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Abstract: We report organic thermoelectric modules screen-printed on paper by using conducting
polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) and silver paste. Our large-area

devices provided sufficient power to illuminate light-emitting diodes. This is the first example of

www.rsc.org/

thermoelectric modules containing conducting polymers being used to power practical devices. The

stability of this proof-of-concept module was tested at 100 °C for over 100 h without any encapsulation.

We showed that the decrease in device performance was caused not by the deterioration of the

materials but by degradation of the interface between the conducting polymers and silver paste. These

results suggest that organic thermoelectric modules could be used to harvest heat energy at low

temperature, although the stability of the interface must be improved.

1. Introduction

Thermal energy is a potential renewable resource for
generating electricity. Thermoelectric devices directly convert
thermal energy to electrical energy, and have been the subject
of intense research in the field of organic semiconductors for
more than a decade.'” Thermal energy is ubiquitous, although
most sources are at temperatures lower than 150 °C.* The
efficiency of thermal power conversion at low temperatures is
low because of the small temperature difference. Therefore, to
harvest the huge amount of thermal energy available at low
temperatures, large-area thermoelectric devices are required.
The low cost of organic semiconductors makes them attractive
for large-area devices. However, organic semiconductors have
not been thoroughly investigated because of their low electrical
conductivity.”'? Recent advances in organic solar cells and
transistors have vastly improved the physical and chemical
properties of organic semiconductors.’*'> They can now be
tuned over a fairly wide range, making them suitable for
thermoelectric devices. Very recently, several groups have
reported high power factors and remarkable figures of merit for
organic semiconductors and carbon-based materials.'®*' We
also reported enhanced apparent Seebeck coefficient of
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) at high humidity conditions.*® This shows that
the performance of organic thermoelectrics could approach that
of their inorganic counterparts.

In addition to the overall performance of the material, there
are other criteria organic semiconductors must meet for
thermoelectric applications. The first is environmental stability.
Many organic semiconductors are not stable to oxygen and
water, and thus organic thermoelectric devices may face
stability problems, particularly at high temperatures. The
second is device design. Conventional inorganic thermoelectric
modules have n-type structures which combined both p-type
and n-type semiconductors. Organic semiconductors, in
principle, can be doped to both p-type and n-type, but effective

This journal is © The Royal Society of Chemistry 2013

n-type doping is very challenging.** ** The studies by using
only p-type organic semiconductors to make thermoelectric
modules are still very limited.”> **37 Furthermore, in the

conventional device configuration, the thermoelectric
performance is determined by the through-plane electrical
conductivity and Seebeck coefficient. For organic

semiconductors, it is difficult to make a dense block on the
centimeter scale; therefore, a common approach for
characterizing organic thermoelectric materials is to fabricate a
thin film on a substrate and studying the in-plane electrical
conductivity and Seebeck coefficient. Many organic
semiconductors have anisotropic electric properties, and thus
the in-plane electrical conductivity and Seebeck coefficient
could be more important for characterizing organic
thermoelectric modules.® The fabrication, optimization and
characterization of organic thermoelectric module could be
essential parts to guide the material design. In this paper, we
report proof-of-concept studies of organic thermoelectric
modules using the benchmark p-type material poly(3.4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS).

2. Results and Discussion

Figure la shows a schematic of the fabrication of the
thermoelectric modules. An aqueous PEDOT:PSS solution
containing 5% ethylene glycol was used as the ink, because
adding a second solvent like ethylene glycol or dimethyl
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Fig. 1 a) Schematic of screen-printing PEDOT:PSS on paper, b)
photograph of a PEDOT:PSS array screen-printed on paper, c¢) Seebeck
coefficient measurements for the PEDOT:PSS layer, d) electrical
conductivity and Seebeck coefficient of the PEDOT:PSS layer as a
function of temperature.

