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We fabricated cast films of complexes of poly(3,4-ethylenedioxythiophene) and
polystyrene sulfonic acid (PEDOT:PSS) at various thicknesses, ¢ = 3-20 um,
on flexible polyimide substrates, and studied their thermoelectric properties.
We also fabricated in-plane film devices consisting of five couples of PED-
OT:PSS and Ag electrodes, measuring their output power characteristics as a
function of film thickness. The Seebeck coefficient and electrical conductivity
of a PEDOT:PSS film with a thickness of ~20 ym on a polyimide substrate
were ~15 uV/K and 500 S/cm, respectively, near room temperature. As the
film thickness decreased from ~10 um to 3 um, the electrical conductivity
increased remarkably to 1200 S/cm, while the Seebeck coefficient remained
almost constant with film thickness. The maximum electric power for an
in-plane PEDOT:PSS film device with a thickness of 10 um was 1.3 uW at
AT = 100 K. Its open-circuit voltage was 7.3 mV, and its internal resistance
was 11 Q. The measured power-generation characteristics of the film device
agreed with values estimated from the dependence of thermoelectric proper-
ties on film thickness for PEDOT:PSS films on polyimide substrates. Assum-
ing single PEDOT:PSS legs, defined as the direction of heat transport, we
estimated the expected electrical power density at AT = 100 K as ~650 W/
cm? for a film thickness ¢ = 10 um, and 1400 xW/cm? for ¢ = 3 um.

Key words: Conducting polymer, PEDOT:PSS, thermoelectric device, power-
generation characteristics, film thickness dependence

INTRODUCTON

Thermoelectric power generation, the direct con-
version of heat to electric energy by the Seebeck
effect, is a promising means of harvesting electricity
from heat sources with low-temperature gradients
relative to the environmental temperature.® The
conversion efficiency of thermoelectrics can be
described by the thermoelectric figure of merit (Z7),

(Received August 13, 2014; accepted January 24, 2015;
published online February 24, 2015)

given by ZT = S26T/x, where S is the Seebeck coef-
ficient, o is the electrical conductivity, x is the
thermal conductivity, and T is the absolute tem-
perature. Recently, conducting polymers have
attracted much interest for use in thermoelectric
applications in converting environmental energy.
These polymers are attractive because they have
good electrical conductivity, as high as ~1000 S/cm,?™”
and intrinsically low thermal conductivity, usually
a few orders of magnitude lower than that of inor-
ganic materials,® and they consist of abundant and
harmless elements. Moreover, the possibility of
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fabricating these polymers using solution process-
ing enables printing technologies, which allow mass
production of large-area materials on flexible sub-
strates at very low cost. Doing initial research on
organic thermoelectric materials, Yan et al.>!
reported polyaniline as a promising candidate for
organic thermoelectric applications. Recently, many
resarchers have studied the polythiolphene system
to improve thermoelectric properties,’'2* finding it
to have considerable potential. Bubnova et al.'®
reported ZT =0.25 at room temperature for
poly(3,4-ethylenedioxythiophene) doped with tosy-
late (PEDOT:TOS); in a later work, they suggested
that improving the structural order of the material
will improve its power factor.?° Kim et al.'” reported
that a thin film of poly(3,4-ethylenedioxythiophene)
complexed with polystyrene sulfonic acid (PEDOT:
PSS) had ZT = 0.42 at room temperature.

Beyond these materials, it is practically impor-
tant to fabricate flexible thermoelectric devices
made from PEDOT:PSS and to characterize their
power-generating properties, including the thermal
stability and durability of the device.?**° Some
have fabricated flexible PEDOT:PSS devices and
characterized them. In particular, we have reported
preparing PEDOT:PSS films on a flexible polyimide
substrate, investigating their flexibility and ther-
mal stabilitgr with respect to their thermoelectric
properties.®

In the present study, we prepared PEDOT:PSS
films with various thicknesses on a flexible poly-
imide substrate by a solution processing and in-
vestigated how their thermoelectric properties
depended on film thickness. We also fabricated
flexible in-plane film devices consisting of PED-
OT:PSS legs in a practical range of film thicknesses
(a few to a few tens of micrometers) and Ag elec-
trodes, and measured their power-generation prop-
erties. The output power density of the devices
increased markedly across film thicknesses of
3-10 um, caused by an increase in electrical con-
ductivity with decreasing film thickness.

