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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is the most successful
transparent conductive polymer widely used in functional organic devices. However, its potential in
fabrication of highly conductive electrodes still has not been fully explored. This paper is an attempt
to fill the existing gap of knowledge on possible post-treatments of dimethyl sulfoxide (DMSO)-doped
PEDOT:PSS thin films. In the present study, surface morphology, optical and electrical properties
of untreated and sulfuric acid treated DMSO-doped PEDOT:PSS multilayers on the glass coverslip
substrates are examined. It is demonstrated that short-time sulfuric acid treatment enhances electrical
and optical properties, and smoothens surface of the transparent conductive films. Enhancement of
electrical conductivity by more than 30 % can be associated with increase in doping level, removal
of excess PSS and accompanied shape alterations of the conjugated PEDOT chains. Acid treatment
also results in smoother transmittance spectra and a slight improvement of optical transparency.
Hence, sulfuric acid post-treatment can be considered as a simple and inexpensive technique for the
complementary doping of DMSO-doped PEDOT:PSS films with the aim to develop the more effective

transparent electrodes.
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properties.

1. Introduction

Transparent conductive thin films nowadays are widely
used in various optoelectronic devices such as displays,
touch screens, light emitting diodes, photovoltaic cells,
etc. Main requirements for such films are low electrical
resistance and high optical transmittance in visible region. In
the past few years, the commonly used benchmark material
for transparent conductive films is indium tin oxide (ITO)
which is distinguished for a very high electric conductivity
reaching up to 10* S cm™ and excellent optical transmittance
exceeding 80 % !. However, the use of ITO is restricted
by complex processing, toxicity, limited lifetime of the
electrodes and expensiveness of raw indium 3. Therefore,
alternative materials such as other conducting oxides,
graphene, carbon nanotubes, nanowires, nanocomposites and
conducting polymers are being investigated as possible ITO
replacements for the production of less expensive devices
with longer lifetimes ',

Increasing demand for flexible transparent electrodes
makes compatible with large-area mass production conductive
polymers (CP) an especially promising class of materials*¢. So
far, various CPs have been investigated including polypyrrole
(PPy), polyaniline (PANI), polythiophene (PT), poly(3,4-
ethylenedioxythiophene) (PEDOT), trans-polyacetylene,
and poly(p-phenylene vinylene) (PPV). Among them,
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solution-processable poly(3,4-ethylenedioxythiophene)/
poly(4-styrenesulfonate) (PEDOT:PSS) is the most popular.
Colloidal dispersion of the PEDOT:PSS in water can be
easily spin-coated, solution-casted or printed on various
substrates. Despite their high quality, films prepared from
PEDOT:PSS aqueous solutions cannot be directly used as
transparent electrodes since their electrical conductivity is
below 1 S cm™! 7.

Conductivity of PEDOT:PSS can be significantly improved
by optimizing polymer inter-chain coupling and removal of
excess amount of insulating PSS component !°. For this purpose,
addition of organic compound, such as ethylene glycol (EG),
dimethyl sulfoxide (DMSO), dimethylformamide (DMF),
ionic liquid or anionic surfactant is very beneficial and can
enhance the conductivity by two or three orders of magnitude
1114 Enhancement in conductivity of the films, associated
with morphological and compositional changes, such as grain
growth, polymer chain expansion, phase separation and PSS
removal, can also be achieved by post-deposition treatments
with heat, salts, cosolvents and acids'*""". Recently reported
results demonstrated that treatment with concentrated sulfuric
acid can enhance the conductivity of PEDOT:PSS films to
more than 4x10° S cm™ 7.

Although numerous studies on enhancement of
PEDOT:PSS electrical conductivity have been published,
there is still a lack of knowledge about possible post-
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treatments of doped PEDOT:PSS transparent conducting
electrodes. To fill this gap, we report on sulfuric acid
treatment of DMSO-doped PEDOT:PSS multilayers
with the aim to improve properties of the films. It is
demonstrated that short-time sulfuric acid treatment
further enhances electrical and optical properties of
DMSO-doped PEDOT:PSS transparent conductors and
smoothens surface of the films.

