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Abstract We introduce a sulfuric acid vapor treatment
method to enhance the thermoelectric (TE) performance of
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) thin-films. The H,SO, vapor treatment
brought about the reduction of Coulomb interaction
between PEDOT and PSS chains and structural rear-
rangement of PEDOT:PSS as expanded coil-like nanos-
tructure. We studied the effects of the H,SO, vapor
treatment on the electrical conductivity and TE properties
of PEDOT:PSS thin-films at various treatment tempera-
tures. By the H,SO, vapor treatment at 140 °C, both
electrical conductivity and Seebeck coefficient of the
PEDOT:PSS thin-film were improved from 1.1 to 1167
S/cm, and from 7.3 to 12.1 pV/K, respectively. At this
condition, the maximum power factor of 17.0 uW/sz
was obtained, which is higher than that of the pristine
PEDOT:PSS film (0.006 tW/mK?) by the factor of 2833.
Because the H,SO,4 vapor treatment method introduced
here has advantages in the large-area process and the film
uniformity, we believe that the method can be applicable to
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various organic electronic devices using PEDOT:PSS as
well as TE devices.

1 Introduction

Recently, the development of the energy harvesting tech-
nologies such as solar cells and aero-generators has
attracted a great deal of attention. These nature-oriented
technologies are free to the environmental pollution and the
exhaustion of resources. However, a lot of constraints
obstruct the widespread use of them, such as high cost,
colossal size, and qualified environmental condition to
construct. On the other hand, thermoelectric (TE) devices,
which convert waste heat to electricity, are unrestricted to
those conditions; they can be attached to any surfaces
dissipating heat, with the sizes from small to large. In
particular, thin-film TE devices based on polymers, organic
materials, and organic—inorganic composites expands the
application field by the virtues of easy process, low cost,
and high flexibility in their form factor [1-3]. Although the
performance of thin-film TE devices is inferior compared
to that of typical TE devices using inorganic compounds
such as Bi,Te; and PbTe [4, 5], years of multilateral efforts
on the development/understanding of materials and device
physics bring about a rapidly advancement of thin-film TE
properties [1-3].

Among various organic/polymer materials, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PED-
OT:PSS) has superb electrical conductivity (g) over
1000 S/cm. Owing to the high electrical conductivity, thin-
film TE devices using PEDOT:PSS exhibit a good power
factor (PF) or a thermoelectric figure of merit (Z7), which
are defined as PF = $%¢ and ZT = SZO'T/K, respectively,


http://orcid.org/0000-0002-4037-8687
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-016-4538-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-016-4538-x&amp;domain=pdf

J Mater Sci: Mater Electron (2016) 27:6122-6127

6123

where S, T, and x are the Seebeck coefficient, absolute
temperature, and thermal conductivity, respectively.
Moreover, the TE properties of PEDOT:PSS thin-films can
be improved by increasing the electrical conductivity and/
or the Seebeck coefficient. As shown in the definition of
ZT, it is certain that increasing both electrical conductivity
and Seebeck coefficient enables us to obtain the highest ZT.
However, the two parameters are in inversely proportional
to each other. In other words, higher electrical conductivity
is generally obtainable by higher carrier density in semi-
conductors. Higher carrier density means higher thermal
conductivity, which tends to decrease the Seebeck coeffi-
cient. Due to the relation, optimization between the elec-
trical conductivity and Seebeck coefficient is one of the
important factors to enhance the TE performance. The
electrical conductivity of PEDOT:PSS can be increased by
adding polar solvents (e.g. ethylene glycol or dimethyl
sulfoxide) [6-8] and replacing PSS with efficient counter-
ions such as tosylate and bis(trifluoromethylsulfonyl)imide
[9, 10]. The highest electrical conductivity (more than 3000
S/cm) of a PEDOT:PSS thin-film was reported by Xia et al.
[11] by dropping H,SO, solution on a PEDOT:PSS film.
To increase the Seebeck coefficient of PEDOT:PSS, a few
methods, for instance, fabricating PEDOT:PSS based
composite films [12-16], post-treatments [17-19], and
controlling the redox state of the films [8, 9, 20-22], have
been introduced. Through the research, the ZT of PED-
OT:PSS have been increased from 10> (pristine PED-
OT:PSS) to 1072-10" (depending on additive/treatment
condition) [6-10, 12-21]. Meanwhile, a few groups
recently reported the improved performance of PEDOT-
based TE devices with droplets of H,SO,4 [23, 24]. How-
ever, dropping acidic vapor onto the solid PEDOT:PSS
films makes the surface morphology rough. Also, inho-
mogeneity of both film properties and their device perfor-
mance is unavoidable.