EXPERIMENTAL PROCEDURE

PEDOT:PSS (Clevios PH1000; Heraeus Precious
Metals, Leverkusen, Germany, 1:2.5 mass ratio)
and 5 vol.% dimethyl sulfoxide (DMSO) were mixed
by stirring for 1 h to enhance electrical conduc-
tivity.?! The mixed solutions were cast onto a flex-
ible polyimide substrate. To change the film
thickness, the volume of solution cast was varied
from 3 uL/cm? to 30 uL/cm? The films were dried
slowly in air on a hot plate at ~313 K for 15 h,
removing most of the water. The resultant films
were further dried under vacuum at ~383 K for 2 h,
removing most of the DMSO. The film thicknesses
were typically 3-20 ym. The film thickness was
measured by using a linear gauge (Model LGK-
0110, Series No. 542-158, resolution: 0.1 ym;
Mitsutoyo, Kawasaki, Japan), subtracting the
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thickness of polyimide substrate measured before
casting from the total thickness of the cast film and
polyimide substrate. Flexible devices composed of
these PEDOT:PSS films at various thicknesses were
prepared on a polyimide film, on which Ag elec-
trodes were formed using a printing technique.
Figure 1 shows (a) a schematic and (b) a photograph
of a flexible device composed of the PEDOT:PSS
films on a polyimide substrate. The device consists
of five thermocouples, a leg of PEDOT:PSS with
length L = 5 mm, width w = 4 mm, and thickness
t = 3-20 um, as well as a leg with an Ag electrode
with L = 5 mm, w = 3 mm, and ¢ = ~15 ym.

The microstructure of cross-sections of the PEDOT:
PSS films on polyimide substrate was observed by
field emission scanning electron microscopy
(FE-SEM, S-4800, Hitachi High-Technologies Corp.,
Tokyo, Japan) for selected samples. The preparation
method of specimens for SEM observation of cross-
sections was as follows: the PEDOT:PSS films were
carefully peeled off the polyimide substrate, then
they were frozen in liquid nitrogen and broken into
pieces in liquid nitrogen to avoid any change of
microstructure of cross-sections due to shear stress
by cutting.

We measured the Seebeck coefficient and electri-
cal conductivity simultaneously at ~300—400 K by
using a thin-film measurement system (ZEM 3-MS8;
ADVANCE RIKO, Inc., Yokohama, Japan). The
experimental error in these measurements for a
standard sample (constantan) was less than +7%
and +10% for the Seebeck coefficient and electrical
conductivity, respectively. The electrical conduc-
tivity was also measured with a standard four-probe
method with a direct-current power supply of
0.1-0.5 mA. The Seebeck coefficient was obtained
from measuring thermoelectromotive force as a
function of temperature difference within a range of
5 K. We obtained the absolute Seebeck coefficient by
subtracting the Seebeck coefficient of the Pt probe
wire from the Seebeck coefficient, calculated from
the measured thermoelectromotive force and tem-
perature difference over the entire temperature
range.

To measure the power-generation properties of a
PEDOT:PSS-based flexible device, we heated one
side of the device using a cartridge heater (the
temperature of cartridge heater block was up to
473 K); simultaneously, we cooled the other side by
circulating water at constant temperature of 293 K.
A polyimide sheet was inserted between PEDOT:
PSS device and cartridge heater block for insulat-
ing. Thermal conducting past was used to reduce
the thermal resistance between the interfaces. We
set the temperature difference AT to ~100 K in an
in-plane direction between the two sides of the
device. The temperature difference AT of the sur-
face of the device was measured by a thermal
imaging camera (Model T640; FILR Systems Japan,
Tokyo, Japan). The surface temperature of the hot
side was typically below 423 K. The output power
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characteristics of the device were evaluated in air
using a homemade system; this system measured
the voltage—current and output power—current
curves by varying a potentiometer (load resistance
R;1) from 0 to 100 Q.

RESULTS AND DISCUSSION

Figures 2, 3, and 4 show the temperature depen-
dence of the Seebeck coefficient S, electrical con-
ductivity o, and power factor, respectively, over two
heating and cooling cycles for the PEDOT:PSS films
of different thicknesses on polyimide substrates. As
shown, the data of S, ¢ and power factor for two
heating and cooling cycles are almost the same for
the PEDOT:PSS films of different thicknesses on
polyimide substrates. It is expected that these
PEDOT:PSS films are thermally stable up to 380 K,
in agreement with our recent study of thermal sta-
bility with respect to the thermoelectric properties
for PEDOT:PSS films on polyimide substrate.®°
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Fig. 1. (a) Schematic and (b) photograph of a PEDOT:PSS device
on a polyimide substrate.
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Fig. 2. Temperature dependence of the Seebeck coefficient S for
PEDOT:PSS films with different thicknesses on polyimide sub-
strates. These data are from two measurement cycles: solid and
open symbols are the first and the second runs, respectively.

