
1. Introduction
Energy is a vital factor for consumption and devel-
opment. The usability of conventional energy re-
sources, including coal, oils, and natural gases, is as-
sociated with limited reserves and pollution. There-
fore, alternative energy has been extensively inves-
tigated and developed for next-generation energy
consumption. Solar cells are an interesting alterna-
tive technology and have been considered a candi-
date for sustainable technology since they are inex-
pensive and can be installed anywhere. The electricity

generated from solar cells not only has on-grid us-
ability but can also be stored by batteries for off-grid
or hybrid systems. Furthermore, no pollution emis-
sion is associated with generating electricity using
solar cells. In comparison to silicon solar cells, or-
ganic solar cells (OSCs) are developed based on a
low-temperature process, no vacuum system require-
ments, and flexible thin film deposition, which can
be easily fabricated [1–4]. A conductive polymer,
poly(3,4-ethylenedioxythiophene)-poly(styrene sul-
fonate) (PEDOT:PSS), has been widely investigated
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enhanced hole collection performance and results in a high current density for OSC devices. Moreover, the ZnI2 plays a role
in the depletion of insulating PSS from the film’s surface. This behavior causes lower sheet resistance and results in an in-
creased Jsc and Voc for OSC devices. Therefore, the improved interfacial contact and depletion of PSS are considered syner-
gistic functions for OSC enhancement.
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in OSCs, attributable to its high electrical conductiv -
ity and transparency [5, 6]. However, PEDOT:PSS
chains contain high ratios of insulating PSS to con-
ducting PEDOT, which may potentially limit the
conductivity for optoelectronic device applications,
including OSCs [7, 8]. Moreover, the formation of
PEDOT:PSS chains might be shortly formed by thin
film fabrication. To solve this issue, many researchers
have focused on the development and optimization
of PEDOT:PSS films. Hussain et al. [9] developed
MXene/WO3 embedded PEDOT:PSS hole transport-
ing layers (HTLs) and applied them to perovskite
solar cells. They prepared the MXene/WO3 hybrid
structure using a solution process. The hybrid struc-
ture was used to modify PEDOT:PSS for applying
HTLs of PSCs. The PSC devices demonstrated a
power conversion efficiency (PCE) enhancement of
12.26%. This is caused by the appropriate energy
band alignment in the modified HTLs, which re-
sults in a more efficient charge transfer and a short-
er carrier lifetime. Gemeiner et al. [10] modified
PEDOT:PSS using secondary dopants of ethylene
glycol (EG), polyethylene glycol (PEG), and dimethyl
sulfoxide (DMSO) for dye-sensitized solar cells
(DSSCs). The dopants were added to PEDOT:PSS
inks and printed on fluorine-doped tin oxide (FTO)
substrates. The secondary dopants caused low sheet
resistance and better wettability and electrochemical
activity for PEDOT:PSS films. This demonstrated
efficiency enhancement for DSSCs fabricated with
PEDOT:PSS counter electrodes. Wan et al. [11] re-
ported an enhancement of OSCs using thionyl chlo-
ride (SOCl2) treatment. PEDOT:PSS films were
soaked onto SOCl2. After 10 min of soaking, the
PEDOT:PSS was washed with de-ionized water and
isopropanol, followed by baking at 80°C for 15 min.
The SOCl2-treated PEDOT:PSS was then applied as
the  HTL layer for the OSCs within a high PCE of
15%. The PCE enhancement was due to the SOCl2
treatment, which caused an improvement in optical
transparency, electrical conductivity, Seebeck coef-
ficient, and work function. Moreover, Xu et al. [12]
demonstrated that a co-development of an engineer-
ing fabrication using layer-by-layer and solvent
treatment greatly enhanced OSC performance. The
PCEs of fabricated OSC devices using layer-by-
layer fabrication and treatment with 1-chloronaph-
thalene (CN) can be enhanced from 13.67 to
15.81%. These results suggest that the development
strategy, including the method and treatment of

PEDOT:PSS HTL, can potentially enhance OSC
performance.
In this work, PEDOT:PSS films were modified
using a ZnI2 additive. The ZnI2 is easily soluble in
water to form Zn2+ and I– ions, that could react with
PEDOT:PSS molecules. Due to the insulating PSS
parts of PEDOT:PSS causing low electrical proper-
ties, the reaction between the ZnI2 additive and
PEDOT:PSS reduces the PSS parts for passivating
and improving the electrical properties of
PEDOT:PSS films [13, 14]. OSCs fabricated with
modified PEDOT:PSS are expected to be enhanced.
PEDOT:PSS film preparation can be performed
using several techniques such as dip-coating, spin-
coating, and convective deposition [15, 16]. The dip-
coating process requires large initial materials, while
spin-coating causes a high loss of initial material by
spinning out. On the other hand, the convective dep-
osition can solve these problems. It requires low ini-
tial materials and causes low material loss; hence, its
application to prepare PEDOT:PSS films.

