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In this study, a simple and effective method to enhance the conductivity of poly(3,4-

ethylenedioxythiphene):poly(styrenesulfonate) (PEDOT:PSS) thin films from 0.7 to 1185 S/cm by post-

treatment with dimethyl sulfoxide (DMSO) is demonstrated. After the rubbing technique was applied, the 

DMSO-treated PEDOT:PSS film could be used as both transparent electrode and alignment layer to 

fabricate ITO-free liquid crystal (LC) cell. Electro-optical properties of LC cells fabricated by the rubbed 10 

PEDOT:PSS were comparable to those constructed by ITO and polyimide. This work indicates that 

highly conductive PEDOT:PSS film is a promising material for ITO-free LC devices. 

Introduction 

Optoelectronic devices such as liquid crystal displays (LCDs), 

organic photovoltaics (OPVs) and organic light-emitting diodes 15 

(OLEDs) receive great interest these years due to their 

mechanical flexibility, light weight, and prospective potential for 

roll-to-roll manufacturing. Among these devices, LCD has been 

commercialized at least 30 years and become the most widely 

used display in our daily life. Recently, researchers have 20 

developed several new modes of liquid crystal (LC) devices to 

achieve high performance display, e.g., in-plane switching,1 

patterned vertical alignment,2 and fringe-field switching.3 No 

matter in which modes, LC devices act as a light valve to control 

the transmission of the backlight. Therefore, transparent electrode 25 

is required for LC device architecture, even in the case of 

reflective LCDs. 

 Indium tin oxide (ITO), which could be deposited on both 

glass and plastic substrate, has been the most commonly used 

material as transparent electrode for decades. However, the 30 

limited indium on earth and the fragile characteristic of ITO thin 

films increase the cost of LCDs and restrict the applicability of 

ITO on flexible electronic devices, respectively.4-6 Furthermore, 

the total reflection at the glass/ITO interface,7 poor transparency 

in the blue spectrum,8 and poor adhesion to organic materials 35 

degrade the performance of optoelectronic devices which use ITO 

as transparent electrode. These drawbacks make ITO a non-ideal 

material in the future, and thus searching for an alternative to 

replace ITO is an unavoidable task. 

 To date, many materials such as carbon nanotube,9-12 metal 40 

nanowires,13,14 thin metal,15 graphene,16,17 and conducting 

polymers18-20 have been investigated as alternatives to replace 

ITO. In particular, poly(3,4-ethylenedioxythiophene):poly-

(styrenesulfonate) (PEDOT:PSS) is one of the most potential 

materials due to its excellent mechanical flexibility, good thermal 45 

stability, and high transparency in the visible range. It can be 

dispersed in water and several organic solvents and hence 

PEDOT:PSS films could be prepared by simple solution 

processes such like spin coating or inject printing.21-23 However, 

the conductivity of the pristine PEDOT:PSS film, typically below 50 

1 S/cm, is extremely lower than that of the commercialized ITO, 

which makes it inappropriate for practical applications. The 

insulating PSS, which makes the conductive PEDOT easily to be 

dispersed in water, is the main reason for the low conductivity of 

PEDOT:PSS films. In order to improve the conductivity of 55 

PEDOT:PSS, several methods have been reported, including 

doping additional organic compounds with their boiling points 

higher than the boiling point of water, such as dimethyl sulfoxide 

(DMSO),24 ionic liquid,25 dimethyl sulfate,26 or polyol,27 into 

PEDOT:PSS aqueous solution and processing post-treatment of 60 

PEDOT:PSS films with cosolvents,28 ethylene (EG),29 salt,30 or 

inorganic acid.31 Generally speaking, doping polar solvents into 

PEDOT:PSS leads to morphology changes including extended 

grain size and better interconnection between PEDOT chains, 

whereas post-treatment usually results in both morphology 65 

changes and removal of unwanted PSS on the film surface. 

Therefore, methods including post-treatment usually show better 

results than those simply using additives to improve the 

conductivity of PEDOT:PSS films. 