According to the study, relatively high thermal
stability and durability with respect to S and ¢ for
PEDOT:PSS films were demonstrated by test of
heating and cooling cycle (330-380 K, 30 times) and
by thermal hysteresis of ¢ (353 K in air for
4000 h).>° In addition, differential scanning
calorimetry (DSC) from 263 K to 523 K showed no
indication of a well-defined glass-transition tem-
perature or decomposition.>°

For all films, S was ~15.6 yV/K near room tem-
perature, almost independent of the film thickness,
and increased slightly with increasing temperature.
In contrast, ¢ depended much on film thickness and
decreased slightly with increasing temperature,
causing the power factor to increase with decreasing
film thickness. Figure 5 plots S and ¢ near room
temperature as functions of film thickness for the
PEDOT:PSS films on polyimide substrates. At film
thicknesses greater than ~10 ym, ¢ was almost
constant at 500-600 S/cm. As the film thickness

5 800

<25 £ PEDOT:PSS/polyimide

[¢) E

S E t=6.1pum

= F® @ Q@ @ e

3] E o)
g 600¢ t=9.4pm

5 2

8 £ O O m o o
ol 500 E t=18.9 um

o F  Solid: 1st

= F Open: 2nd

o =

9 400 1 1 1 1 | | 1 1 1

L 300 350 400

Temperature (K)

Fig. 3. Temperature dependence of electrical conductivity ¢ for
PEDOT:PSS films with different thicknesses on polyimide substrates
These data are from two measurement cycles: solid and open
symbols are the first and the second runs, respectively.
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Fig. 4. Temperature dependence of the power factor for PEDOT:
PSS films with different thicknesses on polyimide substrates. These
data are from two measurement cycles: solid and open symbols are
the first and the second runs, respectively.
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decreased to less than 10 um, ¢ increased markedly
to 1200 S/cm at ~3 ym, but S remained almost
constant. It has been reported that S and ¢ values
near room temperature were typically 15-17 uV/K
and 700-900 S/cm respectively for spin-coated
PEDOT:PSS ultrathin films (thickness less than
~200 nm) with DMSO or ethylene glycol (EG)
treatment and without dedoping treatment.'®?!
Our data of S for different thicknesses agree well
with the reported S values and our data of ¢ at
film thickness less than ~5 ym are comparable to
the reported o values for spin-coated ultrathin
films.'®?! In conducting polymers, thermoelectric
properties may be considerably modified by oxida-
tion level, chain alignment, interchain interaction,
conjugation length, degree of structural order, and
so on.'>?° The modification of oxidation states
(bipolaron, polaron, neutral) of PEDOT by chemical
dedoping with counter ions or reduction agents,
such as tosylate (TOS), tetrakis(dimethylamino)
ethylene (TDAE), NaOH, NH,OH, ethanolamine,
ammonia solutions, hydrazine, and so on,'%!9-21-24
is crucial for the increase of Seebeck coefficient,
which is, however, normally accompanied by the
decrease of electrical conductivity. In contrast, the
organic Polar solvents, such as DMSO and
EG,'%182 a5 secondary dopants for PEDOT:PSS,
significantly affect the film morphology, resulting in
high electrical conductivity. It was reported by Luo
et al.'®?! that DMSO or EG treatments for spin-
coated ultrathin films were able to trigger the phase
separation between the conducting PEDOT chains
and insulating PSS chains, leading to the formation
of elongated, well-connected networks of lager
PEDOT-rich grains for high electrical conductivity
(up to 900 S/cm), and did not affect the chemical
structure of PEDOT chains, only the morphology.
According to their report, for the PEDOT:PSS films
on polyimide substrate, it is suggested that the
oxidation level, i.e. the carrier concentration, of the
PEDOT:PSS films is almost independent of the film
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Fig. 5. Seebeck coefficient S and electrical conductivity ¢ near room
temperature as functions of film thickness t for PEDOT:PSS films on
polyimide substrates.
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thickness because the Seebeck coefficient is almost
unchanged, but the film morphology depends on the
film thickness and plays a major role for increased
electrical conductivity.

