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Abstract 

Conductive polymers are become widely known amongst 
researches for practical application. Poly(3,4-
ethylenedioxythiophene) poly(styrene sulfonate) or 
PEDOT:PSS is one of the most successful and widely known 
conducting polymer for practical application. But, 
PEDOT:PSS has an issue because its low electrical 
conductivity. In order to developed a continuous process for 
industrial scale and high electrical conductivity,  we have 
proposed a spray pyrolysis and secondary doping method to 
synthesis a flexible conductive film of PEDOT:PSS on 
poly(ethylene terephthalate) (PET) with dimethyl sulfoxide 
(DMSO) as dopant. The optimum condition that resulting a 
best morphology PEDOT:PSS film was anneal at 90oC and 20 
cm distance with electrical conductivity 4.5 S/cm. Solvent 
addition method (SAM) also prove that the conductivity can 
increased up to 770 S/cm with 75% DMSO. It was found that 
annealing at temperature higher than 90oC will resulting a 
stress to a film and formed crack due to a different thermal 
expansion, while at the distance higher than 20 cm resulting a 
loss of PEDOT:PSS droplets. Also, solvent vapor method 
(SVM) and post spray rinsing method (PSRM) was fail to 
make a good film morphology. IR spectra shows that there is 
no any sign of PEDOT:PSS degradation up to 110oC and a 
peak shifting  related to SO3H group. 

Keywords: PEDOT:PSS, PET, DMSO, Conductive polymer, 
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INTRODUCTION 

Poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) 
(PEDOT:PSS) is one of the most successful conductive 
polymer for practical application [1][2][3][4][5] and becomes 
the most promising material due to its high mechanical 
flexibility [6][7]. However, PEDOT:PSS has a problem of low 
conductivity, generally is less than 1 S/cm, which is lower 
than many conducting polymers. Thus, PEDOT:PSS is usually 
used as a buffer layer than the transparent electrode [8]. 

To improve the conductivity, addition of dimethyl sulfoxide 
(DMSO) into PEDOT:PSS can enhanced its conductivity by 
more then 100 factor [9][10][11][12][13]. Another polar 
solvent like N,N-dimethylformamide (DMF)[11][12], sorbitol 
[14][15], and ethylene glycol (EG) [12][13][16] also can be 
used to enhance PEDOT:PSS conductivity. 

There are several methods to enhance the electrical 
conductivity of PEDOT:PSS, such as co-solvent addition 

[9][13], change of solvent [11] , solvent vapor treatment [12], 
and dipped in low concentrated solvent [17][18]. Despite 
numerous studies on the role of these compounds and 
methods, the mechanism of the conductivity improvement 
remains unclear. 

In this paper, we present a study of developing a thin, flexible, 
and strong conductive polymer material using poly(ethylene 
terephthalate) (PET) to support PEDOT:PSS film with spray 
pyrolysis method. We also present the effect of secondary 
doping to enhancing its conductivity using DMSO. As we 
consider the suitable method to improve the film conductivity 
are solvent addition (SAM), solvent vapors (SVM), and post 
spray rinsing method (PSRM). 

 

MATERIALS AND METHODS 

Materials 

The PEDOT:PSS with concentration of 1.3%wt in water 
dispersion as conductive polymer and DMSO ReagentPlus® 
with 99.5% purity as secondary dopant was purchased from 
Sigma Aldrich. PET sheet was obtained from PT. Asiaplast 
Industries with 0.32 mm thickness as flexible material 
substrate. 

 

Preparation of PEDOT:PSS flexible films 

PET as the substrate was used without any treatment. To 
develop PEDOT:PSS flexible film, 5 mL PEDOT:PSS 
solution was sprayed onto PET as a flexible substrate. Spray 
pyrolysis method consist with a machine equipped with steel 
tip and brass nozzle. The distance between the tip and the 
substrate was set at 20 cm. The solution was injected using 3.5 
bar and 3 scfm air flow. After deposition, the film was 
annealed at 90oC on a hotplate until its dry completely. 