2. Experimental

The water dispersions of PEDOT:PSS colloids were
synthesized by oxidative polymerization of EDOT (Sigma-
Aldrich) in the presence of the PSS (MW = 75,000 g/mol,
Sigma-Aldrich). The EDOT (7.31 g) and PSS (5.85 g) were
mixed in deionized water (1000 ml) containing 9.8 g of Na,S O,
as an oxidant and 2.0 g of FeSO, 7H,0 as a catalytic agent.
The oxidative polymerization was carried out at 20 °C for24 h
under vigorous stirring by a mechanical stirrer in a N, stream
at a rate of 3 L/min to prevent oxidation from the dissolved
oxygen. Afterwards, the iron, sulfate and sodium ions were
removed by cation exchange and anion exchange resins.

Thin films were produced by spin-coating water dispersions
of PEDOT:PSS colloids containing 5% of DMSO on a glass
substrates at 2000 rpm for 30 s and dried on a hot plate at 80
°C for 2 min. Post-treatment of the films was performed by
immersing PEDOT:PSS coated glass substrates into concentrated
H,SO, for several seconds followed by rinsing with deionized
water and drying under compressed N,. Multilayers were
formed by coating up to three layers of PEDOT:PSS and acid
post-treatment after the deposition of each layer.

Surface morphology of DMSO-doped PEDOT:PSS multilayers
was investigated using atomic force microscopy (AFM). AFM
experiments were carried out in air at room temperature using
a NanoWizard III atomic force microscope (JPK Instruments
AG), while data was analyzed using SurfaceXplorer and
JPK SPM Data Processing software. The AFM images were
collected using a V-shaped silicon cantilever (spring constant
of 3 N/m, tip curvature radius of 10.0 nm and the cone angle of
20°) operating in a contact mode. Thickness of DMSO-doped
PEDOT:PSS multilayers before and after sulfuric acid treatment
was determined using AFM profile images.

Wettability of the films was characterized by measuring
static contact angle of deionized water at standard room
conditions. Small drop of water (about 5 ul) was dropped
onto the surface of the film from the height of 8 mm using
microsyringe. Image of the drop was let to stabilize for
10 seconds after the dropping before recording with PC-
connected digital camera. Contact angle was measured at
five different positions of each sample. The left and right
contact angles of each drop were estimated by a public
domain Java image processing program ImageJ 1.40g.
Estimation of the contact angles was made using method
based on B-spline snakes (active contours) freely available
as DropSnake plugin for Image].
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Raman spectra were recorded using inVia Raman
spectrometer (Renishaw) equipped with CCD camera and
confocal microscope (50% objective). The Raman spectra
were excited with 532 nm radiation of semiconductor green
laser at 5% output power in order to avoid damage of the
sample. The 2400 lines/mm grating was used to record the
Raman spectra.

Optical properties of the films were evaluated by measuring
UV-vis transmittance spectra. Measurements were carried
out using a fiber optic UV/VIS/NIR Avantes AvaSpec-2048
spectrometer (spectral range (SR): 172—1100 nm, resolution
1.4 nm) and a light source AvaSpec-DHc (SR: 200-2500 nm).
Electrical properties were characterized by sheet resistance
measured using the four point probe technique.

3. Results and Discussion

Spin coating of PEDOT:PSS+DMSO layers on the glass
coverslip substrates resulted in the formation of relatively
uniform, defect-free films. The average thickness per layer
before sulfuric acid treatment was 50+2 nm. Short sulfuric
acid treatment led to about 4 nm thinning per layer of the film.

Evolution of surface morphology with the number of
untreated and sulfuric acid treated PEDOT:PSS+DMSO
layers was examined by AFM. Figure 1 shows characteristic
AFM topographical images acquired in air using AC mode.
Summary of the roughness parameters is presented in
Table 1. It is evident that evenly distributed granular surface
structures with the lateral dimensions in the range of 300-
500 nm and height of some tens of nm are specific for all
six samples regardless of the acid treatment and number
of the layers. The surfaces of the films are dominated by
the peaks with skeweness (R ,) value from 1.65 to 2.54 and
have a leptokurtoic distribution of morphological features
(relatively many high peaks and low valleys) with kurtosis
(R,,) values from 5.17 to 10.95. With increase in number
of'the layers, surfaces of the films become less asymmetric
and less spiky. Roughness of the films increases with the
number of layers. A mean height of the surface structures
Zys

