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Abstract: Despite the recent progress in the field of conductive polymers, a deeper understanding is still
required to explain the differences between reported data. In this work, we reveal that the electrical conduc-
tivity σ of a poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) film can be significantly
increased by spin-coating multiple thin layers onto a substrate. Generally, σ can be improved by more than
fourfold for multiple layers, as compared to a single thicker one. A gradual enhancement is observed for
pristine PEDOT:PSS films (up to 2.10±0.26 S cm−1 for 5 layered films), while a plateau in σ at around
200 S cm−1 is reached after only three layers, when using a PEDOT:PSS solution with 5 vol.% dimethyl sul-
foxide (DMSO). In contrast, only a small change in σ is observed for single layers of varying thickness.
Accordingly, the thermoelectric power factor is also increased by up to 3.4 times for the multiple layers.
Based on AFM, XPS, UV-Vis and Raman spectroscopy measurements, two mechanisms are also proposed,
involving an increase in percolation by inclusion of smaller grains within the existing ones, respectively a
reorganization of the PEDOT:PSS chains. Firstly, these findings represent a direct strategy for enhanc-
ing the thermoelectric performance of conductive polymer films without additional reagents. Secondly, the
mechanistic insights contribute to understand the broader picture, by explaining existing literature results.

1 Introduction

Since their introduction by Heeger et al., con-
ductive polymers have been employed in a broad
range of applications and fields, from electronic
circuits and sensors, to light diodes, solar cells
and flexible electrodes.1 To enable these advances,
the outstanding molecular adaptability of the con-
jugated chains has been put to good use, mov-
ing beyond the simple polyacetylene, to complex
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structures such as poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS),2–5 poly(3-
hexylthiophene) (P3HT),6,7 or protonated polyani-
line (PANI) salts.8–11 During the last decade, these
conjugated polymers and their composites have also
received a significant interest from the thermoelec-
tric (TE) community,2,12 due to their high electrical
conductivity (σ) and tunable Seebeck coefficient (or
thermopower, S), which result in power factors (PF =

S2σ) comparable to those of carbon based com-
pounds,13–16 transition metal oxides,17–21 or even the
established tellurides.22,23 Moreover, their remark-
ably low thermal conductivity κ contributes to a high
figure of merit (ZT = S2σT/κ), which is an estab-
lished indicator for the thermoelectric energy conver-
sion efficiency.12

Within this class of materials, PEDOT:PSS cur-
rently stands out as one of the most promising
TE compounds, with σ between 0.007-4600 S cm−1

and S typically between 7µVK−1 to 55µVK−1, de-
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pending on factors such as vendor,2 type of so-
lution,2 sample preparation,3,24–29 annealing con-
ditions30–33 and dopants.1,2,4,34 While the electri-
cal conductivities of commercially available prod-
ucts are often below 1000 S cm−1,4 further enhance-
ments have been obtained by either methanesulfonic
acid treatment (3300 S cm−1),32 concentrated sulfu-
ric acid treatment (4000 S cm−1),33 or solution shear-
ing (4600 S cm−1).28 A similar effect can be also ob-
served for the Seebeck coefficient, which can be signif-
icantly enhanced to values surpassing 400µVK−1,35

by tuning the positive charging of the PEDOT:PSS
chains (i.e. the doping level) under the influence of
reducing agents36 or electrochemically.35

Even if significant steps have been made to-
wards elucidating the conduction mechanisms,1,37–39

a deeper understanding is still required to explain
these large deviations occurring in the reported liter-
ature. Although quantum-effects, such as quantum-
confinement and boundary scattering,40,41 can affect
the transport properties at the nanoscale, the influ-
ence of the film thickness on the electrical transport
is yet to be systematically investigated. While the
results presented in a few recent reports give some
hints towards a higher performance in thicker con-
ductive layers,5,23,26 these enhancements are rather
attributed to the surface treatment,26 or the phys-
ical interactions between different components (e.g.
coiling of PANI chains along carbon nanotubes).22,23

In order to clarify this, two main strategies must be
taken into account, namely the adjustment of film
thickness by decreasing the spin-coating speed, or
by deposition of several layers. In this work, we re-
veal the differences between the electrical conductiv-
ities in both cases, proposing a mechanistic expla-
nation based on extensive experimental data. More-
over, these results are discussed from a thermoelec-
tric point of view, with a focus on the performance
enhancement for practical applications.

