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Poly(3,4-ethylene dioxythiophene):poly(styrenesulphonate) (PEDOT–PSS) in
the recent past has emerged as one of the most fascinating conducting poly-
mers for many device applications. The unique feature of PEDOT–PSS is its
transparency in the entire visible spectrum with excellent thermal stability.
The PEDOT–PSS as prepared as an aqueous dispersion has very low con-
ductivity, and it hinders the performance of a device. In this work we report
the conductivity enhancement of PEDOT–PSS thin films through secondary
doping using a polar organic solvent such as sorbitol. The mechanism of
conductivity enhancement was studied through various physical and chemical
characterizations. The effect of sorbitol concentration on structure and
transport properties of PEDOT–PSS thin films was investigated in detail. The
structural and morphological modifications in PEDOT–PSS due to the addi-
tion of sorbitol was studied through Fourier transform spectroscopy, Ultra
Violet–visible spectroscopy, theromogravimetric analysis, scanning electron
microscopy and atomic force microscopy. The interactions resulting from
conformational changes of PEDOT chains that changes from coiled to linear
structure due to the sorbitol treatment significantly improves the conductivity
of PEDOT–PSS films. The secondary doping of sorbitol reduces the energy
barrier that facilitates the charge carrier hopping leading to enhanced con-
ductivity. We have observed that the conductivity of PEDOT–PSS thin films
was increased by two fold due to sorbitol treatment when compared to con-
ductivity of pure PEDOT–PSS. We have carried out detailed analysis of
dielectric parameters of sorbitol-treated PEDOT–PSS films and found that
sorbitol treatment has a significant effect on various dielectric attributes of
PEDOT–PSS films. Hence, secondary doping using sorbitol could be a useful
way to effectively tailor the conductivity and dielectric properties of PEDOT–
PSS thin films that can be used as flexible electrodes in optoelectronic devices.
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INTRODUCTION

In the recent past organic electronic devices have
attracted the attention of many researchers all over
the world due to their easy processability over large
areas; their electronic properties can be easily tuned
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by doping organic or inorganic compounds and are
compatible with flexible and low weight sub-
strates.1,2 These organic electronic devices are
extensively being used in many applications such
as light emitting diodes, organic solar cells, organic
field effect transistors,3–5 bioelectronics and cou-
pling of devices through conducting polymers with
biological systems.6

Among a number of conducting polymers,
poly(3,4-ethylene dioxythiophene):poly(styrene sul-
phonate) (PEDOT–PSS) in aqueous solutions have
drawn more attention mainly due to their superior
transparency over the visible range, processability
and thermal stability. The7,8 PEDOT–PSS films in
various forms have been used as hole transporting
layers in OLED’s,9–11 they have been used as a
buffer layer/active layer between ITO in organic
solar cells.12–14 However, these PEDOT–PSS films
prepared through aqueous dispersions suffer due to
poor conductivity15,16 which is typically as low as
1 S/Cm,17,18 this affects and hinders the perfor-
mance of many of the electronic devices.19,20

Much attention is being paid in the recent past to
improve the conductivity of PEDOT–PSS by treat-
ing with organic solvents21,22 through secondary
doping or due to the addition of small amount
fillers.23 It is found that addition of polar solvents
such as dimethyl sulfoxide (DMSO), dimethyl
formaldehyde (DMF) and glycerol to PEDOT–PSS
significantly affects the conductivity of the films due
to the interaction of polar solvents with the polymer
chain that induces conformational changes in the
PEDOT chain from coiled structure to linear struc-
ture. After secondary doping with polar solvents,
the electrical conductivity of this transparent
PEDOT–PSS is sufficient to be used as a transpar-
ent electrode material in many organic
electronics.24

Sorbitol, being one of the excellent conductive
additive/secondary dopant/plasticizers for PEDOT–
PSS, can improve the conductivity of PEDOT–PSS
films by several orders of magnitude.25 The reasons
for the remarkable change in the conductivity due to
sorbitol addition is still under debate.15,26,27 Hence,
much attention is being paid to understand the
conductivity enhancement in these systems by
understanding the structural and morphological
changes occurring due to secondary doping of
sorbitol.