To investigate the correlation between the
film morphology and the electrical conductivity, we
observed the cross-sections of the PEDOT:PSS
films with different thicknesses, as presented in
Fig. 6. At the film thickness of 43 ym (¢ = 593 S/cm)
(Fig. 6g—j), uniform texture without any obvious
anisotropic structure was observed in the upper
area (film surface side), middle area, and lower area
(substrate side). At the film thickness of 5.5 yum
(6 = 635 S/cm) (Fig. 6d-f), the slightly ordered and
elongated grains along the substrate were clearly
observed. At the film thickness of 3.4 ym (¢ =
1030 S/cm) (Fig. 6a—c), the marked change of mor-
phology was observed as the ordered and elongated
grains, lamella structure, along the substrate, all
over the cross-section. Thus, the ordered structure
of grains along the substrate may account for the
increase in electrical conductivity at the film thick-
ness less than ~5 ym.

To obtain direct information of carrier mobility
and carrier concentration, we attempted to measure
Hall effect by the van der Pauw technique, but
measuring of the Hall voltage for the PEDOT:PSS
films was very challenging, and no reliable results
were obtained due to low signal-to-ratio and fluc-
tuating off-set voltage. Recently, single crystal
PEDOT nanowires were grown by liquid-bridge-
meditated nanotransfer printing with vapor phase
polymerization, and their electrical conductivity
was up to 8797 S/cm.?? The carrier mobility u of
single crystal PEDOT nanowires was estimated to
be ~88 cm?(V s) assuming the carrier concentra-
tion n =6.23 x 10%%cm?®, using the relationsh%g
o = enpu, where e is the elementary electric charge.
As reported by Hokazono et al.*” from geometrical
considerations, similarly to Ref. 32, we roughly
estimated the carrier concentration of PEDOT:PSS
films as 8.9 x 10%%cm?® and the carrier mobility as
~4.2 em?/(V s) for ¢ = 600 S/cm [~8.4 cm*/(V s) for
o = 1200 S/cm]. This mobility value for ¢ = 600
S/cm is much greater than that of pristine PEDOT:
PSS prepared in the absence of organic polar solvent
EG [reported as 0.15 cm?(V s), 5.9 x 10%%cm?3]™*
and is comparable to that of PEDOT:PSS prepared
with EG [reported as 3.6 cm?/(Vs), 8.1 x 102/
em®],'* in which the mobility was determined by
terahertz and infrared-ultraviolet spectroscopy.
Further, the mobility value of spin-coated PED-
OT:PSS ultrathin film with EG was determined to
be 1.7 cm?*(V s) (6 = 830 S/cm) from the conduc-
tance g, of its single gate field effect transistor, and
the carrier concentration was estimated to be the
order of 102Y/cm? .1

Figure 7 shows the output power characteristics
of a flexible PEDOT:PSS device with a film thick-
ness of 10 um at a temperature difference AT of
~100 K. The voltage—current line is linear and the
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(b) Upper area: x60k (e) Upper area: x60k
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(c) Lower area: x60k (f) Lower area: x60k
Fig. 6. SEM images of the cross-sections for PEDOT:PSS films with different thicknesses, (a)—(c) 3.4 um, (d)—(f) 5.5 um, and (g)—(j) 43 um.

output power—current curve is parabolic, consistent from the slope of the voltage—current line, and we
with a general model of an equivalent power source. obtained the maximum power P, from the output
We obtained the internal resistance of the device Ry power—current curve at a matching condition:
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Fig. 7. Voltage—current and output power—current curves for
PEDOT:PSS film at a film thickness t of 10 um and temperature
difference AT of ~100 K.

where the load resistance Rjp, equals the internal
resistance of the device R,. Table I summarizes the
power-generation properties—the open-circuit volt-
age V,, the internal resistance of the device R, the
maximum power P,,.,—and the calculation of these
properties from S and ¢ using these relationships:
V, = NSAT, where N is the number of thermoelec-
tric elements, Ry = NL/(owt), and Ppyax = V2/(4Ro)
In these -calculations, we wused S =15 uV/K,
6=600S/cm, AT=100K, N=5, L=5mm,
w =4 mm, and ¢ = 10 yum. The measured properties
agree well with the calculated ones. By comparing the
measured and calculated values, we deduced that the
internal resistance of the device was derived mainly
from the resistance of the PEDOT:PSS legs and that
the interface resistance between the PEDOT:PSS
and Ag electrodes was very low. Although the output
power characteristics were stable during measure-
ments, from the cycle test of the device, the drop of
output power occurred due to an increase of the
internal resistance of the device Ry. The increase of
R, came mainly from the increase in the interface
resistance between PEDOT:PSS and Ag electrode
rather than PEDOT:PSS legs or Ag electrodes. Thus,
the improvement of interface is an important tech-
nological problem to be solved for thermal stability
and durability of the device.

