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Abstract This study systematically examined the ther-

moelectric (TE) properties of poly(3,4-ethylenedioxythio-

phene):poly(styrenesulfonate) (PEDOT:PSS) thin films by

enhancing the electrical conductivity with D-sorbitol and

by controlling the oxidation level with tetrakis (dimethyl-

amino) ethylene (TDAE) vapor treatment. Mixing sorbitol

into PEDOT:PSS changed the morphology of the films,

increasing the electrical conductivity up to 722.06 S cm-1,

which is over two orders of magnitude higher than that of

pristine PEDOT:PSS (1.53 S cm-1). For even better TE

properties, we subsequently exposed the films to TDAE

vapor (which is a well-known reducing agent) for various

treatment times to control their oxidation levels. The dif-

ference in the redox state as a function of the reduction

time was easily identified by the naked eye owing to the

electrochromic properties of PEDOT:PSS. As a result, we

obtained a high power factor of 22.28 lW m-1 K-2 from

the sorbitol-mixed PEDOT:PSS thin films that were treated

via chemical reduction. This value is three times higher

than that of devices without TDAE treatment

(7.26 lW m-1 K-2). The properties and changes in the

films fabricated with sorbitol and TDAE treatments were

characterized by atomic force microscopy and UV–Vis-

NIR absorption.

1 Introduction

For several years, researchers have tried to develop envi-

ronmentally-friendly and renewable energy sources to

replace fossil fuels, which are being depleted and cause

environmental pollution. So far, many technologies have

been reported for eco-friendly energy harvesting from

natural sources including the sun, wind, waves, and so on.

However, there are many constraints in terms of time, cost,

and space for harnessing these natural energy sources.

Meanwhile, semiconductor thermoelectric (TE) devices,

which convert thermal energy into electricity, are consid-

ered to be a candidate for next-generation renewable

energy systems because they can reuse waste heat and

thermal energy from the nature to generate small amounts

of power. TE devices were developed decades ago and are

widely used for heating and cooling based on the Peltier

effect. In their power generation mode, TE devices have

the capability to directly convert heat to electricity via the

Seebeck effect. Typical semiconductor materials used to

fabricate TE devices are based on inorganic compounds,

such as Bi2Te3, PbTe, and their complexes [1–4]. TE

devices with these inorganic compounds typically show a

high TE figure of merit (ZT), defined as ZT = S2rT/j,

where S, r, T, and j are the Seebeck coefficient, electrical

conductivity, absolute temperature, and thermal conduc-

tivity, respectively. A high figure of merit implies high

energy conversion efficiency. Nevertheless, these inorganic

TE devices have not been widely utilized to generate TE

power due to limits related to their size of fabrication, flat

and rigid form factor, and high cost.

Recently, thin film TE devices based on organic mole-

cules and conducting polymers have attracted attention for

power generation. These materials are appealing due to

their low cost and solution-processability, which allows for

E. Yang � J. Kim � J. Kwak (&)

Department of Electronic Engineering, Dong-A University,

Busan 604-714, Korea

e-mail: jkwak@dau.ac.kr

B. J. Jung

Department of Materials Science and Engineering,

The University of Seoul, Seoul 130-743, Korea

123

J Mater Sci: Mater Electron (2015) 26:2838–2843

DOI 10.1007/s10854-015-2766-0



patterning on large areas [5–9]. Additionally, due to their

mechanical flexibility/stretchability, they can be also

applied to rounded surfaces that effuse heat (e.g., the

external surfaces of exhaust pipes, engines, and turbines in

a wide variety of applications ranging from automobiles to

factory facilities). Moreover, organic materials and/or

conducting polymers generally possess lower intrinsic

thermal conductivity than inorganic compounds, indicating

that a high ZT can be achieved. Researchers have reported

the TE properties of conducting polymers using poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PE-