 In this paper, the conductivity enhancement of highly 70 

conductive PEDOT:PSS films through the post-treatment with 

DMSO was performed. The conductivity enhanced greatly by 

four orders of magnitude, which is attributed by the removal of 

PSS on the surface and the conformational change of the 

PEDOT:PSS film. After we implemented the rubbing technique 75 

with a polyester cloth, the DMSO-treated highly conductive 

PEDOT:PSS films revealed uniform planar alignment which 

could be used as alignment layer in the LC device. Measured 

electro-optical properties show comparable characteristics 

relative to those LC cells assembled by the polyimide (PI) coated 80 

ITO glass. Here our work shows the potential and facility of 
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Scheme 1 Chemical structures of PEDOT, PSS, and DMSO. 

highly conductive PEDOT:PSS film that it can be used as both 

transparent electrode and alignment layer in LC devices for ITO-

free LC displays. 5 

Experimental 

The PEDOT:PSS aqueous solution (Clevios PH1000) was 

purchased from Heraeus Clevios GmbH with a solid 

concentration 1.0 ~ 1.3 wt% and the weight ratio of PEDOT to 

PSS was 0.4. DMSO (99.9%, anhydrous) was purchased from 10 

Sigma-Aldrich with water content less than 0.005 wt%. All the 

materials were used without further purification. The chemical 

structures of these materials are shown in Scheme 1. 

 Glass substrates (2.5 × 2.5 cm2) were cleaned with detergent, 

acetone, isopropyl alcohol and deionised (DI) water successively. 15 

After drying in the oven, glass substrates were treated with air 

plasma for 4 min to enhance the wettability. Single-layer 

PEDOT:PSS thin film was deposited on a glass substrate via spin 

coating at 3000 rpm for 60 s and then annealed at 120 °C for 15 

min. The PEDOT:PSS aqueous solution was filtered through a 20 

0.45 μm syringe filter prior to spin coating. Next, a small amount 

of DMSO was dropped directly (hereafter referred as the ‘drop’ 

method) on the PEDOT:PSS film at 120 °C and dried for 15 min. 

The treated film was then rinsed with DI water several times to 

remove the excess PSS on the film and finally dried at 120 °C for 25 

15 min again. Thicker PEDOT:PSS films were prepared by 

multiple coatings and treated in the same way described above on 

each PEDOT:PSS layer. 

 The sheet resistance (Rs) of PEDOT:PSS films was measured 

by the four point probe method and the electrical conductivity (σ) 30 

was calculated by the formula: 

             (1) 

where d is the film thickness. The surface morphology and the 

thickness of the PEDOT:PSS film were characterized and 

measured by means of an Park XE-100 atomic force microscope 35 

(AFM) operated in tapping mode. The resonance frequency of the 

tip (PPP-RT-NCHR, Nanosensors) we used in this study is 330 

 
Fig. 1 The structure of LC cells fabricated by the rubbed highly 

conductive PEDOT:PSS on glass and polyimide on ITO glass. 40 

kHz. Raman Spectra were measured by a Horiba Jobin Yvon 

HR800 confocal µ-Raman system. The wavelength and power of 

the excitation laser are 633 nm and 5.4 mW, respectively. Optical 

transmission and absorption spectra were taken by using a UV-

vis-NIR spectrometer (JASCO V-670). 45 

 The empty LC cells were fabricated by two glass substrates 

coated with double layers of highly conductive PEDOT:PSS 

films. The top layer was rubbed with a polyester cloth after post-

treatment in order to yield a unidirectional planar alignment. 

Besides, empty LC cells constructed from ITO glass (sheet 50 

resistance 95 Ω/□) coated with polyimide layer (AL-12G, Daily-

Polymer) were made for comparison. The cell configuration of all 

samples is 90o twisted nematic (TN) mode with a 4 μm cell gap 

ensured by silica spacers. Thereafter, nematic LCs (DF-7538A, 

Daily-Polymer) were injected into empty cells by means of 55 

capillary action in isotropic phase. The structure of LC cells 

fabricated by glass/PEDOT:PSS and glass/ITO/PI are shown in 

Fig. 1. 

 After sample preparation, polarizing optical microscope (POM) 

was employed to examine the uniformity of the LC alignment. 60 

The voltage-transmittance (V-T) curve and response time of each 

cell from a He-Ne laser source were measured by a silicon photo 

detector. All cells were placed between a pair of cross-polarizers 

and measured by applying a square wave voltage with frequency 

1k Hz in the normally white mode. 65 

Results and Discussion 

Previous reports have shown that adding a small amount of 

DMSO or other solvents into high conductive PH 1000 

PEDOT:PSS could enhance the conductivity of the PEDOT:PSS 

film.24 Besides, some studies showed conductivity enhancement 70 

by immersing the dried PEDOT:PSS film into EG or treatment 

with polar solvent or cosolvents.28,29,31 Therefore, we are 

interested in which method shows the best result by using DMSO. 