2 Methods

To obtain a 1 wt.% polymeric solution, 200 mg of
PEDOT:PSS (OrgaconTM DRY, product of Agfa-
Gevaert, purchased from Sigma-Aldrich) is first dis-

solved in 19.8 mL distilled water and stirred at room
temperature, at a speed of 1000 revolutions per
minute (RPM). The stirring occurs for 48 hours,
to ensure the homogeneity of the polymer suspen-
sion. The conductive PEDOT:PSS layers are spin-
coated on top of ≈25×25 mm2 glass plates, which
are made hydrophilic by submerging in a Piranha so-
lution for 20 min. The Piranha solution consists of
freshly mixed sulfuric acid (Fluka, 95-97%) and hy-
drogen peroxide (Sigma-Aldrich, 30%), in a volume
ratio of 7:3. After the spin-coating of each layer, the
glass plates are kept in a drying oven at 403 K for
5 min, to remove the remaining solvent. Two par-
allel conductive stripes are applied through a paper
mask using Ferro GmbH silver paste, to improve the
electrical contact. The distance between both stripes
amounts to 17 mm.

A Chemat Technology KW-4A Spin-Coater is em-
ployed for obtaining the polymer layers. The spin-
coating process requires the prior setting of two pairs
of parameters: t1, v1 (the time and rotation speed
at which the spreading occurs), respectively t2, v2
(the time and spinning speed for removing the excess
liquid by centrifugation). Both t1 and t2 are kept
constant at 15 s, respectively 60 s during the investi-
gations. While v1 is maintained at a constant value
of 500 RPM, v2 is varied between 1000-3000 RPM for
the PEDOT:PSS films.

The Seebeck coefficient is determined using a
custom-made setup, which consists of a pro-
portional–integral–derivative (PID) controller, two
Peltier elements and a Fluke 289 multimeter (see
Fig. 1). A similar setup employs a VersaSTAT3 cur-
rent source to measure the quasi-4-point electrical re-
sistance at room temperature (Fig. S4, Supporting
Information). The thickness of the layers (h) is de-
termined with a Nanosurfr Mobile S atomic force mi-
croscope (AFM) operating in a Dynamic Force mode
(scan rate of 1 line per second, with 128 points per
line), which records the thickness of three scratches
along the sample length (Fig. S7, Supporting Infor-
mation). The software Nanosurf Mobile S 2.2 records
the AFM images, while the program Gwyddion 2.42
is used to read and interpret the raw data.

Ultraviolet-visible light (UV-Vis) spectra are
recorded with a Jasco V-670 UV-Vis Spectropho-

2



Figure 1: Depiction of the instrument constructed for
the measurement of the Seebeck coefficient, in case of
the thin samples.

tometer to obtain information on the optical behavior
of the thin layers, while Raman spectroscopy reveals
detailed insights into the structural changes within
the chains. The Raman spectra are obtained using a
He-Ne laser with an excitation wavelength of 633 nm,
a power of 8 mW and an accumulation time of 10 s.
The excitation light is focused on the solid samples
through a microscope objective. The recorded Ra-
man spectra are frequency calibrated using a 50:50
vol. acetonitrile to toluene mixture. The background
corrected Raman spectra of all samples are presented
in Fig. S9.

Smaller samples (≈8×8 mm2) are investigated by
X-ray photoelectron spectroscopy (XPS) to gain fur-
ther information about the surface composition of the
samples. XPS spectra are recorded at room tempera-
ture, using non-monochromatized Al Kα (1486.6 eV)
excitation and a hemispherical analyzer (Phoibos
150, SPECS). The binding energy scale is calibrated
by the standard Au4f(7/2) and Cu2p(3/2) procedure.
The theoretical cross sections from Yeh and Lindau
are used to calculate the elemental composition (see
Tables S3 and S4, Supporting Information).42 The
XPS spectra are shown after Shirley background sub-
traction, without normalization.

