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ABSTRACT: We reported general methods for studying the thermoelectric
properties of a polymer film in both the in-plane and through-plane directions.
The bench-mark PEDOT/PSS films have highly anisotropic carrier transport
properties and thermal conductivity. The anisotropic carrier transport properties can
be explained by the lamellar structure of the PEDOT/PSS films where the PEDOT
nanocrystals could be isolated by the insulating PSS in the through-plane direction.
The anisotropic thermal conductivity was mainly attributed to the lattice contribution
from PSS because the polymer chain is oriented along the substrate.

Organic electronics, such as organic light emitting diodes,
organic solar cells, and organic thin film transistors, have

attracted much attention in the past 20 years because of their
low production costs, flexibility, and potential use in large-area
products.1 Thanks to the efforts in the development of organic
conducting materials, their physical and chemical properties can
now be tuned over a large range. This makes organic
semiconductors suitable for many new applications that can
utilize the advantages of organic materials. A recent example is
their use in thermoelectric devices, which directly convert heat
energy to electricity.2−5 The Seebeck coefficient, S, the
electrical conductivity, σ, and the thermal conductivity, κ (or
the thermal diffusivity, α) are the most important parameters
for evaluating thermoelectric materials. Several pioneering
groups have reported devices containing organic semiconduc-
tors with excellent thermoelectric performance,6−17 and we
have demonstrated that organic thermoelectric devices can be
used to power practical devices.18 This shows that the
performance of organic thermoelectrics could approach that
of their inorganic counterparts.
For most organic semiconductors, it is difficult to make a

dense block on a millimeter scale. Therefore, a common
approach to characterizing organic thermoelectric materials is
making a thin film and studying the in-plane electrical
conductivity, in-plane Seebeck coefficient, and through-plane
thermal conductivity. It is important to note that organic
semiconductors have a preferred molecular orientation during
film formation, which could produce an anisotropic film.
Anisotropic films should show anisotropic thermoelectric
properties; however, there are few studies on the anisotropic
thermoelectric properties of organic semiconductors. Specifi-
cally, measuring the through-plane, four-probe electrical
conductivity, through-plane Seebeck coefficient, and in-plane
thermal conductivity is difficult. Rapid, reliable measurements
of the thermoelectric properties of organic films in both

directions are critically important for understanding the thermal
transport and carrier transport in organic semiconductors
further and for improving the performance of organic
thermoelectric materials. Furthermore, the thermoelectric
properties in both directions also affect thermoelectric device
design. The performance of typical π-type thermoelectric
devices is determined by the through-plane thermoelectric
properties, whereas that of stacked thermoelectric devices is
determined by the in-plane thermoelectric properties. In this
paper, we report general approaches for studying the
thermoelectric properties in both directions by using the
benchmark conducting polymer poly(3,4-ethylenedioxythio-
phene)/poly(styrenesulfonate) (PEDOT/PSS). Temperature-
dependent studies provide further information for under-
standing and improving the thermoelectric properties of
organic materials through molecular design.
The through-plane conductivity of PEDOT/PSS has been

studied by using two probe methods with a controlled electrode
area.12,13,19−21 To make rapid and reliable through-plane, four-
probe conductivity measurements, we have designed a coaxial
four-point probe based on previous studies by Lamson et al.22

As shown in Figure 1a, the outer electrodes are used as the
source probe (current probe) and the inner electrodes are used
as the sense probe (voltage probe). All the probes are made of
copper blocks plated with gold. The diameter of the outer
source probe is 1 cm, and the diameter of the inner sense probe
is 1 mm. The distance between the inner sense probe and the
outer source probe is less than 500 μm (Figure 1b). To avoid
shorting between sense probe and source probe, the sense
probes were coated with a 30 μm thick layer of polyimide. The
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Ohmic contact between probes and the sample is necessary for
reliable measurement. For the samples that have high in-plane
conductivity, the errors are small due to the small voltage drop
between source and sense probes. If there is a significant
voltage drop between source and sense probes, the measure-
ment could have a large error. Three different samples,
including a stainless steel (SUS 304) block (7 mm thick), a
highly ordered pyrolytic graphite (HOPG) substrate (1 mm
thick), and a pyrolytic graphite sheet (PGS, 60 μm thick), were
chosen to confirm the accuracy of our setup. These samples
cover a large range of conductivity from 1 to 104 S/cm, and
show both isotropic (SUS 304) and anisotropic (HOPG and
PGS) conductivity. The SUS 304 block shows a through-plane
conductivity of 1.6 × 104 S/cm (Table 1), which is comparable