Fig. 2 shows the conductivities along with the error bar of the 

pristine PEDOT:PSS and after three conductivity enhancing 75 

methods using anhydrous DMSO. The ‘5% DMSO’ was done by 

mixing 5% (v/v) DMSO in the PEDOT:PSS aqueous solution and 

stirred 24 hr prior to spin coating. The ‘dip’ treatment was 

performed by immersing the annealed PEDOT:PSS film into 

DMSO at room temperature for 30 min and dried at 120 °C for 15 80 

min. The drop method was done by the procedure mentioned in 

the experimental section. The average conductivity increased 

from 0.7 S/cm to 755, 789, 994 S/cm for samples added with 5% 

DMSO, treated with dip method, and treated with drop method, 

respectively. Obviously, the drop method shows the best  85 

Page 2 of 6Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is ©  The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

 
Fig. 2 Conductivities of PEDOT:PSS films treated with DMSO by 

different methods. 

 
Fig. 3 Variation of the conductivity of PEDOT:PSS films treated with 5 

DMSO doped with different concentrations of DI water. 

result compared with the others. Therefore, drop method was 

adopted as the post-treatment process for the following 

experiments in this study. 

 Previously, Xia and Ouyang demonstrated that the 10 

conductivity of PEDOT:PSS film could be enhanced by post-

treatment with cosolvents including water, methanol, ethanol, 

1,2-dichlorobenzene, etc. They carried out a study on comparing 

whether anhydrous methanol or normal methanol (water less than 

0.05%) is a better candidate to enhance the conductivity of the 15 

less conductive PEDOT:PSS (Clevios VP AI4083), which is 

often used as a buffer layer in OLED or OPV cell. Their results 

showed that the conductivity of the less conductive PEDOT:PSS 

film treated with normal methanol improved more than those 

treated with anhydrous methanol.28 This indicates that even a 20 

small amount of water in the normal methanol could influence the 

result of post-treatment. Motivated by this study, we added a 

small amount of DI water into the anhydrous DMSO. In our 

experiments, the concentration of DI water varied from 0 to 6% 

(v/v). Fig. 3 shows the variation of the conductivity of 25 

PEDOT:PSS films treated with DMSO doped with different 

concentration of DI water. The highest conductivity (1185 S/cm) 

was obtained when the doping concentration was 2%. The 

conductivity decreased gradually when doping concentration was 

above 3%. 30 

 
Fig. 4  UV absorption spectra of PEDOT:PSS films before and after the 

DMSO post-treatment. 

 Various mechanisms have been proposed to explain the 

conductivity enhancement of PEDOT:PSS films. For those 35 

methods utilizing post-treatment process, two mechanisms 

contribute to the conductivity enhancement mainly: the removal 

of those excess PSS on the surface of PEDOT:PSS film and the 

conformational change of the PEDOT and PSS chain. The surface 

of the pristine PEDOT:PSS film contains more PSS than the bulk 40 

region.32 Therefore, removing those hygroscopic and insulating 

PSS on the film surface are crucial to increase the stability and 

conductivity of the PEDOT:PSS. Fig. 4 shows the UV absorption 

spectra of the pristine and the DMSO-treated PEDOT:PSS films. 

The two absorption peaks at 195 nm and 225 nm correspond to 45 

the aromatic rings of PSS.33 From Fig. 4, it is clear that the 

intensity of these two bands decreased after the DMSO post-

treatment was performed, which implies that the amount of PSS 

chains in the PEDOT:PSS film reduced after the post-treatment 

was carried out. Besides, after the DMSO post-treatment, the film 50 

thickness reduced from 60 nm to 40 nm, which is attributed to the 

removal of PSS chains. 

 The PEDOT and PSS form a core-shell structure in the pristine 

film where the core region is conductive PEDOT rich and the 

shell region is insulating PSS rich.34 Since the conductive core is 55 

surrounded by the insulating shell, it is hard for those carriers on 

the PEDOT chain to transport through the film, and thus the 

pristine film shows low conductivity. Surface topography and 

phase images of the PEDOT:PSS film before and after the DMSO 

post-treatment were captured by AFM, as shown in Fig. 5. From 60 

Fig. 5(a) and 5(b), it is clear that the PEDOT:PSS film turned 

from the core-shell structure to the entangled wires like structure 

after the post-treatment. This conformational change is attributed 

to the DMSO post-treatment which reduces the Coulombic 

attraction between PEDOT and PSS. The reduced attraction 65 

results in phase separation between the hydrophobic PEDOT and 

hydrophilic PSS. Along with the removal of PSS, PEDOT chains 

turned from coiled to a linear structure, as shown in Fig. 5(c) and 

5(d). This conformational change reduces the energy barrier of 

charge hopping on the PEDOT:PSS film which contributes to the 70 

conductivity enhancement. The surface roughness (mean 

roughness) increased from 1.14 nm to 1.56 nm after the post-

treatment, which is still acceptable smoothness. To further 

confirm the conformational change of PEDOT:PSS films after the 
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Fig. 5 AFM images of PEDOT:PSS films before (a and c) and after (b 

