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We report the thermoelectric (TE) properties of organic—inorganic hybrid thin
films composed of conductive polymer, poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT-PSS), and inorganic silver nanowire (AgNW).
Two kinds of AgNW with different wire length, 3 ym and 27 um, were used in
this study. The AgNW/PEDOT-PSS hybrid films showed an increase in elec-
trical conductivity (¢) with increase in AgNW concentration. The maximum
value of ¢ obtained in this system was ca. 10,000 S cm . The films containing
long AgNWs (L-AgNWs) showed higher ¢ relative to short AgNWs (S-AgNWs)
at given concentration, which results from the fact that longer nanowires can
easily form a percolated structure. The formation of a percolated structure was
confirmed by scanning electron microscopy (SEM) observation. On the other
hand, the Seebeck coefficient (S) of the hybrid films showed the opposite
dependence on AgNW concentration. This decrease in S with increasing
AgNW concentration is probably because of increase in carrier number due to
the AgNWs. These results suggest that the presented organic—inorganic hy-
brid system is one example where the electrical conductivity and TE proper-
ties can be tuned by use of a nanocomposite.
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INTRODUCTION

There has been increasing interest in polymer
electronics in recent years. Characteristics of
organic polymer materials such as flexibility, light
weight, and printability are attractive advantages
over inorganic materials. Continuous efforts have
been devoted to their development for polymer-
based ayglications, including light-emitting diodes
(LEDs)," transistors,®* touch sensors,”® and pho-
tovoltaic cells.”® The key materials supporting
such applications are conducting polymers. Among
these materials, poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT-PSS) is one of the
most widely used because of its stability and high
level of electrical conductivity.’

Our group has been studying development of
polymer-based thermoelectric (TE) materials.'%!3
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In the area of thermoelectrics, highly conducting
PEDOT-PSS films are also becoming popular and
are often used as p-type TE material.'*!" We
believe that use of organic—inorganic composite
materials is one of the effective routes to improve
TE properties and consider PEDOT-PSS to be a
suitable matrix; For example, we previously
reported on the TE properties of composite thin
films of PEDOT-PSS containing several types of
metal nanoparticle (NP) as inorganic component.
The effects of addition of gold (Au) NPs with
different protecting ligands or different particle
shape (spherical or rod) into PEDOT-PSS film were
examined, revealing that some additives can con-
tribute to improvement of TE properties, probably
due to increase in carrier mobility or control of
carrier concentration.'?

In this study, we focused on another composite
system consisting of PEDOT-PSS and silver nano-
wires (AgNWs). We previously showed that rod-
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shaped gold nanorods (AuNRs) greatly influence the
electrical conductivity (¢) and/or Seebeck coefficient
(S), compared with spherical AuNPs. This can
probably be attributed to formation of percolated
structure, thus suggesting that one-dimensional
metallic nanomaterials with much higher aspect
ratio will lead to still greater alteration of these
properties. We selected AgNWs as such a one-
dimensional nanomaterial because of their ease of
synthesis and high electrical conductivity. Two
kinds of AgNWs, long Ag nanowires (L-AgNWs)
and short Ag nanowires (S-AgNWs), were prepared
to examine the effect of length distribution. The TE
properties of composite films containing these
AgNWs were examined systematically, and the
dependence of these properties on the concentration
and distribution of the particles in the film is
discussed.

EXPERIMENTAL PROCEDURES
Chemicals

Silver nitrate (AgNOgs), potassium nitrate
(KNO3), copper(Il) chloride (CuCls), poly(N-vinyl-
2-pyrrolidone) (PVP, K30), and ethylene glycol (EG)
were purchased from Wako Pure Chemicals and
used as received. All water used was deionized.

Synthesis of AgNWs

AgNWs were synthesized by the polyol
method.*®2° First, 50 mL 0.28 M KNO; EG solution
was heated at 151.5°C for 1 h with stirring. Next,
400 uL. 4 mM CuCl, EG solution and 15 mL
0.147 M PVP EG solution were injected into the
KNO; solution and stirred for 15 min. Finally,
15 mL 0.094 M AgNO; EG solution was slowly
dropped (~1 mL/min) into the solution, followed by
maintenance at 151.5°C for an additional 90 min,
leading to production of opaque white suspension of
AgNWs. After the solution had cooled to room
temperature, the as-prepared AgNWs were washed
and purified by repeated centrifugation—precipita-
tion—redispersion processes. Purified AgNWs were
finally redispersed with water for subsequent use.
AgNWs with shorter length were obtained by a
conventional sonication process with a sonicating
bath. Long ultrasonic treatment can lead to frag-
mentation of the wires.?! The as-synthesized
AgNWs and those with short length are referred
to hereinafter as L-AgNWs and S-AgNWs,
respectively.