Further experimental details, discussions and ex-
amples of recorded data are given in the Supporting
Information.

3 Results and Discussions

To investigate the influence of the surface morphol-
ogy without altering the chemical composition of PE-
DOT:PSS (i.e. without changing the chemical dop-
ing levels), the experiments are made using both a
pristine 1 wt.% PEDOT:PSS aqueous solution (noted
PP) and a similar solution, containing 5 vol.% DMSO
(PP5D). The results are illustrated in Fig. 2 for the
various spin-coating speeds and in Fig. 3 for the mul-
tiple layers.

As revealed in Fig. 2, the change of the spin-coating
velocity (v2) has a small effect on the thermoelec-
tric properties of both types of samples. While the
thickness of the films is gradually decreasing from
168±38 nm in case of v2 = 1000 RPM, to 66±22 nm
for v2 = 3000 RPM, the electric conductivity is only
slightly lowered. Accordingly, the difference between
the maximal σ value, 0.53±0.12 S cm−1, and the
minimal one, 0.39±0.07 S cm−1, amounts to approxi-
mately 26%. Similar results are also obtained for the
PP5D samples. Even though the change in thick-
ness occurs steeper, from 202±83 nm to 60±17 nm,
the difference between the maximal (140±58 S cm−1)
and minimal (98±29 S cm−1) σ values does not sur-
pass 30%. Since this minimal variation is comparable
with the typical experimental uncertainty,40,43,44 the
differences in the average values of the power fac-
tors are mainly governed by the Seebeck coefficients,
which revolve around 11.5µVK−1 (see Fig. 2a and
2d). This thermopower is consistent with the one re-
ported by Crispin et al.,39 who also use PEDOT:PSS
from Agfa-Gevaert.

A different situation can be observed in Fig. 3,
where several polymer layers are repeatedly spin-
coated onto the same glass substrate. For the PP
samples, the thickness of the layers (depicted in
Fig. 3b) is constantly rising from 101±25 nm for
a single PEDOT:PSS layer, to 445±52 nm for five
layers, as expected. Still, this linear growth in
thickness is exceeded by the lowering of the electri-
cal resistance. Accordingly, the electrical conduc-
tivity is enhanced by more than 4.5 times, from
the value of 0.46±0.11 S cm−1 for a single layer,
to 2.10±0.26 S cm−1 for five layers. This result
is particularly important, since most reported val-
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Figure 2: Variation of the thermoelectric properties
with the thickness of a single PEDOT:PSS layer (blue
- PP solution, red - PP5D solution): (a) Seebeck coef-
ficient, (b) film thickness, (c) electrical conductivity,
(d) power factor.

Figure 3: Change in the thermoelectric properties
with the number of spin-coated PEDOT:PSS layers
(blue - PP solution, red - PP5D solution): (a) See-
beck coefficient, (b) film thickness, (c) electrical con-
ductivity, (d) power factor.

Figure 4: Comparison between the electrical conduc-
tivities of the thin films, which are obtained through
both the single (red) and the multiple layer approach
(blue): (a) PP samples, (b) PP5D samples.

ues amount to less than 1 S cm−1 for pristine PE-
DOT:PSS layers.4,39 Since the Seebeck coefficient
is maintained at approx. 9-13µVK−1 (Fig. 3a),
the power factor remains mostly dependent on the
changes in the electrical conductivity, increasing by
approximately 3.4 times, from 8.3±2.2 nWm−1 K−2

to 28.3±3.6 nWm−1 K−2 (Fig. 3d). Still, the same
cannot be said about the PP5D samples, where σ ap-
pears to reach a plateau at around 200 S cm−1, after
just three layers (see Fig. 3b), which leads to a maxi-
mal power factor of 2.11±0.22µWm−1 K−2. In con-
trast to the PP samples, the PF is only enhanced by
1.9 times with respect to the single layer. Neverthe-
less, this value surpasses the enhancements obtained
using the common surface treatment approach (see
Section 9, Supporting Information), indicating that
a further effect is responsible for the improvement in
conductivity.