with the in-plane value measured by using the four-point probe
method (MCP-T610, Mitsubishi Chemical Corporation). The
HOPG and PGS substrates show conductivities more than 2
orders of magnitude lower in the through-plane direction than
in the in-plane direction, which is close to the theoretical
calculation on graphite23 and the reported experimental
results.24 This demonstrated the viability of the four-probe,
through-plane conductivity measurements.
The through-plane electrical conductivity measurement was

conducted on a free-standing PEDOT/PSS film with a
thickness of about 100 μm. A 1 mm thick cross-linked
poly(dimethylsiloxane) (PDMS; SILPOT 184, Toray) film was
prepared in a 20 mL polystyrene bottle. PEDOT/PSS solution
(10 mL) containing 3 wt % ethylene glycol was added to the
bottle, and the mixture was heated on a hot plate at 70 °C for 2
days. After all the solvent was gone, the PEDOT/PSS film was
easily detached from the PDMS substrate. The as-prepared
free-standing PEDOT/PSS film was annealed at 150 °C for 30
min and then immersed in ethylene glycol for 30 min. This
process was repeated three times to ensure the film had a highly
ordered structure.25 The film was around 100 μm thick,
measured with a high-resolution digimatic measuring unit (VL-
50-B, Mitsutoyo) with a measurement force of 1 N. The
variation of the film thickness was less than 8%. The in-plane
conductivity of the PEDOT/PSS films was measured as 820 S/
cm (Table 1) by the four-point probe method, which was
identical to the previously reported value, suggesting this thick
film had an ordered structure similar to the thin films.25

However, the through-plane conductivity showed a lower value
of 36 S/cm (the Ohmic contact between different probes is
confirmed by current−voltage measurement, as shown in
Supporting Information). It is important to point out that the
through-plane conductivity measured by using a two-probe
method (two outer source probes) was only 0.3 S/cm for the
same sample, which was 2 orders of magnitude less than for the
four-probe methods. This result is reasonable. For a 100 μm
thick film with an electrode area of 0.8 cm2, the resistance from
the film was in the order of 10−4 Ω, which was very small
compared with the contact resistance between metal and
organic conducting materials. Therefore, the through-plane
conductivity obtained by the four-probe method should be
more reliable than the two-probe method measurements.
The anisotropic conductivity can be attributed to the

morphology of the PEDOT/PSS films. Our previous studies
have shown that highly conductive PEDOT/PSS films have a
layered structure, and PSS may isolate the PEDOT nanocrystals
in the through-plane direction.25 This morphology may
increase the mobility of the PEDOT/PSS film in the in-plane
direction compared with the through-plane direction. The
anisotropic conductivity can be further understood by taking
temperature-dependent measurements in both directions, as
discussed later.
It is difficult to obtain accurate measurements of the in-plane

thermal conductivity of a thin film. The 3-omega method is
ideal for studying the thermal conductivity of a thin film. By
changing the size of the metal heater, both the in-plane and
through-plane thermal conductivity can be explored. To make
the in-plane thermal diffusivity measurements more straightfor-
ward, we prepared large-area, free-standing PEDOT/PSS films
and studied them by using flash analysis methods. Figure 2a

shows the 15 × 20 cm free-standing film prepared following the
previous method with PDMS as a substrate. The film was cut
into 3.5 mm ribbons with a paper shredder, and then the
ribbons were rolled into a disk with a diameter larger than 1 cm.
Because the PEDOT/PSS films absorbed all the light from the
xenon lamp, there was no need to use graphite spray. Figure
2b,c shows the temperature curves of the PEDOT/PSS film for

Figure 1. (a) Schematic representation and (b) cross-section of the
through-plane, four-probe electrical conductivity measurement setup.