single-layer film (Figure 1a) was determined to be 5.85

) and root mean square roughness (Rq) for untreated

nm and 5.10 nm, respectively. Whereas for untreated tri-
layer film (Figure 1c), Z

mean

increased to 14.22 nm and R,
increased to 10.19 nm. Such increase in roughness of spin
coated multilayers can be associated with cumulative effect
of granularity originated from underlying glass substrate. A
similar tendency was also observed for sulfuric acid treated
multilayers (Figuresla -1c,). On the other hand, surface
of the acid treated films was considerably smoother, with
Z .., of4.54nmand R, 0f2.01 nm for acid treated single-
layer film,and Z of5.96 nm and R, 0f4.37 nm for acid
treated tri-layer film. This finding is in a good agreement
with previous report on sulfuric acid vapor treatment of
PEDOT:PSS, attributing decrease in film roughness to
the reorientation of PEDOT and PSS chains '®. Surface
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roughness reduction of transparent organic electrodes by
a simple acid treatment prior to spin-coating of another
layer can be considered as a very positive result because
organic semiconductor devices are in general very sensitive
to the surface roughness and R, is a critical factor to be
accounted for to achieve the best device performance.
In our case, sulfuric acid treatment has also resulted in a

slight decrease in lateral dimensions of granular surface
structures and, at the same time, small-scale bumps with
the diameter of some tens of nanometers were highlighted
on the surface of each granule (Figure 1a ). Highlighted
nanoroughness can be attributed to the removal of excess
PSS from the surface of film and emergence of PEDOT-
rich nanobumps .

Figure 1. Characteristic AFM topographical images of (a, b, ¢) untreated and (al, b1, c1) sulfuric acid treated PEDOT:PSS+DMSO (a, al)

single-layer, (b, bl) bi-layer, and (c, c1) tri-layer films

Table 1. Summary of the roughness parameters for untreated and sulfuric acid treated PEDOT:PSS+DMSO films

Roughness parameters

Sample
Rq, nm Rsk Rku Zmean, nm

Single-layer PEDOT:PSS + DMSO 5.10 2.28 7.67 5.85
Bi-layer PEDOT:PSS + DMSO 5.39 221 8.07 10.08
Tri-layer PEDOT:PSS + DMSO 10.19 1.66 5.17 14.22
Single-layer PEDOT:PSS + DMSO / H2SO4 2.01 2.54 10.95 4.54
Bi-layer PEDOT:PSS + DMSO / H2SO4 2.74 1.88 7.84 7.24
Tri-layer PEDOT:PSS + DMSO / H2SO4 4.37 1.97 6.73 5.96
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Detailed investigation of structural arrangement between
PEDOT and PSS in the films was carried out by recording and
examining AFM phase images, which are known to be very
sensitive to variations in chemical and mechanical properties
of the sample and can help to distinguish different compounds.
Representative AFM phase images of untreated and sulfuric acid
treated PEDOT:PSS+DMSO single-layer films are presented
in Figure 2. The bright regions of the phase images correspond
to the stiffer PEDOT-rich grains inducing a higher phase shift,
whereas dark regions correspond to the softer PSS-rich matrix
2, In the case of untreated PEDOT:PSS film, PEDOT-rich
grains with lateral dimensions on the order of tens nm are
already significantly aggregated due to the influence of DMSO.
However, these grains are almost completely embedded into
the PSS matrix. Sulfuric acid treatment results in noticeably
increased phase contrast which can be interpreted in terms
of more pronounced phase separation and partial removal of
PSS from the surface of the film.

Wettability changes of PEDOT:PSS+DMSO films were
evaluated by measuring static water contact angle. Dependence
of the contact angle on the number of layers before and after
sulfuric acid treatment is presented in Figure 3. Surface of
untreated PEDOT:PSS+DMSO films was hydrophilic with
average water contact angle increasing from 17° for single-layer
film to 20° for tri-layer film. Small decrease in wetting with
increase in the number of layers can be explained by the changes
in surface roughness of the films. Sulfuric acid treatment resulted
in significant increase of the contact angle. However, in contrast
to the untreated films, it was no clear dependence of contact
angle on the number of layers. Regardless the number of the
layers, contact angle on sulfuric acid treated surfaces was close
to 40°. Substantial increase in contact angle can be associated
with decrease in surface energy of sulfuric acid treated films
as a result of the partial removal of hydrophilic PSS from the
surface of acid treated PEDOT:PSS+DMSO films.
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Figure 3. Water contact angle on untreated and sulfuric acid treated
DMSO-doped PEDOT:PSS films. Each column of the histogram is
plotted with error bar representing the standard deviation