The results also emphasize the necessity to com-
pare different strategies of thermoelectric enhance-
ment using similar solutions and procedures, since
even the type of product or vendor can have a sig-
nificant influence on the obtained performance. For
example, the Seebeck coefficients revolve around 7-
25µVK−1 for the Heraeus Clevios P product se-
ries (having undisclosed preparation procedures),
while the electrical conductivities span between 50-
1000 S cm−1, resulting in power factors of around 1-
50µWm−1 K−2.2,25,26,30,31,35,36,45

The connection between the electrical conductivity,
the film thickness and the sample preparation is em-
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Figure 5: (a-d) Possible mechanisms for enhanc-
ing the electrical transport in multi-layered films.
The washing and reorganization of the PEDOT:PSS
grains can create highly conductive inner surfaces:
(a) PP solution, (c) PP5D solution. An inclusion of
smaller PEDOT:PSS grains into the existing porous
layer can also enhance the percolation between parti-
cles, by increasing the amount of contacts between
them: (b) PP solution, (d) PP5D solution. (e)
Model of the pristine (left) and reorganized (right)
PEDOT:PSS grains, where the yellow region corre-
sponds to the crystalline domains in Ref. 46.

phasized in Fig. 4, allowing a correlation between the
electrical transport within the samples and their mor-
phology. There, both the general increase in σ with h
and the leap in the electrical conductivity from single
to multiple layers are visible. As a first pristine PE-
DOT:PSS layer is spin-coated, its granular structure
leads to a type of transport by percolation, which is
largely oriented along the two dimensional template
of the glass substrate. Since the self organization of
the PEDOT:PSS grains always takes place in a simi-
lar matter, no significant difference is observed for the
single layers of various thickness. A similar rationale
also applies for the PP5D single layers.

In order to clarify the apparently unusual enhance-
ment for the multiple layers, two plausible mecha-
nisms are proposed and depicted in Fig. 5 for both
types of solutions (PP and PP5D), namely the wash-
ing/reorganization of PSS chains, or the inclusion of
smaller polymer grains into the existing porous struc-
ture. In the first case (Fig. 5a), the (partial) solvation
of the polar PSS chains (colored blue) in water can
lead to inner surfaces with a superior σ (see the high-
lighted chains at the interfaces), enhancing the over-
all conductivity of the thin film. In the second case
(Fig. 5b), the inclusion of smaller particles or even
single chains leads to a higher amount of electrical
contacts between all grains (i.e. a higher probability
that percolation occurs), corresponding to a higher σ.
As the polarity of DMSO accounts for a reorganiza-
tion of the PEDOT:PSS grains, more packed polymer
films are obtained from the PP5D solution, with a
better electrical contact between the PEDOT chains.
As such, effects like surface washing or reorganization
should not play a major role anymore, since they hap-
pen intrinsically during the spin-coating of all layers
(see Fig. 5c). This indicates the inclusion of smaller
particles (or even single polymer chains) as the main
mechanism for the enhancement of σ, which is illus-
trated in Fig. 5b and 5d. Indeed, since the density
of the obtained films cannot be significantly further
increased, the electrical conductivity also reaches a
plateau for the PP5D samples.

An inclusion is also supported by the AFM images
of both PP and PP5D single layers (Fig. 6), which
reveal irregular surface profiles, resembling those il-
lustrated in Fig. 5. The two films are imaged at both
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Figure 6: AFM images (a,b,d,e) and surface profiles
(c,f) along: (a-c) the PP samples, (d-f) the PP5D
layers. The two profiles correspond to the while lines
from frames (b) and (e).