Fabrication of Hybrid Thin Films

Hybrid films were obtained by a simple, drop-
casting method. Casting dispersions were prepared
by mixing two aqueous dispersions, i.e., commer-
cially available PEDOT-PSS solution (Clevios
PH1000, Heraeus) and synthesized AgNW colloidal
dispersion. The mass content of silver NWs in the
hybrid films was adjusted by changing the mixing

conditions (concentration of silver dispersion or
volume ratio). These mixed dispersions were cast
onto quartz substrates (4 mm x 16 mm) and dried
in air at 80°C for 1 h. Finally, the dried films were
posttreated with EG. EG (40 uL) was cast onto the
hybrid films preheated at 130°C and kept at that
temperature for 30 min. The thickness of the hybrid
films was measured using a linear gage and ranged
from 1.5 ym to 3 ym.

Measurements

Transmission electron microscopy (TEM) obser-
vations were performed using a JEM-1230 (JEOL)
at accelerating voltage of 80 kV. The film surfaces
were observed using an S-4800 (Hitachi Hi-tech)
scanning electron microscope. The TE properties
were measured at several temperatures using a
ZEM-3 (ULVAC). ¢ was measured by the four-
terminal method, and S was measured by the static
direct-current (DC) method. The measurement
accuracy for both parameters is less than +7%.

RESULTS AND DISCUSSION

The synthesized L-AgNWs and S-AgNWs were
observed by SEM (Fig. 1a and b). The average
length of the L-AgNWs and S-AgNWs was
274+ 148 yum and 3.4 + 2.2 um, respectively
(Fig. 1c and d). The average width of the AgNWs
was estimated to be about 100 nm by TEM obser-
vation (Fig. le).

Figure 2 shows the x-ray diffraction (XRD) pat-
tern of the AgNWs. The position of the diffraction
peak for the AgNWs matches well with that of bulk
silver with face-centered cubic (fee) structure (ref-
erence), and almost no signal from impurities such
as Ago0 is observed in this figure, suggesting that
high-quality AgNWs were synthesized.

The temperature dependence of the electrical
conductivity (o) and Seebeck coefficient (S) for the
L-AgNW/PEDOT-PSS hybrid film (20 wt.%) and
pure PEDOT-PSS film without AgNWs is shown in
Fig. 3. For both film samples, ¢ shows a gradual
decrease while S increases with increasing temper-
ature. All the other hybrid films showed similar
behavior (not shown), suggesting similar carrier
conduction (probably metallic) in these films.

Figure 4 shows how the thermoelectric parame-
ters are affected by the content of AgNWs. For both
hybrid films containing L-AgNWs and S-AgNWs, ¢
increases with increase in the content (Fig. 4a). In
particular, the highly concentrated films showed o
reaching more than 10,000 S cm ™!, which is about
10 times higher than that of pure PEDOT-PSS film.
Such high ¢ can be ascribed to aggregation (perco-
lation) of AgNWs in the film. As the concentration of
AgNWs increases, a lot of connections are formed
between them, consequently generating a number of
paths (networks) for carrier transfer that lead to
enhancement of metallic conductivity. Note that the
observed ¢ values are lower than that of individual
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Fig. 1. SEM images and length distribution of L-AgNWs (a, c) and S-AgNWs (b, d). (e) TEM image of AgNWs.
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Fig. 2. XRD pattern of AgNWs with XRD reference lines for bulk
silver (PDF 00-004-0783).
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NW (~10° S em1),%2 which means that the carrier
conduction in these films is not fully dominated by
only the embedded AgNWs but the PEDOT-PSS
matrix is still responsible for carrier conduction.
The above explanation for the ¢ enhancement is
supported by the results of SEM observations shown
in Fig. 5. For hybrid film with 20 wt.% S-AgNW, the

AgNWs are sparsely dispersed (Fig. 5a). In this
case, percolation is not realized, and so the effect of
the AgNWs on the ¢ value is small. In the case of
50 wt.% S-AgNW hybrid film, densely dispersed
AgNWs are observed and many of them form
percolated structure, resulting in the increase in
the ¢ value. The L-AgNW hybrid films also showed a
similar tendency. However, in this series, percola-
tion structure can be formed at lower content
(20 wt.%) owing to the greater length (Fig. 5¢).
Longer one-dimensional materials are generally
preferable for forming long-range conductive net-
works at lower content, thus leading to a low
threshold.