Here, we introduce a novel post-treatment method to
increase both electrical conductivity and TE properties of
PEDOT:PSS thin-films, which is the H,SO, vapor treat-
ment. The H,SO, vapor changed PEDOT:PSS to the
expanded coil-like nanostructure by the reorientation of
PEDOT and PSS chains similar with the H,SO, droplet
treatment. Moreover, the vapor-treated film showed much
smoother surface morphology and higher uniformity than
the droplet treatment. As a result of the vapor treatment,
the electrical conductivity was enhanced to 1167 S/cm after
the H,SO, vapor treatment at 140 °C. At the same condi-
tions, the Seebeck coefficient was also improved to
16.5 pV/K. Owing to the simultaneous improvement of the
electrical conductivity and Seebeck coefficient, a high PF
of 17.0 uW/sz was obtained, which is over three orders
of magnitude higher than that of the pristine PEDOT:PSS
thin-film (0.006 uW/sz). The effect of the annealing

temperature on the TE performance of the H,SOy4-treated
PEDOT:PSS films were investigated in this work.

2 Experimental section

The PEDOT:PSS solution (Clevios PH 1000) with the
concentration of 1.3 wt% dispersed in water was purchased
from H. C. Starck GmbH. The weight ratio of PEDOT to
PSS was 2.5. Sulfuric acid (95 %) was obtained from
Samchun Chemical.

For the film preparation, glass substrates were cleaned
with deionized water and isopropyl alcohol in a sonication
bath, followed by drying in a vacuum oven for 12 h. Before
coating the PEDOT:PSS, the substrates were exposed to
UV-ozone for 5 min. The PEDOT:PSS aqueous solution
filtered through a 0.45 pm syringe filter was spin coated
onto the glass substrates at a rate of 2300 rpm for 40 s.
Then, it was pre-baked at 120 °C for 2 min. For the H,SO,
vapor treatment, we put the samples and a 10 M H,SO,4
solution (2 ml) inside the pre-heated vacuum chamber, and
kept a low vacuum state (~1072 Pa) to maintain the
H,SO,4 vapor atmosphere for 15 min which is the optimum
treatment time. In other words, the electrical conductivity
was saturated after 15 min. Here, various annealing tem-
perature conditions (130-160 °C) were examined, because
the annealing temperature is one of the most critical factors
for the structural rearrangement and crystallization of the
PEDOT:PSS films [25, 26]. In order to remove the residual
H,SO,, as-treated PEDOT:PSS films were annealed at
150 °C for 10 min. To fabricate the TE devices, Au elec-
trodes of 100 nm were thermally evaporated on the PED-
OT:PSS film through a shadow mask under a base pressure
of <107 Pa.

The thickness (7) and the morphology of the films were
measured with an alpha-step profilometer and atomic force
microscopy (AFM, Veeco, NanoScope IV), respectively.
The sheet resistance (Rg) was measured with a four-point
probe system, which was used to calculate the electrical
conductivity (o) with the equation ¢ = 1/Rg x t. The
thermovoltage generated by the temperature gradient
(AV) in the film was measured with a digital multimeter
(Agilent 3458A) while the temperature difference (AT) was
monitored by two type-K thermocouples connected to each
electrode. All instruments were connected to a computer
and controlled with LabView.