DOT:PSS), polyaniline, polyacetylene, polycarbazoles,

polythiophene, and their derivatives [9–26]. The ZT of

these organic semiconductors have been increased to

*10-1 [12, 24], meaning that the performance of organic

TE devices are now quite close to inorganic-based TE

devices. Among them, PEDOT:PSS is the most represen-

tative material for thin film TE devices due to its high

electrical conductivity ([1,000 S cm-1) and good thermal

stability [13, 14]. One easy way to improve the TE prop-

erties of PEDOT:PSS is to increase its electrical conduc-

tivity. There are many such techniques to do this, but the

addition of a polar solvent with a higher dielectric constant,

such as glycerol, ethylene glycol (EG), or dimethyl sulf-

oxide (DMSO), is one of the most widely-used methods

[12, 16–19]. The electrical conductivity of PEDOT:PSS

thin films treated with these solvent additives can be

enhanced by two to three orders of magnitude due to the

separation of PEDOT and PSS chains and/or selective

doping effects [12, 16–19], which in turn improve the TE

properties. For instance, several groups have demonstrated

that by incorporating these solvents/additives into typical

PEDOT:PSS, the TE performance can be enhanced, gen-

erating power factors (PFs) of 9.47–21.0 lW m-1 K-2

[20–23]. Several recent papers have introduced chemo-

synthetic methods to advance the electrical conductivity of

PEDOT by adopting efficient counter-ions such as tosylate

(Tos) and bis(trifluoromethylsulfonyl)imide (BTFMSI)

instead of PSS [11, 24], and polymer–nanostructured

material (e.g., carbon nanotubes and graphenes) compos-

ites [25–28].

However, high electrical conductivity does not always

guarantee good TE properties because of the trade-off

between electrical conductivity and the Seebeck coeffi-

cient. This is the case because the electrical conductivity is

generally related to the carrier density. Increasing the

carrier density tends to increase the thermal conductivity,

resulting in a decrease of the Seebeck coefficient. There-

fore, it is important to optimize the electrical conductivity

and the Seebeck coefficient in order to improve the TE

properties. For this purpose, a few methods have been

reported to increase the Seebeck coefficient by tuning the

oxidation level of PEDOT:PSS films using organic mole-

cules or ionic liquids [11, 29–31].

In this work, we investigated the TE properties of PE-

DOT:PSS films by enhancing the electrical conductivity

with D-sorbitol and by controlling the oxidation level with

a tetrakis(dimethylamino)ethylene (TDAE) treatment. The

effect of sorbitol on the characteristics, including the

electrical conductivity of PEDOT:PSS, have been studied

previously [32–34]. Also, in 2011, Park et al. [35] reported

on organic photovoltaic devices using sorbitol-doped PE-

DOT:PSS as an interfacial layer . However, no further

application of sorbitol-doped PEDOT:PSS films could be

found. Sorbitol is a sugar alcohol as a nature product. It has

high solubility in water, which is the solvent for PE-

DOT:PSS, and requires no additional annealing or treat-

ment. Therefore, the TE performance of devices was

observed as a function of their sorbitol concentration. We

also optimized the electrical conductivity and Seebeck

coefficient of the sorbitol-mixed PEDOT:PSS films by

tuning the oxidation level with the TDAE vapor treatment.

Using this method, the PF (S2r) was increased up to

22.3 lW m-1 K-2, which is about three times higher than

the films without TDAE treatment.

2 Experimental section

2.1 Materials

The PEDOT:PSS aqueous solution (Clevios PH 1000) was

purchased from H. C. Starck GmbH. The concentration of

PEDOT:PSS was 1.3 wt % dispersed in water, and the

weight ratio of PEDOT to PSS was 2.5. D-sorbitol and

TDAE were purchased from Sigma-Aldrich. All materials

were used as-received. The chemical structures of PE-

DOT:PSS, D-sorbitol, and TDAE are shown in Fig. 1a.