2. Experiments
Starting materials, including poly(3,4-ethylenedioxy -
thiophene)-poly(styrene sulfonate) (PEDOT:PSS,
PH1000), poly[N-9′-heptadecanyl-2,7-carbazole-alt-
5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)]
(PCDTBT), and phenyl C70 butyric acid methyl ester
(PC70BM), were purchased from Ossila, UK. ZnI2
(≥98%) was purchased from Sigma-Aldrich, Singa-
pore. All chemicals were used as received.
Fluorine doped-tin oxide (FTO, Sigma-Aldrich, Sin-
gapore, surface resistivity ~7 Ω/sq) substrates were
cleaned with alconox detergent, de-ionized (DI)
water, and isopropanol for 30 min each using an ul-
trasonic cleaner. Prior to deposition, the cleaned sub-
strates underwent surface treatment with oxygen
plasma (Ossila, Pathum Thani, Thailand). The ZnI2
additive was dissolved into DI water for an initial
concentration of 0.1 M, followed by stirring for 1 h,
to obtain the final ZnI2 solution. The ZnI2 solution
was then mixed into PEDOT:PSS for 0, 1, 2, and
4 vol%. The mixture was stirred for 30 min to form
a homogeneous PEDOT:PSS aqueous solution. For
PEDOT:PSS film deposition, 20 μl of the aqueous
solution was deposited onto FTO substrates using a
convective deposition technique, followed by heat-
ing at 120°C for 30 min, to obtain PEDOT:PSS films.
These films were then used as HTL for OSC appli-
cation. The OSC structures of PEDOT:PSS/
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PCDTBT:PC70BM/TiOx/Al were fabricated as de-
scribed in prior work [15].
Current density-voltage (J-V) characteristics of
OSCs were measured under the standard irradiation
of 100 mW/cm2 from a solar simulator (G2V pico,
Pathum Thani, Thailand) to evaluate OSC perform-
ance. A cross-sectional image was acquired by a scan-
ning electron microscope (SEM, JSM-6610 LV,
JEOL, Bangkok, Thailand). The root-mean-square
(RMS) surface roughness was examined by an atom-
ic force microscope (AFM, Asylum Research MFP-
3D, Bangkok, Thailand). The surface chemical ele-
ment was investigated using X-ray photoelectron
spectroscopy (XPS, Kratos, Axis ultra DLD,
Bangkok, Thailand). Sheet resistance was measured
using a four-point probe measurement (Ossila,
Pathum Thani, Thailand). The contact angle was
measured using a contact angle measurement system
(a homemade setup with 500× microscope, Nakhon
Pathom, Thailand). The optical transmittance was
recorded by an ultraviolet-visible (UV-Vis) spec-
trophotometer (UV-3101 PC, Shimadzu, Nakhon
Pathom, Thailand). The chemical structure was in-
vestigated using Fourier transform infrared (FTIR)
spectroscopy (Spectrum Two, PerkinElmer, Nakhon
Pathom, Thailand). Crystalline structures were char-
acterized using X-ray diffractometry (XRD, D8 Ad-
vance, Bruker, Nakhon Pathom, Thailand) using a
Cu Kα radiation wavelength (λ) of 1.5406 Å.

3. Results and discussion
The photovoltaic characteristics of OSCs fabricated
with PEDOT:PSS films were analyzed by measuring
current density – voltage (J-V) curves, as shown in
Figure 1. The measurement was carried out using at
least three repeated samples for each condition. The
power conversion efficiency (PCE) was then calcu-
lated using the Equations (1) and (2) [15–17]:

(1)

(2)

where Jsc is the short-circuit current density, Voc is
the open-circuit voltage, FF is the fill factor, Pin is
the incident solar power from the solar simulator, Jmax
is current density at the maximum power point, and
Vmax is the voltage at the maximum power point. All
photovoltaic parameters are summarized in Table 1.