3 Results and discussion
Figure la shows the thickness of the pristine and H,SO,

vapor treated PEDOT:PSS thin-film as a function of the
annealing temperature. The thickness of the pristine sample
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Fig. 1 a The thickness and b electrical conductivity of the H,SOy-
treated PEDOT:PSS thin-films depending on the annealing
temperature

was 103 nm, and the thicknesses of the samples were
reduced after the H,SO,4 vapor treatment, which is analo-
gous to the previous report [11]. In particular, we found
that the thickness was decreased more and more as the
annealing temperature was increased from 130 to 150 °C.
It is attributed to two reasons: a higher temperature pro-
motes (1) the selective removal of PSS from PEDOT by the
reduction of Coulomb interaction between them and (2) the
rearrangement and crystallization of both PEDOT and PSS.

Figure 1b plots the electrical conductivity of the pristine
and H,SO, vapor-treated PEDOT:PSS thin-films as a
function of the vapor annealing temperature. The electrical
conductivity of the pristine film was approximately 1.1 S/
cm. It is well-known that the electrical conductivity is
limited by the insulating PSS-rich shells surrounding the
conducting PEDOT-rich grains [27, 28]. PEDOT:PSS
consists of the conducting (positive charged) PEDOT
chains and the insulating (negative charged) PSS counter-
ions for chemical stability, which make it possible to be
dispersed in water due to the Coulomb interaction. How-
ever, by the detachment of PSS as mentioned above during
H,SO, vapor treatment, the values were drastically
increased. Among the samples, the PEDOT:PSS thin-film
treated at 140 °C showed the maximum electrical con-
ductivity of 1167 S/cm, which is three orders of magnitude
higher than that of the pristine thin-film.

It has been known that the nature of the hopping con-
duction mechanism of the conjugated polymer relies
mainly on the doping state and molecular structure. Thus,
the electrical conductivity of the polymers can be
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manipulated by controlling the degree of oxidation,
molecular orientation, and so on. For this purpose, we
adopted the H,SO,4 vapor treatment method to PEDOT:PSS
films. A strong acid solvent, H,SOy, capable of being both
a proton donor and a proton acceptor can undergo auto-
protolysis [29] according to the general process:

H,SO; « H* +HSO, (1)

Therefore, when PEDOT:PSS is treated with H,SO,, the
proton donors associate with PSS™ as follows,

PSS™ + H" < PSSH (2)

which reduces the Coulomb interaction between PEDOT
and PSS chains. Consequently, the addition of the H,SO,
molecules into the PEDOT:PSS film during the annealing
process induces the phase separation between PEDOT and
PSS chains, which can facilitate the structural reorientation
and enhance the m—r interaction of PEDOT chains. After
all, the enhanced m—m stacking between PEDOT moieties
gives rise to change the morphology as expanded coil-like
nanostructures [30-32]. As a result, the energy barrier for
inter- and intra- chain of PEDOT was lowered [33], leading
to the improvement of the conductivity of PEDOT:PSS by
H,SO, vapor treatment at 140 °C.

We have also measured and compared the film mor-
phology of the PEDOT:PSS films before and after the
H,SO, treatment at 140 °C by AFM. The topographic and
phase images in Fig. 2a, b represent the surface of the
pristine PEDOT:PSS film, which is similar with general
polymer thin-films due to the homogeneously distributed
polymer chains of PEDOT and PSS. On the contrary, in the
H,SOy-treated PEDOT:PSS film, the size of PEDOT
domains was increased and thus the boundaries were
reduced as shown in Fig. 2c, d, induced by the aggregation
of PEDOT chains. The phase images display the drastic
difference between two films more clearly. Also, the
H,SOy4-treated PEDOT:PSS film has a smoother surface
than the pristine PEDOT:PSS film, i.e., the root mean
square (RMS) roughness of the PEDOT:PSS films with and
without the H,SO, treatment were 0.82 and 1.27, respec-
tively. The results are considered to be a good evidence for
the reorientation of PEDOT and PSS chains during the
H,SO,4 vapor treatment. Furthermore, the result is mean-
ingful in the viewpoint of the improved surface morphol-
ogy for thin-film electronic devices. Previous report using
the drops of H,SOy4 solution on a PEDOT:PSS film showed
that the RMS roughness was increased by 1.8 times
(1.63-2.95 nm) after the treatment due to the drastic
changes in the film [11]. However, the vapor treatment
method presented here decreased the roughness. We attri-
bute the result to the merits of the H,SO, vapors treatment
as follows: (1) the vapor can penetrate more slowly, dee-
ply, and homogeneously into the polymer chains than the
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Fig. 2 The AFM topographic images (a, ¢) and phase images (b, d) of the PEDOT:PSS thin-films before (a, b) and after (c, d) the H,SO,4 vapor