2.2 Preparation of sorbitol-mixed PEDOT:PSS thin

films

D-sorbitol was blended into PEDOT:PSS aqueous solu-

tions at different concentrations (2,4, 6, 8, and 10 wt %)

and then stirred for 12 h. The glass substrates (3 9 3 cm2)

were sequentially cleaned with acetone, isopropyl alcohol,

and deionized water in a series of ultrasonic baths. After

drying, the substrates were treated with UV-ozone for

20 min to change the surface hydrophilicity. All mixed

solutions were filtered through a 0.45-lm pore-size syringe

filter and spin-coated onto the glass substrates at 2,000 rpm

for 30 s. The thickness of the films was about 60–65 nm.

Next, the samples were annealed on a hot plate at 150 �C

for 30 min to remove any residual solvent.
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2.3 TDAE vapor treatment of sorbitol-mixed

PEDOT:PSS thin films

A small amount of the TDAE solution was dropped into a

closed vessel to maintain the vapor atmosphere. After spin-

coating the sorbitol-PEDOT:PSS blend solution on the

substrates, the samples were placed in a vessel filled with

TDAE vapor. We changed the oxidation level of the PE-

DOT:PSS films by varying the TDAE exposure time (10,

20, 30, and 40 min). After the reduction process, the films

were annealed on a hot plate at 150 �C for 30 min.

2.4 Characterization of thermoelectric properties

Figure 1b presents the schematic diagram of the TE device

measurement system for the PEDOT:PSS thin film TE

devices used in this study. A sample was placed over two

Peltier devices. By applying a different direct current to

each Peltier module, a temperature gradient was created

within the sample between the two electrodes and a ther-

movoltage was generated. To measure the temperature

gradient, two type-K thermocouples were attached to the

Au electrodes of the sample with thermal paste to ensure

good thermal contact. The thermovoltage was measured

with a digital multimeter (Agilent 3458A). The Seebeck

coefficient was calculated from the measured data using the

equation S = DV/DT, where DV and DT are the thermo-

voltage and temperature differences across the electrodes,

respectively. All instruments were connected to a computer

and controlled with LabView. To ensure accuracy in our

experiments, each sample was measured three times. To

characterize the electrical conductivity, the sheet resistance

(RS) of the films was measured using a four-point probe

system (AIT CMT-SR2000 N) and the corresponding

thicknesses (t) were measured using a non-contact 3D

surface profiler (Nanosystem NV-E1000). Then, the elec-

trical conductivity (r) was calculated using the equation

r = 1/RS 9 t. The surface morphologies of the PE-

DOT:PSS films were characterized using an atomic force

microscope (AFM, TopoMetrix Explorer). The absorption

spectra were obtained with an UV–Vis–NIR spectrometer

(Agilent Cary 5000) between 300 nm and 1,800 nm.

3 Result and discussion

3.1 Enhanced electrical conductivity of sorbitol-mixed

PEDOT:PSS thin films

We investigated the electrical conductivity and TE prop-

erties of the sorbitol-mixed PEDOT:PSS thin films with

different sorbitol concentrations (0, 2,4, 6, 8, and 10 wt %).

Here, 0 wt % refers to the film without any sorbitol. As the

sorbitol content was increased, the thickness of the films

increased from 50 to 140 nm, while the sheet resistance of

the samples measured at room temperature decreased

gradually from 1.22 9 105 to 2.64 9 102 X sq-1. As

plotted in Fig. 2a, the electrical conductivity calculated

from the sheet resistance and the thickness was drastically

improved by mixing sorbitol into PEDOT:PSS. The elec-

trical conductivity of the pristine PEDOT:PSS thin film

was 1.53 S cm-1; this was increased to 722.06 S cm-1

after the addition of 6 wt % sorbitol. When the sorbitol

content was above 6 wt %, the electrical conductivity

slightly decreased. It is well-known that sorbitol promotes

the separation and aggregation of PEDOT and PSS,

resulting in higher electrical conductivity [32, 33].