It was found that OSC devices fabricated with ZnI2-
mixing PEDOT:PSS films demonstrate higher PCEs
compared with the pristine PEDOT:PSS films. The
PCEs slightly increase as ZnI2 additive increases for
1–2 vol%, whereas 4 vol% ZnI2 additive results in
decreased PCE and Jsc. To investigate the correlation
between photovoltaic parameters, plots of Jsc, Voc,
FF, and PCE as a function of ZnI2 additive volume
are shown in Figure 2. PCE trends are consistent
with Jsc, Voc, and FF, indicating that all photovoltaic
parameters were improved for PEDOT:PSS mixed
with ZnI2 additive. This improvement is due to the
reduced recombination in OSC devices [18], which
is caused by the efficient hole transport efficiency.
Note that the increase in Voc, might also be attributed
to the small change in the chemical structure of
PEDOT:PSS in the presence of the ZnI2 additive. In
comparison with the other works mentioned above
[9–12], the PCE of OSC in this work demonstrates
low PCEs, which might be due to different fabrica-
tion methods [19]. However, the ZnI2-mixing con-
dition can enhance PCE for OSC application. For the
2 vol% ZnI2-mixing conditions, it reveals the maxi-
mum PCE for OSC devices, implying the optimum
condition. Therefore, it was further investigated as a
representative of the modified PEDOT:PSS films in
comparison with the pristine PEDOT:PSS films.%PCE P

J V FF
100

in

sc oc$ $
$=! $

FF J V
J Vmax max

sc oc$
$

=

S. Krobthong et al. – Express Polymer Letters Vol.17, No.4 (2023) 449–456

451

Figure 1. J-V curves of OSCs fabricated with PEDOT:PSS
films at different ZnI2 additive volumes.

Table 1. Photovoltaic parameters of OSCs fabricated with
PEDOT:PSS films at a different volumetric percent-
age of ZnI2 additive mixtures.

ZnI2 additive
volume
[%]

Jsc
[mA/cm2]

Voc
[mV]

FF
[–]

PCE
[%]

0 4.77±0.94 785±19 0.41±0.01 1.52±0.35
1 5.96±0.76 793±15 0.46±0.01 2.18±0.33
2 6.28±0.72 818±5 0.47±0.01 2.42±0.35
4 5.86±0.57 797±12 0.44±0.01 2.03±0.25



The cross-sectional SEM images in Figure 3 demon-
strate that the interfaces between pristine
PEDOT:PSS films and FTO substrates were not
found. On the other hand, the junction between mod-
ified PEDOT:PSS and FTO layers was clearly ob-
served. This indicates the different dynamic coating
nature for pristine and modified PEDOT:PSS. To ex-
amine the surface roughness of PEDOT:PSS films,
AFM was carried out. RMS roughness values of 8.80
and 15.03 nm were obtained for pristine and modi-
fied films, respectively. The roughness for modified
films shows a higher value than that for the pristine
films, indicating a higher surface area for modified
films in comparison to the pristine films. The results
imply that the interfacial contact has increased for
OSC fabrication. This improvement leads to the high

hole transport pathway and facilitates enhanced hole
collection performance between PEDOT:PSS/
PCDTBT:PC70BM interfaces [20], which causes a
higher current density for OSC devices.
The XPS measurement in Figure 4 shows the S(2p)
peak of PEDOT:PSS films. The binding energy peak
at around 167.8 eV corresponds to the sulfur atoms
in PSS, whereas the peaks at around 163.5–164.7 eV
represent the sulfur atoms in PEDOT [21, 22]. The
intensity of S(2p) peaks for modified films is higher
than that of pristine films, indicating that
PEDOT:PSS chains reorient and change to compact
layered PEDOT:PSS films. To examine the change
of modified PEDOT:PSS films, PSS to PEDOT ra-
tios were analyzed by calculating the peak areas for
PSS and PEDOT peaks. The integrated S(2p) peak
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Figure 2. Photovoltaic parameters of OSCs fabricated with PEDOT:PSS films as function of ZnI2 additive volume: a) Jsc,
b) Voc, c) FF, and d) PCE.