sulfoxide to an aqueous dispersion of PEDOT:PSS can
dramatically enhance its electrical conductivity.” > % A
PEDOT:PSS layer 2.5 mm wide, 40 mm long, and about 20 pm
thick was screen-printed on a 300-um-thick piece of paper.
Eleven PEDOT:PSS arrays were printed on one piece of paper,
and the distance between the arrays was 8 mm. In theory, a
higher density of PEDOT:PSS arrays can be printed; however,
we found that the paper bent and cracked the PEDOT:PSS films
during drying if the density was too high. This is probably
caused by a mismatch of the elastic modulus between the
substrate and the PEDOT:PSS layers. There are two reasons
why we used paper as a substrate. Firstly, paper shows better
thermal stability than polymer substrates such as polyethylene
terephthalate and polyethylene naphthalate, which have a glass
transition temperature lower than 150 °C. Secondly, the
PEDOT:PSS ink is water-based, and thus it should have better
wettability on paper than on polymer substrates. A paper-based
power source self is desirable for building disposable and
flexible electronics.*' A photograph of the PEDOT:PSS films
on paper is shown in Figure 1b. During printing, the substrate
temperature was fixed at 70 °C. This is very important for
creating a smooth, uniform film with high reproducibility.
Printing at a lower temperature results in the delamination of
the PEDOT:PSS layer from the paper. Higher temperatures
cause the solvents to evaporate too fast, and produce large
variations in the conductivity of each array. After the mask was
removed, the as-prepared PEDOT:PSS was annealed at 150 °C
for 30 min in air to remove the residual solvents. The Seebeck
coefficient (S) of the PEDOT:PSS on paper was measured for
temperature differences between 1 and 7 °C. The values of S
were obtained from the slopes of the plots of AV versus AT,
and more than 30 points were used for the curve fitting (Figure
1c). A positive Seebeck coefficient indicates p-type conduction.
A typical array showed a Seebeck coefficient of about 18 pV/K
at 25 °C and a four probe conductivity of about 800 S/cm. The
resistance of each array was measured as 10-20 Q by using a
digital multimeter. Figure 1d shows the conductivity and
Seebeck coefficient change with temperature. The electrical
conductivity decreased from 770 S/cm at 25 °C to 550 S/cm at
200 °C. The decrease in conductivity could be related to water
being baked out at higher temperatures which will affect the
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carrier mobility in PEDOT:PSS or may suggest that high-
conductivity PEDOT:PSS films behave almost like a metal due
to phonon scattering.* It is important to point out that the same
tendency of electrical conductivity change can be observed
during cooling process from high temperature to room
temperature. This suggested the metal-like conductivity is not
due to the degeneration of the PEDOT:PSS.* This behaviour is
different from low-conductivity PEDOT:PSS films, which
show an increase in electrical conductivity with increasing
temperature. The Seebeck coefficient was 18 pV/K at 25 °C
and it increased slightly to 25 pV/K at 200 °C. At 25 °C, the
calculated power factor (P) was 25 pW/m-K?, and at 200 °C, P
was 34 pW/m-K?. The estimated figure-of-merit is on the order
of 0.01 by wusing reported thermal conductivity of
PEDOT:PSS.”* The maximum power conversion efficiency at
temperature difference of 100 K is estimated around 0.1% by
_Ty=Te VI+ZT-1 5

Ty VI+ZT+Tc/Ty

using the equation 7.,

Silver Paste

(a) P

(b)

N/

PEDOT:PSS

(© (d)

Fig. 2 Schematic representation of the a) series and b) parallel
PEDOT:PSS array, c) schematic and d) photograph of the PEDOT:PSS
modules sandwiched between copper plates.

Silver paste was screen-printed on the PEDOT:PSS arrays
to create either series connections (Figure 2a) or parallel
connections (Figure 2b). In principle, to achieve a high power
output, p-type and n-type semiconductors with comparable
thermoelectric properties should be used as a pair in the module
fabrication. However, the choice of air stable doped n-type
organic semiconductors is limited.*> ** The reasons we use
silver paste to connect PEDOT:PSS array are due to the high
conductivity, low sintering temperature and the good
wettability on PEDOT:PSS. The series connections resulted in
11 thermocouples on each piece of paper, and the parallel
connections gave 1 thermocouple. The series connections
should achieve higher voltages and the parallel connections
should give a higher current density. The PEDOT/silver paste
arrays were sandwiched between copper plates (Figure 2¢ and
d), and they were connected either in series or in parallel with
metal wires. In this device configuration, the thermoelectric
performance was determined by the thermoelectric parameters
in the in-plane direction.