In this present work the authors report the effect of
secondary doping by using a polar solvent such as
sorbitol by mixing it with PEDOT–PSS in different
concentrations. The PEDOT–PSS/sorbitol blends in
different concentrations wereprocessed into thinfilms
by the spin coating technique. The processed films
were characterized by FTIR, ultra violet–visible (UV–
Vis) spectra and scanning electron microscopy (SEM)
to understand the morphological and structural
changes of pristine PEDOT–PSS films. In depth
transport studies were carried out through various
measurements such as DC/AC conductivities and

impedance/dielectric behaviors. Through our studies
we have observed a threefold increase in the conduc-
tivities of PEDOT–PSS due to the addition of sorbitol
in various concentrations. We have also tried to draw
an analogy between the changes in conductivities with
that of observed morphological/structural changes of
pristine PEDOT–PSS due to secondary doping using
sorbitol. In comparison with the reports available in
the literature on transport properties of sorbitol doped
PEDOT–PSS films, in this work, the effect of sorbitol
concentration on a vast number of electrical transport
parameters were analyzed in depth.

EXPERIMENTAL

Materials and Chemicals

The glass slides coated with ITO of surface
resistivity 8–12 X/Sq were procured from Sigma
Aldrich (India). PEDOT–PSS (Product Code:
483095, Conductive grade with 0.5 wt.% of PEDOT
and 0.8 wt.% of PSS in water) and Sorbitol (99.9%
purity) were also procured from Sigma-Aldrich
(India) and were used as received.

Fabrication of Sorbitol Treated PEDOT–PSS
Thin Films

The ITO-coated glass substrates of dimension
2.5 9 2.5 cm2 were cleaned with acetone, IPA and
deionized (DI) water and dried under dynamic
vacuum prior to use. The aqueous solution of
PEDOT–PSS was then post treated with sorbitol
at different wt.% such as 5 wt.%, 10 wt.%, 15 wt.%,
and 20 wt.% of sorbitol in PEDOT–PSS, and the
solutions were sonicated in the ultra-sonication
bath for 1 h at room temperature to obtain the
homogeneous dispersion. Pristine PEDOT–PSS thin
films and PEDOT–PSS films treated with sorbitol
were spin coated over ITO-coated glass substrates
at 1000 rpm using the spin coating unit (spin NXG-
P1). The deposited films were further dried in
dynamic vacuum at 120�C to remove the water
content from the film.

Characterization of PEDOT–PSS Films

The structural characterization of spin-coated
PEDOT–PSS and PEDOT–PSS treated with sor-
bitol films were studied through FTIR technique
using a FTIR spectrometer (Thermo-Nocolet 6700)
in KBr medium. The morphological studies of the
surface in these thin films were studied through a
scanning electron microscope (Zeiss Ultra 60) and
an atomic force microscope (AFM, Bruker-Dimen-
sion Icon). The optical characterization of absorp-
tion spectra of the thin films in the UV–Vis region
was studied using an UV–Vis spectrometer (Ana-
lytikjena SPECORD S-600). The theromogravimet-
ric analysis of the films was carried out by using a
simultaneous thermal analyzer (NETZSCH STA
409 PC). The temperature-dependent (DC) conduc-
tivity of the thin films was measured by using a
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four-probe technique (Keithley 2410 Source meter)
in the range 20–200�C. The AC conductivity of the
thin films was measured by a tw-probe method in
the frequency range 100 Hz–5 MHz using a LCR
impedance analyzer (Wayne Kerr 6500 B).

RESULTS AND DISCUSSION

Scanning Electron Microscopy (SEM)

The surface morphology studied through SEM
micrographs of pure PEDOT–PSS and PEDOT–PSS
doped with sorbitol are represented in Fig. 1a and b.
The SEM micrograph of pure PEDOT–PSS as
depicted in Fig. 1a is smooth with uniform distri-
bution of micrograins. The effect of sorbitol treat-
ment on PEDOT–PSS results in the formation of
clusters of micrograins (Fig. 1b) that are highly
aggregated and interconnected forming the con-
ducting islands. It is expected that the formation of
these clusters in a polymer matrix plays an impor-
tant role in the charge transport through the
polymer matrix. The addition of sorbitol brings
about significant change in the morphology of the
pristine PEDOT–PSS films that facilitate the

transport of charge carriers as well as hopping of
charge carriers in the polymer backbone.