Table 1. Summary of Electrical Conductivity Measured by
Four-Probe Methods (S/cm) for Different Films

SUS 304 HOPG PGS PEDOT

in-plane 1.3 × 104 430 4020 820
through-plane 1.6 × 104 3.4 18 36

Figure 2. (a) Schematic and photographic images showing the sample
preparation for the in-plane thermal diffusivity measurements.
Temperature rise curves of the PEDOT/PSS film in the (b)
through-plane and (c) in-plane directions.
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the through-plane and in-plane directions. For the through-
plane thermal diffusivity measurement, the half-rise time was
11.1 ms for a 95 μm thick film, which was much longer than the
pulse width (0.3 ms) of the xenon lamp, suggesting that the
measurements were reliable. We compared free-standing films
of different thicknesses and found that films more than 30 μm
thick gave a reliable, consistent thermal diffusivity value of 0.11
mm2/s. Figure 2c shows that there was no light leak for the in-
plane thermal diffusivity measurement, suggesting that the
rolled PEDOT/PSS disk was very dense. The density, ρ, of the
rolled block was about 1.1 g/cm3, which was close to that of the
free-standing samples (1.4 ± 0.2 g/cm3). The in-plane direction
gave a much higher thermal diffusivity value of 0.60 mm2/s at
25 °C. The in-plane thermal diffusivity could contain larger
errors compared with through-plane thermal diffusivity due to
the uniformity of the PEDOT ribbons. The thickness variation
of the rolled PEDOT/PSS disk was around 15%, which could
introduce 30% errors on thermal diffusivity. We conducted
differential scanning calorimetry measurements to determine
the specific heat capacity, Cp, of the pure PEDOT/PSS, which
was about 1.0 ± 0.2 J/g K at room temperature. The calculated
thermal conductivity (κ = α × Cp × ρ) in the through-plane
direction was 0.15 W/m K, and the value of the in-plane
direction was 0.84 W/m K. This suggests that the thermal
conductivity of the ordered PEDOT/PSS films was highly
anisotropic, similar to the electrical conductivity. The
morphology of the organic films could easily be affected by
the preparation process; therefore, the thermal conductivity of
the organic thin film could vary over a large range depending
on fabrication conditions.
To study the through-plane Seebeck coefficient of PEDOT/

PSS, a homemade Seebeck coefficient measurement setup was
designed. The key to accurate through-plane Seebeck
coefficient measurements is obtaining a reliable temperature
difference between the two surfaces. Figure 3a shows that the
temperature on different sides of the film was controlled by two
Peltier units (Ampere, UT40U100F). The temperature differ-
ence and the electromotive force were measured simultaneously
by probing a pair of electrodes with a digital multimeter. The
temperature difference was maintained at 0−10 °C, and more
than 10 data points were measured for each temperature

difference. To confirm this method can be used to measure the
through-plane Seebeck coefficient, we used a 1 mm thick Ni
substrate as a standard sample. The Ni plate gave a through-
plane Seebeck coefficient of −17 μV/K at 25 °C (Figure 3b),
which is close to the reported value.26 This demonstrates the
accuracy of the measurement method. Figure 3c shows the
through-plane Seebeck coefficient measurements for the free-
standing PEDOT/PSS film. The Seebeck coefficient in the
through-plane direction was 15 μV/K at room temperature,
which was close to that in the in-plane direction (17 μV/K).
Compared with the Ni substrate, a temperature difference
between the two sides of a thin PEDOT film was easy to
achieve, suggesting low thermal conductivity in the through-
plane direction. The calculated figure-of-merit at room
temperature in the in-plane direction is around 8.4 × 10−3

and the through-plane direction is around 1.6 × 10−3. Note that
the calculated figure-of-merit by using in-plane electrical
conductivity, in-plane Seebeck coefficient and through-plane
thermal conductivity will give an overestimated value of 0.05.
These results suggest that the performance of stacked
thermoelectric modules should be better than the π-type
modules. These measurements were conducted using pristine
PEDOT/PSS films at a humidity of less than 55% at 25 °C, and
the effects of water and other added solvents, such as ethylene
glycol, were not considered here.9,14 In contrast to the electrical
and thermal conductivity, the Seebeck coefficient in the ordered
PEDOT/PSS films was not highly anisotropic. This result is
consistent with previous studies of inorganic semiconductors
that have shown that highly anisotropic systems have almost
isotropic Seebeck coefficients.27,28