5×5µm2 (6a and 6d) and 1×1µm2 (6b, 6e) resolu-
tion, which gives a better representation of the sur-
face morphology. The profiles in Fig. 6c and 6f cor-
respond to the white lines in Fig. 6b and 6e, giving a
better representation for these surface irregularities.
The quantitative root mean squares (RMS) are also
determined for the two 1×1µm2 AFM images (6b
and 6e), amounting to 1.17 nm for the PP surface,
respectively 1.63 nm for the PP5D one. Accordingly,
a certain granularity is also maintained for the sam-
ples made from the DMSO containing solution, indi-
cating that percolation plays a role in the electrical
conduction even in this case. This granularity is con-
sistent with that observed in other reports, although
the PEDOT:PSS grain size is often variable (see for
example Refs. 32 and 29), resulting again in different

electrical conductivities. It is worth mentioning here
that the grain size depends not only on the synthetic
process, but also on the temperature of the resulting
solution.47,48

These findings also contribute to a better under-
standing of the macromolecular ordering within con-
ductive polymer films, which is currently still un-
der debate.3,5,46,48–51 While some models assume
long conjugated chains,50,51 which can aggregate
into highly ordered, crystalline domains,46,50 other
models suggest bundled structures, where short PE-
DOT chains are grouped around longer PSS ones.5

Similarly, recent depictions of the solvent-driven
chain reorganization include either smooth surfaces
of densely packed polymer chains,3 or crystalline PE-
DOT domains within a PSS amorphous matrix.46

While AFM investigations indicate a granular mor-
phology instead, the microfocused grazing incidence
small- and wide-angle X-ray scattering (µ-GISAXS
and µ-GIWAXS) investigations of Palumbiny et al.
give further unique insights over the distribution of
the crystalline domains and the molecular reorienta-
tion within the films. In particular, smaller, more
ordered crystalline domains appear to form when us-
ing a cosolvent,46 in contrast with the larger PE-
DOT:PSS grains observed from AFM images. These
opposing effects indicate that the cosolvent addition
might simultaneously cause a better crystallinity on
the inner PEDOT rich region and a partially amor-
phous reorganization of the polymer chains on the
outer region. In the presence of DMSO as cosolvent,
the amorphous PSS shells would grow by including
PEDOT chains from the inner region, explaining the
enhancement in conductivity. This rearrangement is
depicted in Fig. 5e, where the yellow highlighted area
corresponds to the µ-GISAXS detected crystalline
domains from Ref. 46. Our model also takes into
account a possible alternating structure of PEDOT
and PSS layers, which would be required to avoid
Coulomb repulsions between the positive face-on or
edge-on46 oriented PEDOT chains.

Although the previous results support the percola-
tive mechanism, a certain washing or reorganization
of the polymer grains at the layer-layer interface is
still plausible, as indicated by Raman measurements.
There, the correlation between the thickness of the
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films and the intensity of the signal (given in counts
per second, or cps) is also visible (Fig. S9, Support-
ing Information). A close-up of the Raman bands is
given in Fig. 7b for the PP multiple layers, where the
signal noise is smoothed using a 4 point fast Fourier
transform (FFT) filter. The bands at 989 cm−1,
1103 cm−1, 1256 cm−1 and 1371 cm−1 can be at-
tributed to the oxyethylene ring deformation, PSS
component deformation, Cα-Cα inter-ring stretching,
respectively Cβ-Cβ stretching.45 The most intensive
band at around 1400-1450 cm−1, corresponds to the
Cα=Cβ symmetric stretching vibration of the five-
atom ring.26,45,52,53 For most pristine PEDOT:PSS
layers (Fig. S9a and S9b, Supporting Information),
the band presents a maximum at 1429 cm−1, cor-
responding to the presence of both benzenoid and
quinoid resonant structures.26,53 Still, the band is
slowly red-shifting towards 1417 cm−1,26,53 as the
number of layers is increasing. Accordingly, the
maximum reaches 1422 cm−1 for the five-layered PE-
DOT:PSS film. This indicates a transition towards
the more linear quinoid structure, which translates in
a higher electrical conductivity.26,53 Although this in-
crease in σ has been already determined by electrical
measurements, the accompanying structural change
is still remarkable, since it occurs without any spe-
cial treatment. Accordingly, this finding supports an
electrical transport through the mechanism presented
in Fig. 5a. A similar red-shifting is also observed
for the PP5D layers (Fig. S10, Supporting Informa-
tion), indicating that both enhancements have a sim-
ilar cause. Still, since the PEDOT:PSS chains in the
PP5D samples are already mostly reorganized, the
lower improvement in the electrical conductivity can
be understood.