Atomic Force Microscopy (AFM)

The effect of secondary doping using sorbitol on
the surface morphology of PEDOT–PSS thin films
was investigated using atomic force microscopy
(AFM). Figure 2a and c shows the AFM height
images in 2-D and 3-D for pure PEDOT–PSS, and
Fig. 2b and d shows the AFM height images in 2-D
and 3-D for PEDOT–PSS films treated with 20 wt.%
of sorbitol. It is observed from the micrographs
(Fig. 2a and c) that the addition of sorbitol results in
improved phase separation between hydrophobic
(bright regions) and hydrophilic (dark regions)
domains as observed in the case of Nafion-doped
PEDOT–PSS films.5 The addition of sorbitol enables
PEDOT and PSS clusters to rearrange in a more
compact morphology as well as an increase in the
size of PEDOT rich particles or clusters.23,28 The
topographic AFM images show that the films were
flat with a vertical scale of nearly 5 nm for pure
PEDOT–PSS and 1.5 nm for PEDOT–PSS treated
with 20 wt.% of sorbitol. The addition of sorbitol
increases the rms-roughness from 0.8 nm for pure
PEDOT–PSS to 1.3 nm for doped PEDOT–PSS
films. The increase in surface roughness may be
due to the thinning effect of PSS phase that
undergoes interaction with sorbitol. Sorbitol, being
a polar solvent belonging to hydroxyl group, has an
ability to undergo considerable interaction with
PEDOT and PSS phases leading to rearrangement
of PEDOT and PSS segments and formation of
compact morphology. These morphological changes
observed from AFM images due to the addition of
sorbitol creates a better conducting path and, hence,
enhances the conductivity of the sorbitol-doped
PEDOT–PSS thin films.

Fourier Transform Infrared Spectroscopy
(FTIR)

The FTIR spectra of pure PEDOT–PSS and
PEDOT–PSS treated with sorbitol is depicted in
Fig. 3. It is observed from the FTIR spectra of pure
PEDOT–PSS that the characteristics peaks occur at
the stretching frequency of 3500 cm�1 due to
stretching of an O–H bond, 2900 cm�1 due to
stretching of a C-H bond, 2500 cm�1 due to C=O
and 2050 cm�1 due to stretching of a C-N bond. The
sorbitol-treated PEDOT–PSS film shows a strong
absorption band at 2500 cm�1 resulting from intrin-
sic vibration of a sulfoxide ion that confirms the
doping of sorbitol into PEDOT–PSS. The addition of
sorbitol into PEDOT–PSS results in shifting of
characteristic peaks to a higher wave number as
well as an increase in intensity of peaks in compar-
ison to pure PEDOT–PSS. This provides evidence
toward the formation of uniform dispersion between
PEDOT–PSS and sorbitol due to strong interaction.

Fig. 1. SEM micrograph of (a) pure PEDOT–PSS, (b) PEDOT–PSS
treated with 20 wt.% sorbitol.
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UV–Visible Spectroscopy (UV–Vis)

The conformational changes observed in the
PEDOT–PSS matrix due to the addition of sorbitol
are studied through UV–Vis spectra as shown in
Fig. 4. The UV–Vis spectra for pure PEDOT–PSS
and PEDOT–PSS treated with sorbitol shows sim-
ilar behavior over the entire range with a sharp
absorption in the UV region at 500–700 nm and a
broad intense absorption close to the NIR range.
The characteristic peak around 600 nm is due to
higher energy transition and is due to p–p* transi-
tions in the PEDOT–PSS matrix. The band occur-
ring at 900 nm represents the free carrier tail and is
associated with bipolaron sub gap transition in the
polymer.29,30 A remarkable increase in the intensity
of UV–Vis spectra is observed in case of sorbitol-
treated PEDOT–PSS films when compared to pure
PEDOT–PSS films. The observed changes in the
UV–Vis spectra of pure and doped films strongly

Fig. 2. AFM images of pure PEDOT–PSS and sorbitol-treated PEDOT–PSS films. (a) Pure PEDOT–PSS (2-D), (b) PEDOT–PSS treated with
20 wt.% sorbitol (2-D), (c) pure PEDOT–PSS (3-D), (d) PEDOT–PSS treated with 20 wt.% sorbitol (3-D).

