,Se NWs. (b) SEM image of
Cu,Se NWs. (c—e) SEM—EDX images of Cu,Se NWs. (c) High-
magnification SEM image, and elemental mapping images of (d) Cu

and (e) Se.
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at 43.3°, Cu,O at 36.4° or CuO at 35.5° were observed
(JCPDS file no. 5-0667 and 48-1548). No peak originating
from p-Cu,Se at 44.7° was also observed; f-Cu,Se is not the
preferable phase for thermoelectric materials because it has a
higher carrier concentration than a-Cu,Se, leading to a low
Seebeck coefficient at RT.” The XRD patterns of a-Cu,Se
were maintained for 2 weeks after synthesis, indicating that the
a-phase was stable at RT (Figure S3). Figure 2b shows the
SEM image for the obtained a-Cu,Se. As with Se NWs (Figure
S2b), the one-dimensional nanostructures were observed and
the diameter and length of the NWs were 300 + 100 nm and
10 &+ S pm, respectively. Since these values were almost the
same as those of the Se NWs, it is considered that a-Cu,Se was
formed directly on the Se NWs by photoreduction. This is
confirmed more clearly by elemental map images of EDX
shown in Figure 2c—e. Cu species are found to be distributed
along Se species on NWs. In addition, the composition ratio of
Cu and Se was estimated to be 2.0:1 by the quantitative
analysis of EDX and was almost the same as the stoichiometric
ratio of Cu,Se. These results indicate that single-phase a-
Cu,Se was formed by the present method.

Figure 3a shows the cross-sectional SEM image of
PEDOT:PSS thin films containing Cu,Se NWs abbreviated

Normalized Intensit:

0 1000 nm
A B

Figure 3. (a) Cross-sectional and (b) surface SEM images of NW-8.
The inset in (a) is a photo image of the thin film. In (a), the arrow
represents the interface between the thin film and the glass substrate.
(c—f) SEM—EDX images of the thin films. (c) High-magnification
SEM image, and elemental mapping images of (d) Cu, (e) Se, and (f)
S. These images were obtained from the surface of the thin film. In
(), the arrows represent the core part of the NW. (g) Line profiles
fitted by the Gaussian function in (d—f) for line segments A—B in (c),
where the profiles were normalized by each maximum peak intensity.

as NW-8. The pattern changes drastically on the upper and
lower sides of the straight line indicated by the arrow.
Considering that the pattern at the lower side looks
monotonic, the lower side is a glass substrate. Contrary, the
upper side looking complicated is a thin film. The thickness of
the thin film was regarded as that of the upper side and was
estimated to be ~600 nm. The thicknesses for NW-n are
shown in Figure S4 as a function of the number of NW layers,
and their values are listed in Table S1. The thickness is found
to be almost proportional to the number of NW layers. This
dependence indicates that the amount of deposited NWs by
the spin-coating process was constant in each layer. In
addition, the amount of thickness increase was less than 400
nm in the present preparation range. Considering that the

average diameter of NWs was 300 nm, the NWs were planarly
located in the thin film even though the spin-coating process
was repeated.

The surface structure of NW-8 was observed by SEM, as
shown in Figure 3b. This SEM image shows that NWs with a
length of 10 + S pm appeared in the thin film. Considering
that the size of these NWs was almost the same as that of
Cu,Se NWs observed in Figure 2b, the Cu,Se NWs were
found to be introduced into the thin film. Looking at the
enlarged SEM image (Figure 3c), it seemed that core—shell-
like NWs with core parts of 350 nm indicated by arrows and
shell parts of 750 nm were formed. By comparing this SEM
image with elemental maps shown in Figure 3d—f; it is found
that Cu and Se atoms are densely distributed along the NWs,
while S atoms are distributed broader than Cu and Se atoms
and even also sparsely their outside. To clarify the constituent
element of core—shell NWs, line profiles in Figure 3d—f were
obtained for line segments A—B in Figure 3c. The raw data of
line profiles (Figure SS) were fitted by the Gaussian function
and the fitted profiles were normalized by each maximum peak
intensity, which is shown in Figure 3g. These profiles show that
the profiles of Cu and Se from Cu,Se NWs corresponded to
the core parts of NW indicated by arrows, while that of S from
PEDOT:PSS corresponded to the entire NWs, indicating that
the core part was Cu,Se NWs and the shell part was
PEDOT:PSS. Additionally, almost only S was detected in the
PEDOT:PSS region without NWs. These results indicated that
Cu,Se NWs were covered with PEDOT:PSS.