Figure 3a and b show the current-voltage (/-V)
characteristics of two different modules at a temperature

This journal is © The Royal Society of Chemistry 2012
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difference (AT) of 0 and 50 K. The module in Figure 3a (M1)
contains 70 pieces of series-connected paper (2 in parallel, 35
in series; Figure 2a), which gives 385 thermocouples. The
module in Figure 3b (M2) contains 70 pieces of parallel-
connected paper (5 in parallel, 14 in series; Figure 2b), which
results in 14 thermocouples. The linear relationship of the /-V
curves suggests ohmic contact between PEDOT and silver
paste. At AT = 50 K, M1 gave an open circuit voltage of 0.2 V
and a short-circuit current of 4 pA, whereas M2 gave a lower
open circuit voltage of 0.012 V and a higher short-circuit
current of 1.4 mA. Although M1 showed a much higher
voltage, its total power output was much lower than that of M2.
This suggests that there is a significant loss at the silver paste or
the silver/PEDOT interface.
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Fig. 3 Current-voltage (/-V) characteristics of a) the series-connected
modules (M1) and b) parallel-connected modules (M2) at a temperature
difference of 50 K, ¢) power output of M2 at different load resistances, d)
maximum power output at different temperature differences, e) schematic
of the circuit for powering an LED and photograph of the LED driven by
the PEDOT:PSS thermoelectric module.

Figure 3c shows the power output of M2 at AT = 50 K for
different load resistances. A maximum output power of 4 pW
was obtained with a load resistance of about 7 Q which
corresponds to the internal resistance of the module. The power
density is ca. 0.1 uW/cm> If we only considered the volume of
PEDOT and silver paste, the power density is ca. 5 pW/cm?>.
The internal resistance of the module increased with the
temperature difference, which is probably caused by the
decrease in the conductivity of PEDOT:PSS. At temperatures

This journal is © The Royal Society of Chemistry 2012

higher than 250 °C, the significant decrease in the device
performance suggested the degradation of PEDOT:PSS.*

To demonstrate that this organic thermoelectric module can
power practical devices, a larger area module containing 300
pieces of parallel connected paper was fabricated (10 in
parallel, 30 in series; Figure 2d). The total resistance of this
module was less than 10 Q. At AT = 100 K, the large-area
module gave a power output greater than 50 pW with an open
circuit voltage greater than 40 mV. To improve the output
voltage for practical applications, we added a voltage step-up
convertor (Linear Tech. LTC 3108, which is a highly integrated
DC\DC converter, and there is no additional power needed) to
the module. The voltage step-up convertor has a low resistance
of about 10 Q, and operates at inputs of 20 mV to give an
output voltage of 2.2 V. The PEDOT:PSS thermoelectric
module containing the voltage convertor was sufficient to
power a light-emitting diode (LED; Figure 3e). This is the first
example of a thermoelectric module containing conducting
polymers being used to power a practical device.
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Fig. 4 Power output and temperature difference as a function of the
working time

In the introduction, we mentioned the common concern that
organic materials may not be stable enough for thermoelectric
applications. To evaluate the device stability, we placed the
module on a hot plate at 100 °C under ambient conditions. The
stable temperature on the hot side was about 80 °C and on the
cold side it was 35-45 °C, depending on the environmental
temperature. Figure 4 shows the output power of the module as
a function of working time. The power gradually decreased to
about half of the initial power density after 100 h of continuous
operation, and the loading resistance was about 7 Q. (The quick
decrease of the power output at the first 1 hour is due to the
decrease of the temperature difference.) This result is not
surprising because the device was not encapsulated and all the
materials were exposed to air at high temperatures. However, it
should not be concluded that the materials are not air-stable at
high temperatures. Because p-type semiconductors are doped
using an oxidation reaction, highly doped semiconductors
should be very stable to air, even at relatively high
temperatures.
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Fig. 5 (a) Electrical conductivity and (b) Seebeck coefficient of
PEDOT:PSS, (c) electrical conductivity of silver paste and (d)
conductance of silver paste/PEDOT:PSS/silver paste as a function of
time at 80 °C.

To explain the decrease in the device performance during
continuous operation, we carried out further thermal electrical
stability measurements for each material. Figure 5a and b show
the four probe electrical conductivity and Seebeck coefficient
of PEDOT:PSS as a function of time at 80 °C. The temperature
is similar to the temperature of our module on the hot side.
Both the electrical conductivity and Seebeck coefficient were
very stable over time. The electrical conductivity and Seebeck
coefficient changed by less than 5% after 100 h at 80 °C. Figure
5c shows the four-probe electrical conductivity of the silver
paste as a function of time. The electrical conductivity
increased about 20% in the first 10 h and then remained almost
constant. The increase in the electric conductivity may be
caused by the evaporation of the solvent in the paste and the
aggregation of the nanoparticles in the ink. These results
indicate that PEDOT:PSS and the silver paste are thermally
stable. Figure 5d shows the conductance measurements of the
silver paste/PEDOT:PSS/silver paste device. The conductance
increased slightly during the first few hours, probably because
of the increase in the conductivity of the silver paste (Figure
5c). However, the conductance decreased to about 70% of its
initial value after 100 h. This was similar to the decrease in the
power output of the thermoelectric modules. If both materials
are stable, the decrease in conductance must be caused by an
unstable interface.