Fig. 3. FTIR spectra of pure PEDOT–PSS and sorbitol-treated
PEDOT–PSS.
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suggest the effect of sorbitol addition on the struc-
tural aspects of pure PEDOT–PSS films.

Thermo Gravimetric Analysis (TGA)

As shown in Fig. 5, PEDOT–PSS and sorbitol-
treated PEDOT–PSS films were thermally charac-
terized by using theromogravimetric analysis under
nitrogen atmosphere at the heating rate of 20�C per
minute. It was observed that the films exhibit 3 step
weight losses. The initial weight loss at low tem-
peratures is attributed to the evaporation of water
content in the films. In the second stage the gradual
weight losses are mainly due to oxidizing decompo-
sition of the skeletal PEDOT or PSS. In the third
stage at very high temperatures, a constant weight
loss of 20% has been observed for both pristine and
doped PEDOT–PSS films.

Temperature-Dependent Conductivity

The effect of sorbitol content on the temperature-
dependent conductivity of PEDOT–PSS film was
studied in the temperature range 20–200�C. The
variation of thermal conductivity for pure and
sorbitol-doped PEDOT–PSS film is shown in
Fig. 6. The conductivities of pure PEDOT–PSS and
PEDOT–PSS doped with sorbitol shows linear 2-
step variation with a slight increase in conductivity
in the range 20–80�C and a rapid increase in the
temperature range 80–120�C. The observed behav-
ior is mainly due to thermally assisted conduction
due to charge carrier hopping between adjacent
sites. The secondary doping of sorbitol into the
PEDOT–PSS matrix leads to an increase in the
conductivity of sorbitol-treated films by two orders
of magnitude in comparison to pure PEDOT–PSS.
The conductivity enhancement of PEDOT–PSS
strongly depends on the concentration of sorbitol
in PEDOT–PSS as shown in Fig. 6. The conductiv-
ity change observed is mainly associated with the
morphological changes in the polymer backbone due
to the addition of sorbitol. The addition of sorbitol
will make the coiled structures of polymer chains
into linear chains that facilitate the charge carrier
hopping between favorable sites that lead to
increased conductivity. The addition of sorbitol into
PEDOT–PSS forms the ordering of polymer chains
during the film formation and driving force for the
conductivity enhancement is the interaction of
dipoles present in the polar solvent with the positive
charges of PEDOT. The interaction between sorbitol
and PEDOT–PSS through hydrogen bonding leads
to the screening effect and significantly reducing the
activation energies as shown in Table I. Among the
different films prepared, maximum conductivity as
well as better chemical stability was observed for

Fig. 4. UV–Vis spectra of pure PEDOT–PSS and sorbitol-treated
PEDOT–PSS.

Fig. 5. TGA plots of pure PEDOT–PSS and sorbitol-treated PED-
OT–PSS.

Fig. 6. Temperature-dependent conductivity of pure PEDOT–PSS
and sorbitol-treated PEDOT–PSS.
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PEDOT–PSS films treated with 20 wt.% of sorbitol
(Fig. 7).

Frequency Dependent Conductivity

The frequency-dependent conductivity of pure
PEDOT–PSS and sorbitol-treated PEDOT–PSS in
the frequency range 10 Hz–1 MHz is depicted in
Fig. 8. Pristine PEDOT–PSS and sorbitol-treated
PEDOT–PSS films exhibit similar trends of conduc-
tivity variation with increasing frequency. The
conductivity of all the samples increases as per
universal power law, at low frequency the conduc-
tivity is almost constant and is independent of
frequency. At higher frequencies the conductivity
increases with increasing frequency due to hopping
conduction assisted by frequency. The addition of
sorbitol in PEDOT–PSS has a strong influence on
conductivity variation that depends on the concen-
tration of sorbitol as shown in Fig. 9. The addition of
sorbitol leads to an increase in conductivity of
PEDOT–PSS films by two orders of magnitude.
The presence of sorbitol in PEDOT–PSS enhances
the grain boundary effects due to dipole polarization
of segregated grains. This effect becomes maximum
at the optimal concentration of 20 wt.% of sorbitol in
PEDOT–PSS.