and d) the DMSO post-treatment. (a) and (b) are surface topography 

images while (c) and (d) are phase images. The dimension of these 

images are 2 μm × 2 μm. 5 

 
Fig. 6 Raman spectra of PEDOT:PSS films before and after the DMSO 

post-treatment. 

DMSO post-treatment, Raman spectroscopy was performed. Fig. 

6 shows the Raman spectra of the pristine and the DMSO-treated 10 

PEDOT:PSS films. The strongest band between 1400 to 1500 cm-

1 corresponds to the Cα =Cβ  symmetric stretching of the five-

member thiophene ring on the PEDOT chains.35,36 The peak value 

of this band is red shifted from 1427 to 1414 cm-1 after the post-

treatment, which indicates the resonant structure of the PEDOT 15 

chains changes from the benzoid structure to the quinoid 

structure.35,37 The benzoid structure is the favoured structure for 

the coil conformation while the quinoid structure is the favoured 

structure for the expanded-coil or the linear conformation.38 

Therefore, the measured red shift in Raman spectra confirms the 20 

conformational change of the PEDOT chains after we performed 

the DMSO post-treatment. 

 In order to reduce the sheet resistance of the PEDOT:PSS film, 

multilayer architecture was performed. This can be obtained by  

 25 

Fig. 7 Transmittance spectra of ITO and PEDOT:PSS film with different 

layers. The sheet resistance of the ITO is 95 Ω/□. 

 
Fig. 8 Surface topography of  the rubbed highly conductive PEDOT:PSS 

films. The dimension of these images are (a) 10 μm × 10 μm and (b) 3 μm 30 

× 3 μm. 

spin coating the PEDOT:PSS solution for multiple times. The 

post-treatment was carried out on each layer with 2% DI water 

doped DMSO. The sheet resistance reduced from 211 to 103 and 

67 Ω/□ for single layer, double layers and triple layers, 35 

respectively. The conductivity of the third layer is slightly lower, 

which is similar to the result of other groups.31 The sheet 

resistances of multilayer film are comparable to or lower than that 

of the ITO substrate used for LC devices, which has a typical 

value about 100 Ω/□. On the other hand, Fig. 7 presents the 40 

transmittance spectra of ITO and DMSO treated PEDOT:PSS 

films with different layers. The transmittance measured in this 

study excludes the absorption of the glass substrate since the 

glass substrates we used for PEDOT:PSS coating were different 

from those employed for commercial ITO deposition. The 45 

transmittance at 550 nm is 96%, 93% and 89% for single layer, 

double layers and triple layers, respectively. This result indicates 

that thick film results in transmission loss. The sheet resistance 

and transmittance of the double layer sample are comparable to 

those of the ITO (transmittance 96% and sheet resistance 95 Ω/□.) 50 

we used for comparison in this study.  

 In order to align LC molecules on the PEDOT:PSS film, 

rubbing process was employed. Several materials such as velvet 

cloth and silicon rubber sheet have been adopted in the rubbing 

process. In our case, we used a polyester cloth to generate the 55 

oriented nanoscale-groove structure on the surface of 

PEDOT:PSS layer. The surface relief structures of the rubbed  
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Fig. 9 POM images of TN LC cells fabricated by the rubbed highly 

conductive PEDOT:PSS films in normally black mode (a) with and (b) 

without the applied external field. 

5 

X 

Fig. 10 Transmittance of TN LC cells fabricated by the rubbed highly 

conductive PEDOT:PSS on glass and polyimide on ITO glass under 

applied AC square wave voltage. 

PEDOT:PSS films captured by AFM are shown in Fig. 8. The 10 

orientation of induced grooves is uniformly aligned along the 

rubbing direction and the depth of the grooves is ranging from a 

few nanometers to 10 nm. Previous studies have shown that the 

surface topography of the substrate and the chemical reaction 

between LC molecules and the alignment layer play crucial roles 15 

in the alignment mechanism.39,40 In this study, we consider that it 

is the grooved surface of the PEDOT:PSS film and the aromatic 

rings of PSS which account for the LC alignment. 