In contrast to o, the S values decreased with
increase in AgNW concentration (Fig. 4b). The L-
AgNW/PEDOT-PSS films showed a rapid decrease
of S. We previously reported a similar tendency in
PEDOT-PSS films including one-dimensional gold
nanorods (AuNRs).'? This is a negative effect on the
thermoelectric property due to the use of metal in
the hybrid material. Because the power factor P
strongly depends on the S value (as S?), both types
of hybrid films show a depression in P as a result of
the hybridization (Fig. 4c).
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Fig. 3. Temperature dependence of (a) conductivity and (b) See-
beck coefficient for L-AgNW/PEDOT-PSS (20 wt.%) film (filled cir-
cles) and PEDOT-PSS film (open circles).

We anticipated the occurrence of hybrid effects on
adding AgNWs into the conducting polymers,
enhancing ¢ while simultaneously increasing or
maintaining the value of S at some concentrations.
Such favorable effects have indeed been realized in
some cases. One example is the case of PEDOT-PSS
films containing carbon nanotubes (CNTs). With
increasing concentration of CNTs, the ¢ of the
hybrid films increases while the S value shows only
a small reduction, leading to high power factor
values (~100 yW m~* K 2).2* Another example is
the similar hybrid system of AgNW and PEDOT-
PSS. With increase in the concentration of AgNW in
the bulky thick hybrid films, ¢ increased but the S
value remained constant and was found to be
independent of the content of AgNWs, resulting in
enhancement of the power factor (3 yW m ! K~%).2°
This enhancement can be explained based on the
energy filtering effect®*??” which hinders trans-
port of low-energy carriers (electrons) across the
organic—inorganic interfaces while simultaneously
maintaining the carrier concentration. Unlike the
above successful cases, it was difficult to find an
apparent effect of hybridization in our AgNW/
PEDOT-PSS system, even at relatively low AgNW
concentration where carrier filtering is expected to
be effective. The rapid reduction of the Seebeck
coefficient probably reflects increase in the carrier
number due to addition of electronically conductive
AgNWs, and this fact suggests that the interfaces
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Fig. 4. (a) Conductivity, (b) Seebeck coefficient, and (c) power factor
of composite films as functions of AQNW content.

between (electron-conductive) AgNWs and p-type
PEDOT-PSS do not work well to reduce the
decrease in Seebeck coefficient. However, we believe
that there is room for improvement of the TE
properties in our system. Although the above exam-
ple using bulky thick AgNW/PEDOT-PSS films
showed a hybrid effect, the TE performance
obtained remained at a low level, which may be
because of the low electrical conductivity of the
polymer used. Careful design of hybrid material,
especially the interfaces between AgNWs and
matrix polymer, would be needed for improvement.
One example is to construct AgNW—polymer—AgNW
conductive paths in the films. Direct contact
between AgNWs is probably dominant in this study,
which should lead to a strong decrease in S. We
believe that completely covering the individual
AgNWs with conducting polymer may be an effec-
tive way to avoid this. This may be achieved by
surface functionalization of the AgNWs and will also
contribute to reduce the thermal conductivity. Use
of other conducting polymers, especially n-type
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materials, would lead to an interesting and better
combination.

CONCLUSIONS

We fabricated PEDOT-PSS thin films containing
AgNWs as organic—inorganic hybrid TE materials.
Two kinds of AgNW with different wire length (L-
AgNW and S-AgNW) were used. The electrical
conductivity and Seebeck coefficient were examined
for several hybrid films with different AgNW con-
centration. The electrical conductivity of the hybrid
films increased with increase in AgNW concentra-
tion, resulting from formation of percolated struc-
ture of AgNWs. Since the longer AgNWs can easily
achieve percolation at relatively low concentration,
the increment in the conductivity is larger for L-
AgNWs than for S-AgNWs. On the other hand, the
Seebeck coefficient of the hybrid films showed a
decrease with increasing AgNW concentration,
leading to undesirable reduction of TE performance.
This behavior suggests that the interaction at the
interfaces between the AgNWs and PEDOT-PSS is
insufficient, so the carrier mobility and concentra-
tion were not well controlled. Adequate design and
modulation of the system to optimize carrier trans-
port and concentration will be needed to improve
the TE properties. Nevertheless, we want to

emphasize that, although the present AgNW/
PEDOT-PSS system could not offer good TE perfor-
mance, control of the electrical conductivity was
achieved by tuning the AgNW concentration, which
might be useful for design of conducting parts of
organic electronic devices.
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