 

Conductivity enhancement by secondary doping 

The conductivity of PEDOT:PSS films was enhanced using 
DMSO as secondary dopant. There are three methods of 
secondary doping that will be taken. For the SAM, the 
mixture of DMSO and PEDOT:PSS was adjusted in a ratio by 
volume of 1:2, 1:1, 2:1, and 3:1, to give final solutions of 
33%, 50%, 67%, and 75% by volume of DMSO, respectively. 
The solution was stirred for 30 min at room temperature 
before spraying. For the SVM, The PEDOT:PSS film was 
place on the Petri dish lid and 5 mL DMSO were evaporated 
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at 80, 90, 100, and 110oC The process was carried out for 
minimum 30 min while the current-voltage is measured. For 
the PSRM, the DMSO was carried out by dropping DMSO on 
the dried PEDOT:PSS films. The dropped DMSO was varied 
at 1, 2, 3, 4, 5 mL. The obtained films were dried at 90oC until 
its dry completely. 

 

Flexible film characterization. 

PEDOT:PSS flexible film conductivity was measured using a 
standard four-point probe method. Transmittance and 
absorption spectra of the films were measured using a 
PerkinElmer Frontier FT-IR 96772 and Shimadzu UVmini-
1240 spectrophotometer. Film thickness and topography were 
obtained using a Phenom ProX SEM instrument at 15 kV 
energy.  

 

RESULTS AND DISCUSSION 

PEDOT:PSS Flexible Film 

The most acknowledged method to cast PEDOT:PSS film is 
electrospinning because its resulting a controllable diameters 
of fibers and also possess some unique properties [19]. But, in 
terms of industrial purposes, electrospinning has higher cost 
than traditional methods [19]. In order to develop an industrial 
scale and continuous process, spray pyrolysis represents a 
very simple and relatively cost-effective method. Spray has 
been used for several decades in the glass industry and in solar 
cell production to deposit electrically conducting electrodes 
[20]. 

The most abundance compound in PEDOT:PSS solution is 
water, with a simple approach, we take water boiling point as 
PEDOT:PSS bubble point. The main problem to developed a 
thin flexible film is a crack that cause by intrinsic stress that 
arise during deposition process.  

 
Figure 1. Pristine PEDOT:PSS Flexible Films (a) 1x Zoom 

(b) 3x Zoom 

 

In order to develop a good morphology, the operation 
condition is set to a best suitable condition at spray distance 
20 cm and annealed temperature 90oC. The mechanisms of 
intrinsic stress are not well quantified and most estimates of 
intrinsic stress levels are obtained by experimental 
measurement [21]. Due to a difference in thermal expansion 
of PEDOT:PSS (49.92x10-6 K-1 [22]) and PET (80x10-6 K-1 

[23]), slow rate deposition will be use in spray pyrolysis 
method so the expanded annealed film of PEDOT:PSS and 
PET substrate can be controlled. Spray distance also become 
important because we also need a good distribution of 
PEDOT:PSS droplets in order to get a dense film. The closer 
the spray distance will lead to the droplet splash and resulting 
poor distribution, also the farther the spray distance will cause 
the droplets fly away as the result of thermophoretic force. 
With this operation condition, PEDOT:PSS has a great 
morphology as shown in Figure 1 and resulting the electrical 
conductivity 4.5 S/cm. It is noted that the electrical 
conductivity of PEDOT:PSS solution is 1 S/cm. 

 

Effect of Secondary Doping 

In this study, three methods of secondary doping was 
performed to enhance the conductivity of PEDOT:PSS film. 
The condition used are at 90oC annealed temperature and 20 
cm spray distance. The difference look very clear as shown in 
Figure 2, pristine PEDOT:PSS film looks glossy while with 
the addition of DMSO in solvent addition method (SAM), the 
SAM PEDOT:PSS film, looks opaque. The process took a 
long time because DMSO boiling point, 189oC, is too far apart 
from annealing temperature. Although the process is very long 
and the film looks opaque, there is no crack formed in the 
doped PEDOT:PSS film which the morphology still can be 
accepted. 