Figure 4a shows the amount of Cu,Se (wt %) as a function
of the number of Cu,Se NW layers. The amount of Cu,Se
increased as the number of NW layers increased, which
indicates that the amount of Cu,Se in PEDOT:PSS thin films
can be controlled by the number of NW layers. While one may
wonder why the trend was not linear, this can be explained by
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Figure 4. (a) Amount of Cu,Se NWs (wt %) in PEDOT:PSS thin
films as a function of the number of NW layers. The Cu,Se NW
amounts were quantitatively analyzed by EDX. (b) o, (c) S, and (d)
$%¢ of PEDOT:PSS thin films containing Cu,Se NWs as a function of
the Cu,Se NW amount (wt %). The sample of 0 wt % Cu,Se NWs
indicates the reference thin film of PEDOT:PSS without Cu,Se NWs.
The dashed line in (b) is the fitted curve, which is applied to
experimental data with eq 2. The fitting parameters were o, and W..
The chain line in (d) is a guide to the eye.
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the relative increase in NW layers against the static
PEDOT:PSS layer. The mass ratio of NWs and the

. . nXxXm, w,
PEDOT:PSS layer is given by mpec:tw = 0w
is the mass of a single NW layer and mp4,, is the mass of the

PEDOT:PSS layer. Using W, W, can be simply expressed as

where myy

W X n
= X 100
(100 — W) + W, X n (1)

n

The Cu,Se amounts thus estimated are also plotted in Figure
4a. Compared with the estimated values, the experimental
values were qualitatively reproduced well, although they were
slightly smaller than the estimated values. This difference is
probably due to the loss caused by being blown away by a part
of the sample during the spin-coating process.

As shown in Figure 4b, thermoelectric properties of NW-n
were evaluated at RT as a function of Cu,Se amounts (wt %).
Electrical conductivity ¢ of the thin films drastically increased
at more than 40 wt %, while almost constant ¢ was obtained at
less than 40 wt %. At 60 wt % corresponding to NW-14, ¢ was
490 S em™!, which was ~530 times larger than that of NW-0.
The high o values of the composite thin films were maintained
for at least 2 weeks after synthesis (Figure S6), indicating that
the thin film was stable. Considering that Cu,Se NW films
without PEDOT:PSS exhibited a higher ¢ of ~1200 S cm™
than the PEDOT:PSS thin film (Supporting Information), this
0 enhancement was due to the introduction of a high-o
material (Cu,Se NWs). Figure S7 shows carrier concentration
and hall mobility as a function of a number of NW layers
obtained by Hall measurement. The carrier concentration
increased by orders of magnitude as the number of NW layers
increased, while the hall mobility was almost constant. This
indicated that the increase of ¢ by the introduction of Cu,Se
NWs was due to the enhancement of the carrier concentration.
The origin of the drastic increase was discussed in the next
paragraph. Figure 4c shows the Seebeck coefficient S as a
function of Cu,Se amounts (wt %). S of the thin films
decreases at more than 40 wt %, while S is almost constant at
less than 40 wt %. The power factor S’ of NW-8 exhibits the
highest value of 0.62 yW m™" K* at 53 wt %, which is ~10
times larger than that of NW-0. The effect of ¢ increase was
larger than that of S decrease, although S decreased by the
introduction of Cu,Se NWs, leading to S’ enhancement.

Here, we discuss the origin of the drastic increase of
conductivity o as observed in Figure 4b. At first, since the
structural change of PEDOT:PSS by the introduction of Cu,Se
NWs can affect the conductivity, the Raman spectrum was
observed, as shown in Figure S8. The peak profile of the
Raman spectrum was almost the same as that of a reference
film fabricated using the EtOH solution without Cu,Se NWs
instead of the EtOH dispersion of Cu,Se NWs (NW-0-EtOH-
8) including the region between 1400 and 1550 cm™ due to
C=C symmetric stretching vibration. The peak profile of NW-
8 was also consistent with other reports.”® This suggested that
the chemical structure of PEDOT:PSS was not affected by the
introduction of Cu,Se NWs. In other words, the Cu,Se NWs
were highly probable to influence the drastic increase of o.

As the amount of NWs increases in the thin film, the
number of connections between NWs increases quadratically.
The connected NWs make a conductive path, leading to the
drastic increase of ¢ due to the so-called percolation effect. For
percolation theory, o is represented with the weight fraction W

of fillers and the percolation threshold W, in three-dimensional
systems as follows:

(W = W) (W2W)
6 =
0 (W<VV;) (2)

In eq 2, 6 quadratically increases when W exceeds W_*"~* We
fitted the experimental data by eq 2. The fitted line (dashed
line) is shown in Figure 4b, where fitting parameters W_ and o,
were 45 wt % and 4640 S cm™, respectively. This fitted line
was in good agreement with our experimental values.