Figure 2b shows the Seebeck coefficients and PFs of the

films depending on their sorbitol concentration. The See-

beck coefficient of the pristine PEDOT:PSS film was

10.3 lV K-1; this value was slightly decreased but main-

tained between 8.5 and 10.0 lV K-1 as sorbitol was mixed

into PEDOT:PSS. The PF of the pristine PEDOT:PSS film

was calculated to be 0.016 lW m-1 K-2, which reflects

Fig. 1 a Chemical structures of PEDOT:PSS, D-sorbitol, and TDAE

and b scheme of thermoelectric device measurement
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poor TE properties due to the low electrical conductivity.

Meanwhile, the values of the sorbitol-mixed PEDOT:PSS

films improved to 4.89, 6.27, and 7.26 lW m-1 K-2,

respectively, as the sorbitol concentration increased to 2, 4,

and 6 wt %. The PFs of the 8 and 10 wt % sorbitol-mixed

films decreased, similar to the trend observed for the

electrical conductivity.

In order to observe the morphological changes in the

sorbitol-treated PEDOT:PSS films, we compared the AFM

images of the pristine PEDOT:PSS film (Fig. 3a) and the 6

wt % sorbitol-mixed PEDOT:PSS film (Fig. 3b). Due to

the rearrangement of PEDOT clusters and PSS lamellae

[36], the root-mean-square (RMS) surface roughness

decreased from 1.06 to 0.63 nm after the addition of 6

wt % sorbitol. Although the AFM images are insufficient

for revealing the exact shape and mechanism of phase

separation between PEDOT and PSS, the difference in

morphology is plausible evidence for the fact that PEDOT

and PSS rearrangement occurred.

3.2 Improved thermoelectric properties of sorbitol-

mixed PEDOT:PSS thin films by TDAE vapor

treatment

Adding sorbitol changed the morphology of the PE-

DOT:PSS thin films and improved their electrical con-

ductivity. However, the Seebeck coefficient remained near

10 lV K-1 because the charge carrier density was not

changed by blending sorbitol with PEDOT:PSS. In order to

enhance the TE properties, we controlled the oxidation

level of the films with a chemical reduction method. As

reported previously, chemical reduction of PEDOT:PSS

films decreases the hole carrier density and electrical

conductivity, which has the potential to simultaneously

increase the Seebeck coefficient [11, 31]. Here, we used

TDAE vapor as the reducing agent, which is known as a

strong electron-donor molecule [37], because we can easily

and precisely control the reduction level of the sorbitol-

mixed PEDOT:PSS films by changing the vapor exposure

time.

We verified the chemical reduction of PEDOT:PSS by

measuring the UV–Vis–NIR absorption spectra. It is

known that PEDOT chains are generally in their bipolaron

state (PEDOT2?), due to the presence of PSS, and can be

reduced to their polaron state (PEDOT1?) or neutral state

(PEDOT) [29, 30]. As shown in Fig. 4a, the pristine films

with and without sorbitol show broad, strong absorption

spectra in the NIR region above 1,250 nm. This originated

from the absorption of the PEDOT dications (PEDOT2?).

In this spectral region, the sorbitol-mixed sample shows

slightly smaller absorption compared to the sample without

sorbitol. Here, we assume that the number of the polymeric

PEDOT dications decreased due to the phase-separation of

PEDOT and PSS. Meanwhile, the TDAE-treated samples

exhibit significantly reduced absorption in the spectral

region above 1,250 nm and enhanced absorption at shorter

wavelengths. The absorption bands around 900 and

Fig. 2 Properties of PEDOT:PSS depending on sorbitol concentra-

tion in terms of a thickness and electrical conductivity and b seebeck

coefficient and power factor

Fig. 3 AFM images of

a pristine PEDOT:PSS film,

b sorbitol-mixed PEDOT:PSS

film, and c sorbitol-mixed

PEDOT:PSS film after TDAE

treatment
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600 nm indicate the formation of the polaron state (PE-

DOT1?) and neutral state (PEDOT), respectively. Thus, the

shift of the absorption range caused by TDAE-treatment

(shown in Fig. 4a) suggests that the redox state of the

sorbitol-mixed PEDOT:PSS films was changed to a

reduced state. Among the samples, the 20-min-treated

sample showed the most highly reduced state. This can also

be confirmed visually due to the electrochromism of PE-

DOT:PSS. As shown in Fig. 4b, the color of the film

changed as a function of the TDAE treatment time, which

corresponds to the absorption data. During the TDAE

treatment, the film morphology seems to change slightly.