 
Figure 2. SAM PEDOT:PSS Flexible Films (a) 33% (b) 50% 

(c) 67% and (d) 75% 

 

Another doping method, SVM and PSRM have failed to prove 
an increasing of film conductivity because PEDOT:PSS film 
was dissolved by DMSO before it completely evaporated. It 
shows that evaporating DMSO at 90oC annealed temperature 
which is far below the boiling point cannot be done. 
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A scheme is proposed due to the failing of SVM and PSRM. 
When PEDOT:PSS film was exposed to DMSO liquid and 
DMSO vapor at slow rate evaporation, it attached to the film 
and interacted with PEDOT:PSS. At certain point, the 
accumulation of DMSO vapor at PEDOT:PSS film is getting 
higher, while the vapor that attached to the film cannot 
evaporate faster and make the rate of accumulation is not 
equal to zero, thus with DMSO thermal expansion, 880x10-6 
K-1, show a great difference with thermal expansion of PET 
cannot be ignored and make the PEDOT:PSS film cracked, as 
shown in Figure 3, due to thermal stress as mentioned above. 

 
Figure 3. PSRM PEDOT:PSS Films (a) 1 mL, (b) 2 mL, (c) 3 

mL, (d) 4 mL, (e) 5 mL, and (f) SVM for 30 min 

 

We tried the condition at 110oC and 20 cm spray distance. 
The result show that doped PEDOT:PSS film formed a good 
morphology, but PET substrate was failed to hold onto its 
perfect morphology. The optical clarity of PET substrate is 
very poor, a haze was shows at certain spots due to some local 
concentrated area of DMSO. The optical clarity is one of the 
important characteristic in dye synthetized solar cell (DSSC) 
because it has to transmit the light as much as possible so the 
light can be maximized to be absorb by molecular dye [24]. 

It is also found that stiffness of PET was become very rigid, 
stiffness parameter can be calculated by Young Modulus. A 
research proves that change in modulus of PET from 30oC to 
100oC is only decreased from 3.9 GPa to 3.2 GPa, while from 
100oC to 150oC shows a great decreasing from 3.2 GPa to 1.0 
GPa [25]Thus, increasing annealed temperature was not a 
good option to achieved a good morphology and failed to 
show an increasing performance.    

 

IR Spectra Characterization 

As shown in Figure 4, the IR spectra of the PEDOT:PSS film 
in different annealing temperature is not having any different. 
The spectrum obtained for the PEDOT:PSS film is similar to 
those reported in the literature [26]. Asymmetric stretching 
mode of C=C was assigned at the band near 1513 cm-1 and 
inter-ring stretching mode of C–C at the band near 1296 cm-1. 
The band at 1170, 1127, and 1033 cm-1 are attributed to the 
C–O–C bending vibration in ethylenedioxy group. It is also 

found that at the band near 965, 919, 828, and 670 cm-1 are 
assigned to stretching vibration of C–S–C bond in thiophene 
ring. The band near 586 cm-1 is assigned to oxyethylene ring 
deformation, while the band near 480 and 428 cm-1 are 
attributed to C–O–C deformation [27]. 

 
Figure 4. IR Spectra of Pristine PEDOT:PSS Flexible Film 

 

 
Figure 5. IR Spectra of SAM PEDOT:PSS Flexible Films 

 

As shown in Figure 5 the IR spectra of enhanced SAM 
PEDOT:PSS film is having a slight change as compared to the 
pristine PEDOT:PSS film and all the samples of SAM doping 
have very similar peaks within the wavenumber between 2000 
and 575 cm-1. The band near 1397 cm-1 asymmetric CH3 and 
1320 cm-1 are assigned to asymmetric deformation of CH3 that 
attached to S. Another new band also found near 1088 cm-1 

due to stretching of SO [28]. There is a shifting peak show 
from pristine film to enhance film corresponding to the SO3H 
group of PSS. The pristine PEDOT:PSS have a peak near 
1170 cm-1 [29]. The addition of DMSO at 33%, 50%, 67%, 
and 75% concentration lead a shifting peak to 1184 cm-1, 1187 
cm-1, 1193cm-1, and 1193 cm-1, respectively, DMSO disrupt 
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the bonding of SO3H group with the insulating PSS chains 
and lead the phase separation between the PEDOT and PSS 
chains [30]. 