To support the value of the percolation threshold,
morphological changes in the thin film were observed from
surface SEM images, as shown in Figure S9a—c. For NW-1,
Cu,Se NWs form relatively small aggregates, which are isolated
and distributed on the thin film without being connected to
each other. In contrast, for NW-8, Cu,Se NWs form larger
aggregates, which are connected to each other everywhere.
These connected Cu,Se NWs can cause the formation of a
carrier conductive path of Cu,Se NWs, leading to a drastic
increase in o. To discuss the connection probability of NWs,
the area of connected NWs was calculated by regarding them
as one aggregate. Since the number of NW connections
depends on the size of the aggregate, the connection
probability of NWs can be discussed using the area of
connected NWs. The area was calculated by Image] from
monochrome surface images (Figure S9d—f), where the NW
region was white and the other region was black. The
conversion from surface SEM images to monochrome images
was also done by Image]. The total area of Cu,Se NWs in the
range of the SEM image size was plotted as a function of the
number of NW layers, as shown in Figure Sa. The total area
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Figure S. (a) Total area of Cu,Se NWs in the range of 172 ym X 216
pm corresponding to the SEM image size of Figure S8 as a function of
the number of NW layers. The dashed line is a linearly fitted line. (b)
Maximum area (Max. area) of connected NWs as a function of Cu,Se
amounts (wt %). The area of each connected NWs was calculated by
regarding them as one aggregate. Then, the maximum area in (b) is
defined as the largest area in the range of the SEM image size in
Figure S9. The dashed line is a fitted line by eq 3 with fitting
parameter A and fixed parameter W, (=45 wt %). The fitted A was
1.49 X 10° um?

increased in proportion to the number of NW layers, where the
total area was able to be linearly fitted, as shown in Figure Sa.
This result indicates that the value of the area correctly
represents the amount of Cu,Se NWs in the thin film. Here,
the maximum area was also extracted, which is defined as the
largest area of connected Cu,Se NWs in the range of the SEM
image size, as shown in Figure S9a—c. The maximum area
increases as the amount of connection increases, namely, the
maximum area reflects the connection probability. Figure Sb
shows that the maximum area drastically starts to increase at
around 45 wt %. Since this tendency of the maximum area was
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similar to that of ¢ (Figure 4b), the maximum area was fitted
by the function analogous to eq 2 as follows:

AW - W)* (W2W)
maximum area =
0 (W<w) (3)

where W_ is the percolation threshold used in eq 2 and A is a
fitting parameter. The fitted line (dashed line) in Figure Sb
reproduced the observed maximum area well. This result
indicates that a percolation threshold W, of 45 wt % obtained
from o is consistent with the structural observation. These
results support the drastic increase of o due to the percolation
effect of Cu,Se NWs.

It was previously reported that an energy barrier at the
PEDOT:PSS/Cu,Se interface was qualitatively discussed.’
High-energy carriers can pass through the barrier, while the
low-energy carrier cannot pass, which can cause the energy
filtering effect, leading to S enhancement. While the o of the
composite thin films “drastically” increased (Figure 4b), S
“gradually” decreased (Figure 4c). This “gradual” change can
be due to the inclusion of the S enhancement effect by the
energy filtering effect.

To evaluate the ZT of the composite thin films, changes in k
values were discussed qualitatively because the measurement in
the in-plane direction was challenging. Since the k of bulk
Cu,Se (1 W m™ K™')*” is known to be $ times higher than
that of PEDOT:PSS (02 W m™' K™),°" the k of the
PEDOT:PSS/Cu,Se NWs composite thin films is estimated to
be up to S times higher than that of the PEDOT:PSS thin film.
Even under this maximum estimation, considering the
observed 10 times enhancement of S%o, there is still 2 times
enhancement of ZT. In practice, the k of Cu,Se NWs is
expected to be reduced from bulk Cu,Se due to the
nanostructural effect: phonon scattering at nanostructure
interfaces. Therefore, the ZT of the composite thin film is
more than twice as higher as that of the PEDOT:PSS thin film.

B CONCLUSIONS

Cu,Se NWs with a diameter of 300 & 100 nm and a length of
10 + S pm were synthesized by the photoreduction method.
Composite thin films of Cu,Se NWs and PEDOT:PSS were
prepared by spin-coating PEDOT:PSS and Cu,Se NWs
alternatively. Conductivity ¢ for the composite thin films was
530 times higher than that for the PEDOT:PSS thin films. The
o of the composite thin films drastically increased at more than
40 wt % in Cu,Se amounts, and this tendency can be
quantitatively explained by the percolation effect. Conse-
quently, the power factor S’ for the composite thin films was
higher than that for PEDOT:PSS thin films. This S’c
enhancement by the percolation effect would be expected to
contribute to the development of thermoelectric performance
enhancement for organic materials.
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