Figure 3c shows the AFM image of the chemically-reduced

PEDOT:PSS film with sorbitol. The RMS roughness

decreased from 0.63 to 0.28 nm after 20 min of the TDAE

treatment. Although we could not definitively elucidate the

effect of TDAE on the film morphology with AFM, we

believe that the smoother surface was caused by the addi-

tional rearrangement of PEDOT and PSS clusters by the

TDAE vapors.

Figure 5 displays the electrical and TE properties of the

sorbitol-treated (6 wt %) PEDOT:PSS films as a function

of the TDAE vapor treatment time. Because the treatment

chemically reduces the hole-conductive films, the electrical

conductivity decreased, as plotted in Fig. 5a. The electrical

conductivity of the sample without TDAE treatment was

about 720 S cm-1. After 10 min of exposure to TDAE

vapor, the value dropped to 337 S cm-1 and continuously

decreased to 150 S cm-1 as the treatment time increased to

40 min. Meanwhile, the Seebeck coefficient of the films

also varied with the TDAE treatment time (Fig. 5b).

Without TDAE treatment, the device showed a low See-

beck coefficient of 10.03 lV K-1. When the TDAE treat-

ment time increased to 10 min and 20 min, the value

significantly increased to 24.78 and 27.47 lV K-1,

respectively. These values are more than twice the value of

the pristine device. Since the Seebeck coefficient began to

decrease when the samples were exposed for more than

20 min, the optimal time exposure time for obtaining the

highest Seebeck coefficient was determined to be 20 min.

Based on these results, the PF was calculated and plotted

(Fig. 5b). The highest PF of 22.28 lW m-1 K-2 was

obtained in the 20-min sample; this value is three times

higher than that of the pristine device (7.26 lW m-1 K-2).

It is also superior than the values from recent reports that

utilized typical PEDOT:PSS enhanced by solvents/addi-

tives (9.47–21.0 lW m-1 K-2) [20–23]. It is reported that

thermal conductivities of PEDOT:PSS ranges 0.17–

0.52 W m-1 K-1 depending on the treatment condition [6,

11, 12, 24, 29, 30] ). We estimated ZT of our devices using

those values; the ZT value of the device with highest PF

was *10-2 (0.013–0.039 depending on j) but that of the

control device was *10-3 (0.0042–0.013 depending on j).

The devices with TDAE treatment times of 10 min and

30 min also exhibited comparable PFs of around

20 lW m-1 K-2, but the device exposed to TDAE for

40 min showed a severely decreased PF (7.92 lW m-1

Fig. 4 a UV–Vis–NIR absorption spectra of PEDOT:PSS films

depending on TDAE treatment time and b their photographs

Fig. 5 Properties of PEDOT:PSS depending on TDAE treatment

time in terms of a thickness and electrical conductivity and b Seebeck

coefficient and power factor
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K-2). This reduction in performance was mainly due to the

low electrical conductivity at this condition. Our results

clearly show that investigating the optimum conditions via

controlling both the electrical conductivity and Seebeck

coefficient (which are, in general, inversely proportional) is

an important procedure for achieving a high PF in TE

devices.

4 Conclusion

In this work, we demonstrated the enhanced TE properties

of PEDOT:PSS-based polymer TE devices by sequentially

controlling the electrical conductivity and the Seebeck

coefficient. Sorbitol mixing increased the electrical con-

ductivity by more than two orders of magnitude, and the

following TDAE treatment chemically tuned the oxidation

level of the sorbitol-mixed PEDOT:PSS films. As a result,

we obtained a PF that was three times higher than the PF in

devices without the TDAE treatment. We believe that the

systematic study presented here, which improved the

properties of TE devices by examining various processing

conditions, is meaningful for the advancement of polymer-

based TE devices.
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