 

SEM Characterization 

 
Figure 6. SEM Image of PEDOT:PSS Pristine Flexible Film 

(a) Cross Section Image (b) Surface Area Image 

 

Figure 6 show the SEM image of PEDOT:PSS pristine 
flexible film at annealing temperature 90oC and 20 cm spray 
distance. The thickness of PEDOT:PSS film has a good 
distribution with approximately 55 µm 

As depicted in Figure 6a, PEDOT:PSS film display that the 
film thickness has a good distribution with approximately 55 
µm thick of PEDOT:PSS. The boundary layer between PET 
substrate and PEDOT:PSS film is also clearly can be seen. 
The PEDOT:PSS film also has a smooth surface area (figure 
6b) and there is no crack formed which means the operation 
condition can be acceptable because intrinsic stress is not 
found. A damage part is also found due to cutting process and 
show that the film is not a scratch resistance. 

 
Figure 7. SEM Image of SAM 50 PEDOT:PSS Film (a) Cross 

Section (b) Surface Area 

 

Figure 7 show the SEM image of SAM with 50% DMSO 
addition. It is clearly can be seen that there is a micro-sized 
crack formed, the distribution in not good enough, and 
creating a haze which resulting opaque look. The distribution 
is not good enough because the annealed temperature is very 
low compared to DMSO boiling point and a hydrophobic 
effect was found on PET substrate. As compared with the 

pristine PEDOT:PSS film, the haze indicated that the DMSO 
is not fully evaporated and still attached to the film. This is 
also has been prove in the result of IR spectra of SAM 
PEDOT:PSS. Even though a micro-sized crack formed, the 
electrical conductivity is not affected by it. 

 

Film Electrical Conductivity 

The room electrical conductivity of pristine PEDOT:PSS 
flexible film at annealed temperature 90oC and spray distance 
20 cm is 4.5 S/cm. The addition of polar organic solvent, 
DMSO, as secondary dopant effectively enhances the 
conductivity of the PEDOT:PSS film. In this study, the 
pristine PEDOT:PSS film has a low conductivity below 5 
S/cm. SAM prove it can enhance the PEDOT:PSS 
conductivity with a highest value of 770 S/cm by doping 75% 
of DMSO in the PEDOT:PSS solution This result is higher 
than the reported value of 680 S/cm [31]. It is also proved that 
increasing DMSO concentration in solution can also increase 
its conductivity. With 33%, 50%, 67%, and 75% DMSO 
concentration, it can increase to 217, 300, 463, and 770 S/cm. 

 
Figure 8. SAM PEDOT:PSS Films Electrical Conductivity 

 

CONCLUSION 

Developing a flexible film of PEDOT:PSS can be done using 
spray pyrolysis method with a suitable condition to anneal 
PEDOT:PSS film on PET substrate are at annealing 
temperature 90oC and 20 cm spray distance with electrical 
conductivity is 4.5 S/cm. Secondary doping using DMSO 
proved can increase PEDOT:PSS film. Doping with 75% 
DMSO using SAM can increase the conductivity up to 770 
S/cm, while SVM and PSRM fail due to poor film 
morphology. According to the IR spectra, annealing up to 
110oC was not found any sign of PEDOT:PSS degradation 
and there is a shifting of SO3H group from pristine 
PEDOT:PSS film to doped PEDOT:PSS film. SEM analysis 
also found that at pristine PEDOT:PSS film, there is no any 
sign of crack formed at 90oC while doped PEDOT:PSS film 
form micro-sized crack and haze that resulting opaque look in 
the film. 
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