Figure 8 shows the maximum power P,., as a
function of film thickness for the PEDOT:PSS device at
atemperature difference AT of ~100 K. The solid curve
in Fig. 8 is Pax calculated by accounting for the
dependence of the electrical conductivity on film
thickness, as shown in Fig. 5. Figure 8 also presents
calculations of P, with different o, independent of the
film thickness, shown by dashed curves. P,,., decreases
monotonically with decreasing film thickness when the
electrical conductivity is independent of film thickness.
For example, for constant ¢ = 600 S/cm, P,a,is 1.3 yW
at a film thickness of 10 ym, and decreases to 0.4 uW at
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Table I. Power-generation properties for a PEDOT:PSS device at a film thickness of 10 yum and a
temperature difference AT = 100 K, as well as calculated values using measured S and ¢

Property

Open-circuit voltage V, (mV)
Internal resistance R, (Q)
Maximum power P, (uW)

Experiment Calculation
7.3 7.5
10.3 10.4
1.30 1.35

Parameters of calculation: ¢ = 600 S/cm, S = 15 uV/K, AT =100 K, N=5,L =5 mm, w = 4 mm, ¢ = 10 um.
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Fig. 8. Maximum output power P, as a function of film thickness t
for PEDOT:PSS devices at a temperature difference AT of ~100 K.
The solid curve is a calculation that accounts for the dependence of
electrical conductivity ¢ on film thickness, and the dashed curves are
calculations at various g, independent of film thickness.
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Fig. 9. Output power density as a function of film thickness t for
PEDOT:PSS devices at a temperature difference AT of ~100 K. The
solid curve is a calculation that accounts for the dependence of
electrical conductivity ¢ on film thickness, and the dashed curves are
calculations at various o, independent of film thickness.

3 um. In contrast, the experimental P,,.,, remained
high, 0.8-0.9 uW, at film thicknesses less than ~10 ym
because of the marked increase in electrical conduc-
tivity of the film. This effect makes PEDOT:PSS films
useful over a practical range of film thicknesses (a few
to a few tens of micrometers), an advantage for use in
thermoelectric devices.

Assuming an optimum packing density of single
PEDOT:PSS legs, defined as the direction of heat
transport, we estimated the power densities by
dividing the measured P, values by the cross-
sectional area of PEDOT:PSS legs. These results are
plotted in Fig. 9 as a function of film thickness for
PEDOT:PSS devices (AT of ~100 K). The power
density increases significantly with decreasing film
thickness, at less than ~10 um, because of the
marked increase in ¢ with decreasing film thick-
ness. For a film thickness of 3 um at AT = 100 K, we
estimated the expected electrical power densitgr
from such PEDOT:PSS devices to be ~1400 ¢W/cm~.

CONCLUSIONS

We successfully prepared PEDOT:PSS films with
various thicknesses on a flexible polyimide substrate
by casting. Using these films, we fabricated in-plane
thermoelectric devices composed of PEDOT:PSS legs
and Ag electrodes. At film thicknesses greater than
10 um, the electrical conductivity ¢ was ~500-600 S/
cm; in contrast, at a film thickness of 3 um, ¢
increased markedly to 1200 S/cm. The enhanced
electrical conductivity was closely related to the
modification of film morphology to ordered structure
of grains along the substrate. However, the Seebeck
coefficient remained nearly constant with film
thickness. From the dependence of ¢ on film thick-
ness, the output power P, of the PEDOT:PSS
device was ~1.5 uW for film thicknesses greater than
10 um; P, . remained high, 0.8-0.9 W, at¢ = 3 um,
because of the increased o, even at decreased film
thicknesses. The estimated power density for
PEDOT:PSS device was enhanced from ~650 W/
ecm? for ¢t = 10 ym to 1400 yW/cm? for ¢t = 3 ym at
AT = 100 K, showing the high potential of PEDOT:
PSS over a practical range of film thicknesses for
use in flexible organic thermoelectric power
generators.
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