600 (a) Silver/PEDOT:PSS 250 (b)
& 8 150
2 400 2z s 3p (PSS)
€ 300 @ 100 ¢ | S2p (PEDOT]
€ 200 Silver/air g 50 .
) ) ! . 0 PEDQOT/air
380 375 370 365 360 170 165 160

Binding Energy (eV) Binding Energy (eV)

Fig. 6 XPS spectra of PEDOT:PSS layer and silver layer at different
interface in (a) Ag 3d region and (b) S 2p region.

To confirm the changes at the Silver/PEDOT:PSS
interface, we further carry out X-ray photoelectron
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spectroscopy (XPS) measurements. We have successfully
peeled off the PEDOT:PSS layer by using adhesive tapes after
the stability test, and compared the Ag 3d and S 2p peaks at
Silver/PEDOT:PSS interface with Silver/air and
PEDOT:PSS/air interface. As shown in Figure 6a, the binding
energy of Ag 3d for Silver/PEDOT:PSS interface doesn't show
significant shift which may suggest PSS doesn't react
significantly with silver at the interface. On the other hand, we
observed the segregation of PSS on the silver/PEDOT:PSS
interface. As shown in Figure 6b, the PSS/PEDOT ratio
increase to ca. 3.5 after the stability test which is higher than
the PSS/PEDOT ratio in solution and PEDOT:PSS/air interface
(ca.2.5). PSS is insulator, and the segregation of PSS could
increase the contact resistance. This result suggested the surface
energy of conductive paste may be important for improving the
device stability. Final, we need to point out that this module
was not optimized for power density, however, it is easy to
handle and the internal resistance can be readily altered to
match the voltage convertor. Free-standing PEDOT:PSS films
with optimized doping levels (de-doped PEDOT:PSS films)'® 2
combined with conductive paste with a negative Seebeck
coefficient should have a much higher power density.

3. Conclusions

In conclusion, we have fabricated PEDOT:PSS
thermoelectric modules on paper by screen-printing. Our large-
area devices gave a power output of over 50 uW at AT of about
100 K, which provided sufficient power to illuminate an LED.
PEDOT:PSS showed remarkable thermal stability in air,
although the performance of the module decreased over time.
This decrease was attributed to the unstable interface between
silver paste and PEDOT:PSS. Our results demonstrate that
organic thermoelectric modules could be used to harvest heat
energy at low temperatures, although the stability of the
interfaces must be improved.

4. Experimental

Chemicals. Poly(3.4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS;
Clevios PH1000) was purchased from H.C. Starck, and
ethylene glycol (EG, >99.5%) was purchased from TCI
Chemicals.

Device Preparation. An aqueous PEDOT:PSS solution
containing 5% EG was used as the ink. The substrate was 300-
um-thick paper. A metal mask that was 2.5 mm wide, 40 mm
long, and 5 mm thick was placed on the paper. The
PEDOT:PSS ink was placed on the mask, the solvent was
evaporated for 30 min at 70 °C, and then the mask was
removed from the substrate. The PEDOT:PSS layers were
annealed at 150 °C for 30 min to remove the solvent. The as-
prepared PEDOT:PSS layer was 20-30 pum thick. The silver
paste was also screen-printed with a metal mask and dried at
150 °C for 30 min.

Characterization. The film thickness was measured with a
surface profilometer (Sloan Dektak 3, Veeco). The conductivity
was measured with a four-probe conductivity test meter (MCP-
T600, Mitsubishi Chemical Corp.), and the temperature was
controlled with a hot plate. The Seebeck coefficient was
measured with a laboratory-built system. All the electrical
characteristics were measured using a semiconductor parameter
analyzer (4200-SCS, Keithley). The stability of the modules
was monitored with a memory data logger (LR8400, Hioki).

This journal is © The Royal Society of Chemistry 2012
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The XPS spectra were measured with an XPS spectrometer
(Theta Probe, Thermo Scientific) using a focused
monochromatic Al-Ka X-ray source (1486.6 eV).
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