treatment at 140 °C

solution drop treatment, resulting in a uniform chemical
reaction within the whole films; (2) because the interaction
of H,SO, and PEDOT:PSS and the annealing of PED-
OT:PSS films proceed simultaneously, the reorientation of
the film might be much activated. As a result, both PEDOT
and PSS chains can construct a smooth and well-ordered
film. Therefore, proper aggregation of PEDOT chains
could control the conjugated m-electrons delocalization
over the whole chain, enhancing the improvement con-
ductive path of in terms of an electrical percolation. It also
explains the superior electrical properties than the other
vapor-treated PEDOT:PSS films [18, 19].

Using the PEDOT:PSS thin-films by this process, we
fabricated TE devices and characterized their TE proper-
ties. Figure 3a shows the schematic illustration of the TE
device structure and the measurement system. In detail, the
device was placed over two Peltier modules of which each
temperature was controlled by a multi-channel direct cur-
rent source. The temperature difference between two

Peltier modules brings about the thermovoltage across the
hot and cool electrodes. From the measured data, we cal-
culated the Seebeck coefficient of the films using the
equation S = AV/AT. Figure 3b shows the Seebeck coef-
ficient and PF of the prepared PEDOT:PSS thin-films
depending on the annealing temperature during the H,SO,4
vapor treatment. The Seebeck coefficient of the non-treated
film was 7.3 uV/K. The value was increased up to
16.5 pV/K with the H,SO4 vapor treatment at 130 °C,
which is much higher than the films treated with H,SO,
droplets [24]. Then the value was slightly reduced as the
temperature increased. The PF was calculated as
0.006 uW/mK? in the pristine film. At 130 °C, the PF was
slightly increased to 1.4 uW/mK? due to the low electrical
conductivity, even though the Seebeck coefficient is the
highest at this temperature. The maximum PF of 17.0 uW/
mK? was obtained at 140 °C with the Seebeck coefficient
of 12.1 pV/K, which is the temperature for the highest
electrical conductivity. In other words, the PF was

@ Springer



6126

J Mater Sci: Mater Electron (2016) 27:6122-6127

®E

”Au Au_‘

PEDOT:PSS

Substrate

220 T T T T ™20 g
< 1 2
2 15F 115 2
~ ] o
= ] Q
8 10+ J10 8
™ 1=
X J
3] ]
o s5f 15 €
. 3
o 1 X
Q ] [N
2] 0 1 L | ~

|
Pristine 130 140 150 160
Temperature (°C)

Fig. 3 a The schematic diagram of the thermoelectric device and the
measurement setup. b The Seebeck coefficient (open circle) and
power factor (closed circle) of the PEDOT:PSS thin-films depending
on the annealing temperature during the H,SO,4 vapor treatment

enhanced by >3 orders of magnitude via the H,SO, vapor
treatment. This result also shows that the optimization
between the electrical conductivity and Seebeck coefficient
is a meaningful study to obtain high TE properties.

4 Conclusion

In conclusion, we introduced the H,SO, vapor treatment
method to enhance both electrical conductivity and TE
properties of PEDOT:PSS thin-films. With changing the
treatment temperature, we investigated the electrical con-
ductivity and Seebeck coefficient of the films and found the
optimum condition to achieve the performance of PED-
OT:PSS-based TE devices. The thin-film treated with
H,SO, vapor at 140 °C exhibited a high PF which was over
three orders of magnitude higher than that of the non-
treated sample. The enhancement was attributed to the
improvement in both of the electrical conductivity and
Seebeck coefficient owing to the formation of highly
ordered and densely packed PEDOT:PSS as an expanded
coil-like nanostructure by strong acidic H,SO4. Also, the
vapor treatment to PEDOT:PSS film exhibited smooth and
uniform morphology. Therefore, we believe that this
method introduced here is helpful not only for polymer-
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based TE devices, but also for the optoelectronic devices
using polymer electrodes.
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