To understand the anisotropic thermoelectric properties of
the PEDOT/PSS films further, we carried out temperature-
dependent electrical conductivity, Seebeck coefficient, and
thermal diffusivity measurements. Figure 4a shows that the in-
plane electrical conductivity decreased with the temperature.
However, the through-plane conductivity had a lower value and
showed a positive temperature dependence, indicating hopping
transport properties (the viability of the temperature-depend-
ent, through-plane conductivity measurements was confirmed
by using SUS304 and HOPG as standard samples, as shown in
Supporting Information). The different carrier transport
properties can also be observed from the temperature-
dependent Seebeck coefficient measurements. Figure 4b
shows that the in-plane Seebeck coefficient was almost
independent of the temperature, whereas the through-plane
Seebeck coefficient increased with the temperature, which is
generally observed in thermoelectric materials with hopping
transport mechanisms.3 Using our current setup, there are
difficulties in keeping the average sample temperature exactly
the same in the in-plane and through-plane directions because
of the different distances between the Peltier units during the
in-plane and through-plane Seebeck coefficient measurements.
The working temperature of the Peltier units in our setup was
less than 125 °C, and the achievable sample temperature was
less than 100 °C. The difference in the electrical conductivity
and Seebeck coefficient for the through-plane and in-plane
directions can be explained by the morphology of PEDOT/PSS
films. As we reported previously, the PEDOT nanocrystal has
an ordered layered structure in the film.25 The well-packed
PEDOT nanocrystal in the in-plane direction makes the carrier
localization length larger than molecular spacing, which causes
a high in-plane conductivity with a negative temperature
dependence. For the through-plane direction, two possibilities

Figure 3. (a) Schematic representation of the through-plane Seebeck
coefficient measurement setup. Seebeck coefficient measurements of
(b) a Ni substrate and (c) a PEDOT/PSS film in the through-plane
direction.
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can be considered. First, the carrier mobility in the PEDOT
nanocrystal is lower in the through-plane direction. Second,
there are energy barriers between the PEDOT nanocrystals in
the through-plane direction. The thiophene rings in PEDOT/
PSS films show an average face-on packing, and the π-
conjugated planes of the PEDOT crystal are more vertical with
respect to the substrate.25 Studies of organic thin film
transistors have shown that the π−π stacking direction
generally has a high carrier mobility.29,30 Therefore, the energy
barriers between the PEDOT nanocrystals should play an
important role in the through-plane carrier transport. The
PEDOT/PSS films have a lamellar structure, and the PEDOT
nanocrystals could be isolated by the insulating PSS, which
could significantly reduce the overlap of the charge carrier wave
functions.
The temperature-dependent thermal diffusivity is shown in

Figure 4c. The through-plane thermal diffusivity is almost
identical in this temperature range and the in-plane thermal
diffusivity slightly increases with the temperature. Qualitative
analysis of the temperature-dependent thermal diffusivity is
difficult at this stage because the composition of PEDOT/PSS
and the PSS chain conformation could be different at different
temperatures. However, the trend in temperature-dependent

thermal diffusivity for both directions is different from the
temperature-dependent electrical conductivity (Figure 4a).
Thus, the contribution to the thermal conductivity from the
electronic part (charge carriers) should be smaller than that
from the lattice part (phonons). In PEDOT/PSS, the amount
of insulating dopant PSS is larger than conductive PEDOT.
The anisotropic thermal conductivity should be related to the
lattice contribution from PSS because the PSS chains in the film
could be oriented along the in-plane direction. Heat is
transported more efficiently through intrachain covalent
bonding than through interchain van der Waals interactions.31

The anisotropic thermal diffusivity and thermal conductivity are
generally observed in solid polymers.32 To improve the
thermoelectric performance of PEDOT, one simple approach
is to reduce the in-plane thermal conductivity by using a small-
molecule dopant. In fact, PEDOT/tosylate, in which the
polyanion (PSS) is replaced with small anions, showed almost
isotropic thermal conductivity.7

In conclusion, we have developed general approaches for
studying the thermoelectric properties of a polymer film in the
in-plane and through-plane directions. We have shown that the
bench-mark PEDOT/PSS films have anisotropic carrier
transport properties and thermal conductivity. The anisotropic
carrier transport properties can be explained by the lamellar
structure of the PEDOT/PSS films, where the PEDOT
nanocrystals could be isolated by the insulating PSS in the
through-plane direction. The anisotropic thermal conductivity
was attributed to the lattice contribution from PSS because the
polymer chain is oriented along the substrate. The use of small-
molecule dopants and controlling the crystal orientation could
be effective strategies for optimizing the thermoelectric
performance.
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