Dielectric Studies

The frequency-dependent dielectric parameters
were studied for pure PEDOT–PSS and PEDOT–
PSS doped with sorbitol in the frequency range
100 Hz–5 MHz using a LCR impedance analyzer

Table I. Activation energy (Ea) profiles

Sl. no. Composites Activation energy in eV

1 Pure PEDOT–PSS 4.3024123 9 10�4

2 5 wt.% 4.1024234 9 10�4

3 10 wt.% 3.8074125 9 10�4

4 15 wt.% 3.5784034 9 10�4

5 20 wt.% 3.1694102 9 10�4

Fig. 7. Variation of DC conductivity as a function of sorbitol con-
centration in PEDOT–PSS.

Fig. 8. Frequency dependent conductivity of pure PEDOT–PSS and
sorbitol-treated PEDOT–PSS.

Fig. 9. Variation of AC conductivity as a function of sorbitol con-
centration in PEDOT–PSS.
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(Wayne Kerr 6500 B) by measuring the capaci-
tance.22 The real and imaginary part of the dielec-
tric constant for pure and doped PEDOT–PSS thin
films is shown in Figs. 10 and 11. It is observed from
both of the figures that the dielectric constant (both
real and imaginary parts) decreases with increasing
frequency. From the these figures, it is observed
that both components of the dielectric constant
show a broad range of dispersion throughout the
frequency range due to the dipole polarization
associated with Maxwell–Wagner–Sillar (MWS)
polarization and strong dispersion at low frequen-
cies that mainly arises due to high conductivity. The
maximum dielectric constant (both real and imag-
inary) is observed for pristine PEDOT–PSS, and it
decreases with increasing content of sorbitol in
PEDOT–PSS. Among all the samples, the 20 wt.%

of sorbitol in PEDOT–PSS shows the least values of
real and imaginary parts of the dielectric constant.
This is mainly because of the interfacial and
electrode polarization effects at the grain bound-
aries of PEDOT and PSS phases due to the presence
of sorbitol. The presence of sorbitol leads to elec-
trode polarization, hence, to decreases of dielectric
constant (both real and imaginary parts) values.

Figure 12 shows the variation of dielectric loss
tangent as function of frequency for pristine
PEDOT–PSS and PEDOT–PSS treated sorbitol. It
is observed that at low frequencies the loss tangent
is almost constant and frequency independent. At
high frequencies there is a strong dispersion for all
the samples and loss tangent values decrease
sharply, and the films act as lossless materials.
Among all the samples the PEDOT–PSS treated
with 20 wt.% of sorbitol exhibit least values of
dielectric loss which is in accordance with the
variation in real and imaginary parts of the dielec-
tric constant.

The variation of quality factor (Q) as a function of
frequency is shown in Fig. 13. It is noticed that the
Q value is constant in the initial stage for frequen-
cies up to 103 Hz. A broad peak is observed in the
frequency range 103–104 Hz, and later it becomes
constant throughout the frequency range. This is
mainly due to damping loss caused by the distortion
of the steady state of electron flow in the polymer
backbone. The Q values for all the samples are
typically very small that depend on sorbitol content
in the PEDOT–PSS. Among all composites, the
highest value 6 9 10�4 is observed for 20 wt.%.

The frequency dependent variation of real and
imaginary parts of the electric modulus (MI and MII)
is shown in Figs. 14 and 15. From the plots it is
observed that both the components of electric mod-
ulus are independent of frequency in the lower
frequency region and show a strong dispersion at
higher frequencies. The formation of auxiliary

Fig. 10. Variation of the real part of the dielectric constant as a
function of frequency.

Fig. 11. Variation of the imaginary part of the dielectric constant as a
function of frequency.

Fig. 12. Variation of dielectric loss as a function of frequency.
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magnetic fields at the interface between the
PEDOT–PSS matrix and sorbitol leads to an
increase in the values of the real part and a
decrease in the values of the imaginary part of the
electric modulus at higher frequencies. In both the
plots, films with 20 wt.% of sorbitol content show
the highest values.