 Fig. 9(a) and 9(b) are POM images of LC cells fabricated by 

the rubbed highly conductive PEDOT:PSS films with and without 20 

the applied external field, respectively. These images were taken 

in normally black mode. In normally black mode, it would be 

easy to observe light leakage spots if the TN configuration 

achieved by the rubbed PEDOT:PSS films has some defects. In 

these pictures, uniform dark and bright states were obtained 25 

which indicates the rubbed highly conductive PEDOT:PSS films 

could align LC molecules well and it would not generate optically 

observable flaws in the bright state. 

 In order to investigate the electro-optical properties of the LC 

cells using the rubbed highly conductive PEDOT:PSS as both 30 

electrode and alignment layer, V-T characteristics and response 

times of these samples were measured. Fig. 10 is the normalized 

transmittance of TN LC cells fabricated by glass/PEDOT:PSS 

and glass/ITO/PI under applied AC square wave voltage with 

amplitude varied from 0 to 4 V. Measured results indicate that the 35 

V-T characteristics of cells constructed by PEDOT:PSS were 

similar to those of the samples fabricated by PI coated ITO glass. 

In comparison with the V-T curve of the sample using ITO and PI,  

 
Fig. 11 Response time characteristics of TN LC cells fabricated by the 40 

rubbed highly conductive PEDOT:PSS on glass and polyimide on ITO 

glass. 

the V-T curve of the sample using PEDOT:PSS shifts to higher 

voltage slightly. This is due to the difference in conductivity 

between PEDOT:PSS and ITO, which leads to a little voltage 45 

drop on the PEDOT:PSS electrode. Threshold voltage and 

driving voltage are defined as the voltage corresponding to the 

90% and 10% of the initial transmittance, respectively. The 

measured threshold and driving voltage of the sample using 

PEDOT:PSS were 1.65 V and 2.67 V, which were very close to 50 

the results of the sample fabricated by ITO and PI (1.55 V and 

2.55 V). 

 Fig. 11 shows the response time characteristics of TN LC cells 

fabricated by glass/PEDOT:PSS and glass/ITO/PI under applied 

AC square wave voltage with amplitude 6 V. Rise time and decay 55 

time are defined as the time interval between 90% and 10% of the 

initial transmittance after the external voltage was applied and 

removed, respectively. Response time is defined as the sum of 

rise time and decay time. The measured rise time and decay time 

of the samples fabricated by PEDOT:PSS were 3.36 ms and 60 

15.57 ms respectively, which were faster than those of the 

samples using ITO and PI (4.02 ms and 25.49 ms). LC cell 

constructed by PEDOT:PSS shows faster response time, 

especially in the decay time. One reason accounts for this 

phenomenon might be the lack of PI layer. When the applied 65 

voltage was removed, some induced dipole moments in the PI 

layer generated by the external electric field increase the time for 

LC molecules to rotate back to the twist state. To sum up, 

threshold voltage and response time are key factors which 

correspond to the power consumption and the image quality of 70 

LC devices in the LCD industry, respectively. The measured 

results show that PEDOT:PSS used as both transparent electrode 

and alignment layer in LC cells possesses low power 

consumption and fast response characteristic as traditional LC 

devices and could further expand LC devices to flexible 75 

electronic field. 

Conclusion 

In summary, a simple and effective method to enhance the 

conductivity of PEDOT:PSS thin films by four orders of 

magnitude is demonstrated. The conductivity of the pristine 80 

PEDOT:PSS film increased drastically from 0.7 to 1185 S/cm 
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after posttreatment with 2% of DI water doped DMSO. The 

removal of the insulating PSS together with the re-ordering and 

conformation changes of the PEDOT and PSS chains are the 

prime reasons for the conductivity enhancement observed in this 

study. Uniform LC alignment on the highly conductive 5 

PEDOT:PSS film was achieved by using the rubbing technique. 

Electro-optical properties of TN LC cells fabricated by the 

rubbed highly conductive PEDOT:PSS film show comparable 

results relative to those fabricated by ITO and PI. This work 

indicates that highly conductive PEDOT:PSS film is a promising 10 

material as both transparent electrode and alignment layer to 

replace ITO for ITO-free and flexible LC displays. 
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