Figure 4a shows Raman spectrum of untreated
PEDOT:PSS+DMSO tri-layer film under green light excitation
with a wavelength of 532 nm. The most intense band at
1428 cm™ is attributed to PEDOT and corresponds to the
C.=C symmetric stretching vibration of five-membered
thiophene ring originating from neutral parts existing between
the localized elementary excitations *'22. Absence of the
shoulder at about 1442 cm!, corresponding to the symmetric
stretching modes of benzoid Cu:CB components, indicates
domination of quinoid structures due to the conformational
transformation of the PEDOT chains from coiled to linear or
expanded-coiled. The bands located at 1486 and 1569 cm'!
are associated with thiophene rings in the middle and at the
end of the PEDOT chains. These bands are assigned to the
asymmetric stretching vibration of C = Cys the band at 1537
cm''is associated with the splitting of these vibrations . The
GG, stretching deformations and C ~C_ inter-ring stretching
vibrations of PEDOT are assigned to the bands centered at

Figure 2. AFM phase images of (a) untreated and (b) sulfuric acid treated PEDOT:PSS+DMSO single-layer films
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1367 and 1256 cm™ ?*. The bands at 1124 and 1098 cm’!
correspond to the vibrational modes of PSS component %,
and the bands at 988, 855 and 577 cm! - to the oxyethylene
ring deformation-vibrations 2¢*’. The symmetric C—S—C
deformation is assigned to the band centered at 702 cm™.
The band at 439 cm™ is assigned to the doping of PEDOT
by the SO, ion from PSS units **.

Figue 4. Raman spectra of (a) untreated PEDOT:PSS+DMSO and
(b) sulfuric acid treated PEDOT:PSS+DMSO tri-layer films

After sulfuric acid treatment of PEDOT:PSS+DMSO
tri-layer film, the band at 1428 cm™ becomes narrower
and blue shifted to 1434 cm™ (Figure 4b). Peak shifting to
higher wavenumbers can be associated with increase in the
film doping level due to the incorporation of sulfate anions
during acid post-treatment. This effect is related to the degree
of backbone deformation during oxidation to polarons and
bi-polarons and the associated transitions between quinoid
and benzoid structures. Decrease in bandwidth can serve
as an extra evidence of further transformation of PEDOT
structure to quinoid *-'. Disappearance of the bands at 1486
and 1537 cm™ and appearance of new intensive band at 1510
cm’! can be caused by rearrangement of PEDOT chains as
a result of the oxidizing action of present in HSO,  ions
oxygen over not balanced by PSS- thiophene rings. Moreover,
disappearance of the band at 1124 cm™! indicates that a large
portion of the remaining PSS-rich regions in DMSO-doped
PEDOT:PSS film is removed during the acid treatment.
Decrease of intensity for the peak at 990 cm™ also can be
related to decrease in the PSS concentration. The band at
439 cm! is shifted to 441 cm! after the doping of sulfate and
bisulfate anions originating in PEDOT from sulfuric acid.

Optical properties of DMSO-doped PEDOT:PSS films
before and after sulfuric acid treatment were investigated
by measuring UV-visible transmittance spectra (Figure 5).
Spectrum of the bare glass coverslip substrate showed 93
% average transparency of the substrates in the 350-800 nm
wavelength range. Spin-coating of thin PEDOT:PSS layers
slightly decreased the transmittance. Optical transparency
at violet and blue light region (350-500 nm) decreased from
87 to 77 % for single-layer and tri-layer PEDOT:PSS films,

respectively. Decrease in transparency at red light region (620-
750 nm) was more significant and varied from 84 to 67 %
for single-layer and tri-layer PEDOT:PSS films, respectively.
Decrease in the transmittance when moving from the violet
to the red region of the spectrum is reported to be typical
for PEDOT:PSS films *. In our case, this phenomenon was
more pronounced for thicker tri-layer films where the blue
color of the film became quite visible. However, single-layer
films demonstrated very good transparency in entire visible
region with only 3 % decrease in transmittance at the red
end of the spectrum. Short sulfuric acid treatment even
resulted in a slight improvement of optical transparency.
1-2 % improvement of the transmittance was observed for
single-layer and bi-layer PEDOT:PSS films in the 350-500 nm
wavelength range, whereas for tri-layer films the maximum
increase in transmittance reaching 3-4 % was registered
within wavelengths of 500 to 750 nm. Moreover, the acid
treatment generally resulted in smoother transmittance
spectra of PEDOT:PSS films. Obtained positive changes
in transmittance might be associated firstly with significant
smoothing of the surface and slight thinning of the acid
treated films, and secondly with PSS removal and structural
rearrangement of PEDOT:PSS chains.