The impedance behavior of PEDOT–PSS and
sorbitol-treated PEDOT–PSS films has been studied
through impedance spectroscopy. The results are
represented as a variation of the imaginary part of
the impedance (ZII) as a function of the real part of
impedance (ZI) which gives the Nyquist curves as
shown in Fig. 16. When ZI and ZII are computed
over a range of frequencies, they result in a linear
region at lower frequencies and a semicircle at
higher frequencies. It is observed that pure
PEDOT–PSS films show double dispersion due to
various relaxation mechanisms, whereas addition of

sorbitol leads to formation of single dispersion at
higher frequencies. It is observed from the Cole–
Cole plots that the effective resistance of the
sorbitol-treated PEDOT–PSS decreases when com-
pared to pristine PEDOT–PSS films; the PEDOT–
PSS treated with 20 wt.% of sorbitol shows the least
resistance which is in accordance with observed
conductivities (both DC and AC). The decreases in
the grain resistance and surface bulk resistance for
20 wt.% of the films eventually confirmed by the low
relaxation time of 0.067 ls as a result conductivity
is observed to be higher compared to other compo-
sitions. The secondary doping of sorbitol into
PEDOT–PSS forms an intermediate phase between
PEDOT and PSS segments and impedance values
depend on the grain and bulk resistance in the
complex LCR circuit as shown in the inset of
Fig. 16. The presence of sorbitol decreases the grain
and bulk resistance of PEDOT–PSS as depicted in

Fig. 13. Variation of quality factor as a function of frequency.

Fig. 14. Variation of the real part of the electric modulus as a func-
tion of frequency.

Fig. 15. Variation of the imaginary part of the electric modulus as a
function of frequency.

Fig. 16. Cole–Cole plots for pure PEDOT–PSS and sorbitol-treated
PEDOT–PSS.
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the complex LCR circuit. From the equivalent
circuit it can be understood that the geometrical
capacitance and series resistance of the films
decrease leading to an increase in conductivity
values. It can also be understood from impedance
measurements that the resistive behavior is more
dominant and that it increases with increase in
applied frequency. From the Cole–Cole plots, it also
observed that there is a pronounced distribution of
relaxation times for all the samples at higher
frequencies that mainly depends on the concentra-
tion of sorbitol in the PEDOT–PSS matrix. This
distribution in the relaxation time may be due to the
charge carrier hopping between favorable sites
facilitated at higher frequencies.

CONCLUSIONS

We have investigated in detail the effect of
secondary doping using sorbitol on the structure
and transport properties of PEDOT–PSS organic
thin films. The sorbitol addition in various concen-
trations into the PEDOT–PSS matrix leads to
significant changes in the structural and transport
properties of the PEDOT–PSS thin films. Our
studies reveal that addition of sorbitol causes
conformational changes due to stronger interaction
between the polymer backbone of PEDOT–PSS and
sorbitol. These conformational changes are very
well observed through FTIR and UV–Vis studies.
The SEM images indicate the formation of conduct-
ing islands due to the addition of sorbitol in
PEDOT–PSS. The AFM images of the thin films
indicate the formation of phase separation as well as
increased rms-roughness in sorbitol-treated
PEDOT–PSS thin films. The increased interchain
and conformational changes lead to enhancement of
conductivity by two orders of magnitude as observed
through DC and AC conductivities. The addition of
sorbitol content into PEDOT–PSS has greater influ-
ence on dielectric parameters such as the dielectric
constant, and dielectric loss as well as real and
imaginary parts of the electric modulus. The
Nyquist plots (Cole–Cole) shows the formation of
double dispersion in the case of pristine and single
dispersion for doped PEDOT–PSS films. The relax-
ation time in Cole–Cole plots decrease with increas-
ing content of sorbitol; the equivalent LCR circuit
for Cole–Cole plots shows a decrease in bulk resis-
tance thus leading to enhancement of conductivity.
Through this study we propose that addition of
sorbitol can lead to transformation of PEDOT
chains from coiled to linear structure due to dipole
interactions between polar groups of sorbitol and
dipoles/charges of PEDOT chains. Due to the ease in
the modification of conductivities and other electri-
cal parameters, these sorbitol-treated PEDOT–PSS
thin films can be used in many technological
applications towards the fabrication of optoelec-
tronic devices.
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