The UV-Vis absorbance of the layers depends on
their thickness, increasing gradually with the number
of layers (Fig. 7a and S8d), respectively for a lower
spin-coating speed (Fig S8a and S8c, Supporting In-
formation). Overall, the broad near infrared (NIR)
absorption indicates the presence of PEDOT2+ bipo-
larons in the layers from both types of solutions, PP
and PP5D (literature values for the UV-Vis absorp-
tion bands are given in Table S2 from the Supporting
Information). This qualitatively reveals that the PE-
DOT and PSS chains are only reorganized, without

changing their proportion in the mixture.

Figure 7: Spectra of the multi-layered PP films:
(a) UV-Vis, (b) Raman. The maxima in the Ra-
man bands are determined after smoothing the signal
noise with a 4 point fast Fourier transform (FFT) fil-
ter (see the Supporting Information for the original
full scale spectra). The Raman spectra are shifted
vertically by an arbitrary value, in order to avoid
overlapping and to improve visibility. The color of
both UV-Vis and Raman spectra indicates the layer’s
thickness, by using darker blue tones for the thicker
films. The inset in (b) reveals the structure and no-
tation of neutral PEDOT.

These findings are also supported by quantitative
XPS measurements. The relative signal intensity
of the S(2p) thiophene sulfur peak in PEDOT (at
around 167.8 eV, see Fig. S12, Supporting Informa-
tion) and the sulfur S(2p) peak originating from PSS
(at 164.1 eV) is maintained at approximately 0.35 for
both PP (Fig. 8a) and PP5D (Fig. S11, Supporting
Information) layers, which indicates that no signifi-
cant change in the composition of the films occurs at
their upper surface (i.e. no washing). Accordingly,
the cause for the enhancement lays within the thin
film, supporting the mechanisms predicted in Fig. 5.
Moreover, XPS spectra also confirm that the addition
of DMSO to the aqueous PP solution only reorganizes
the chains, without altering the PEDOT to PSS ra-
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Figure 8: (a) S(2p) core level XPS spectra of the
PP multiple layers, after Shirley background subtrac-
tion. (b) Comparison between the XPS spectra of
five-layered films, obtained using either PP or PP5D
solutions.

tio. This is exemplified in Fig. 8b by comparing both
PP and PP5D five-layered films.

This effect explains the reported literature data,
which suggests outstanding electrical conductivities
for multiple layers,5 such as the approx. 1900 S cm−1

for PEDOT:PSS thin films26 or 1885 S cm−1 for com-
plex composite multilayers.23 The small variation in
the Seebeck coefficient of PEDOT:PSS is also consis-
tent with the findings of several groups,26,39 which
indicates that the enhancement in thermopower re-
ported by Grunlan et al.23 for PANI/graphene-
PEDOT:PSS/PANI/DWNT-PEDOT:PSS quadlay-
ers is related to the interactions between the various
components.

4 Conclusions

In conclusion, the thermoelectric properties of PE-
DOT:PSS layers can be significantly varied, depend-
ing on the spin-coating method. While the electri-
cal conductivity of single layers is approximately con-
stant regardless of their thickness, the σ values can
be significantly enhanced by spin-coating several lay-
ers onto the same substrate. In particular, the elec-
trical conductivity of pristine PEDOT:PSS amounts
to more than 2 S cm−1 after only 5 layers, surpassing
most reported values. A similar effect is also obtained
for DMSO-containing PEDOT:PSS solutions. As in-
dicated by AFM, UV-Vis, Raman and XPS mea-
surements, this remarkable enhancement can be at-
tributed to a combination of factors at two different

scales: percolation between the grains and reorgani-
zation of the conjugated chains.

The multi-layered approach also stands out from
the commercial point of view, since it might deliver a
direct way of improving the efficiency of printed thin
film devices, without needing additional equipment
or facilities. Moreover, this technique can offer a bet-
ter control over the thickness of the resulting films,
which can grow above the threshold of a few hundred
nanometers. Beyond the potential implications for
practical applications, these results contribute to a
deeper understanding of the conduction mechanisms
in organic polymers, paving the way towards a clari-
fication of the differences between existing reports.
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