Figure 5. Optical transmittance of untreated and sulfuric acid treated
DMSO-doped PEDOT:PSS films

Dependence of average sheet resistance on the number of
pristine and sulfuric acid treated DMSO-doped PEDOT:PSS
layers is presented in Figure 6. The average sheet resistance
for the pristine single-layer films, due to the conformational
changes caused by the strong dipole-dipole or dipole-charge
interaction between DMSO and PEDOT:PSS chains, and
DMSO-induced shielding of electrostatic interactions
between PEDOT and PSS, was as low as 710 /sq and it
was further decreased by adding more layers. Sulfuric acid
treatment was very effective for enhancement of electrical
conductivity. The average sheet resistance after the acid
treatment decreased from 710 to 450 €/sq for single-layer
films and from 210 to 140 Q/sq for tri-layer films.

Conducting mechanism of the DMSO-doped sulfuric
acid treated PEDOT:PSS films is evidently associated with
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Figure 6. Sheet resistance of the pristine and sulfuric acid treated
DMSO-doped PEDOT:PSS films. Each column of the histogram is
plotted with error bar representing the standard deviation

an increase of doping level. The doping level of the pristine
films depends on the amount of charge carriers created
by the single-charged SO, ions from PSS segments. Acid
treatment results in the substitution of some PSS- counter
ions by bisulfate and sulfate ions. Bisulfate ions do not
change doping level as they are also single-charged, whereas
the sulfate ions are double-charged and can stimulate
generation of bipolaron carriers instead of polarons in the
PEDOT chains *. Moreover, additional doping of PEDOT
chains can be an outcome of the oxidizing action of present
in bisulfite ions oxygen over thiophene rings that are not
balanced by PSS-3%. Hydrogen cations originated from the
dissociation of sulfuric acid can further interact with PSS
to form polystyrene sulfonic acid, which is subsequently
removed by rinsing the films in deionized water *. This
removal in our case is confirmed by Raman analysis and
contact angle measurements. So, increase in doping level,
removal of excess PSS and accompanied shape alterations
of the conjugated PEDOT chains can be considered as the
main factors enhancing electrical conductivity of sulfuric
acid treated DMSO-doped PEDOT:PSS films.

4. Conclusions

In the present study, surface morphology, optical and
electrical properties of untreated and sulfuric acid treated
DMSO-doped PEDOT:PSS multilayers on the glass coverslip
substrates are examined. It is demonstrated that short-time
sulfuric acid treatment enhances electrical and optical properties,
and smoothens surface of the transparent conductive films.
Underlying mechanism for the enhancement of electrical
conductivity by more than 30 % can be associated with
increase in doping level due to the substitution of some
PSS counter ions by sulfate ions, and additional doping
of PEDOT chains due to the oxidizing action of present in
bisulfite ions oxygen over not balanced by PSS- thiophene
rings. Moreover, changes in surface morphology and electrical
conductivity are evidently caused by the removal of excess
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PSS and accompanied shape alterations of the conjugated
PEDOT chains. Removal of hydrophilic PSS from the surface
of acid treated films is apparently confirmed by substantial
increase in water contact angle and characteristic changes
in Raman spectra and AFM images. The single-layer films,
with the thickness of about 50 nm, demonstrated very good
transparency in entire visible region with only 3 % decrease
in transmittance at the red end of the spectrum. Short sulfuric
acid treatment even resulted in smoother transmittance spectra
and a slight improvement of optical transparency. It can
be concluded that sulfuric acid post-treatment can be used
as a simple and inexpensive mean for the complementary
doping of DMSO-doped PEDOT:PSS transparent conductive
electrodes with the aim to further improve their electrical
conductivity to be better suited for optoelectronic devices.
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