Figure 3. Cross-sectional images of a) FTO/pristine PEDOT:PSS and b) FTO/modified PEDOT:PSS.



areas were 4.69:1 and 4.15:1 for pristine and modi-
fied films, respectively. The decrease in integrated
S(2p) peak areas for modified films points to the de-
pletion of PSS from the surface of modified films by
around 12% compared with pristine films [23]. This
behavior implies re-orientation and re-interaction of
PEDOT:PSS in the presence of the ZnI2 additive. It
can be interpreted that PEDOT:PSS films modified
with ZnI2 additive were changed as the compact for-
mation and PSS depletion from the film’s surfaces.
This behavior can enhance hole transport efficiency
in OSC devices, primarily due to the increase of hole-
conducting PEDOT to insulating PSS ratios. The ef-
ficient hole transport behavior also suppresses the
recombination effect, which results in an increased
Jsc and Voc for OSC devices [24].
To investigate the impact of PSS depletion on elec-
trical property, sheet resistance was measured using
a four-point probe measurement. The measurement
presents the sheet resistance value of 81.16±1.96 and
69.59±3.78 Ω/sq for the pristine and modified films,
respectively. The modified films exhibit a 14% de-
crease in sheet resistance in comparison with the pris-
tine one, which nearly correlates to the decrease in
PSS to PEDOT ratios. Moreover, the decrease in
sheet resistance corresponds to the increase in Jsc
value for OSC devices. Therefore, the improved elec-
trical property of the modified films is considered an
effective factor for enhancing the PCE of OSCs in
this work. Moreover, PSS depletion also changes the
surface wettability of PEDOT:PSS films as shown
by the contact angle measurement results in Figure 5.
The contact angle measured within a drop of DI
water features hydrophilic properties for both pris-
tine and modified films, and it slightly decreases for
longer intervals. The contact angle of modified films,

however, demonstrates a higher value compared to
that of pristine films. This is due to the depletion of
water-soluble PSS parts from the surface of modified
PEDOT:PSS films, leaving higher ratios of non-sol-
uble PEDOT parts at the film’s surfaces and causing
a higher contact angle. 
The transmittance spectra in Figure 6 were measured
to evaluate the optical impact on OSC performance.
The transmittance spectra significantly decrease for
the modified films in comparison with the pristine
ones. This feature could be affected by the incorpo-
ration of ZnI2, which is caused by the dense and com-
pact structure of PEDOT:PSS in accordance with
XPS results. Although low transmittance was ob-
tained for the modified films, the PCE of the OSC
device increased. This may be due to the fact that the
active layer (PCDTBT:PC70BM) can respond to the
incident light, even with a low intensity [25]. Note
that the low intensity of incident light also prevents
the burn-in loss of Voc, which maintains stability for
OSC devices. This result suggests that the significant
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Figure 4. XPS spectra of pristine and modified PEDOT:PSS
films.

Figure 5. Contact angle measurement of pristine and modi-
fied PEDOT:PSS films.

Figure 6. Optical transmittance of FTO, FTO/pristine
PEDOT:PSS films, and FTO/modified
PEDOT:PSS films.



factor for enhanced OSC devices is not transmittance
but resistance.
To analyze the structures of the PEDOT:PSS films,
FTIR spectra, and XRD patterns were performed.
The observation of the PEDOT:PSS structures were
determined from the FTIR peaks (Figure 7a) at 1010
and 665 cm–1 for the SO3– symmetric stretching of
PSS and the C–S stretching of PEDOT, respectively
[26]. The results confirm the PEDOT:PSS structure
for both pristine PEDOT:PSS and modified
PEDOT:PSS films. In terms of the other peaks, the
broad peaks at 3860–3670 and 1440 cm–1 were as-
signed to the O–H stretching and bending vibrations,
respectively. The peak at 1725 cm–1 represents the
C=O stretching vibration of the COOH group. The
peaks at 1365 and 1220 cm–1 represent the C–O
stretching vibration. Figure 7b shows the XRD pat-
terns of pristine PEDOT:PSS and modified
PEDOT:PSS films deposited on FTO substrates. The
XRD peak of PEDOT:PSS at 2θ~17.10° was found
for both pristine and modified PEDOT:PSS films
contributed from PSS,  indicating PEDOT:PSS crys-
talline structures [27]. The small XRD peak corre-
sponds to PEDOT (2θ~25.80°), which was found for
only pristine PEDOT:PSS films but disappeared for
the modified PEDOT:PSS films. This is due to the
interaction between the ZnI2 additive and
PEDOT:PSS molecules. Note that the ZnI2 struc-
tures were not detected by XRD characterization
[28]. This is possibly due to the insufficient ZnI2 ad-
ditive for PEDOT:PSS-ZnI2 mixtures or to ZnI2
being distributed into the PEDOT:PSS matrices.

4. Conclusions
PEDOT:PSS were modified with the ZnI2 solution
and coated onto an FTO substrate for application as
a hole transporting layer in OSCs. The average

power conversion efficiency was enhanced from
1.52 to 2.42%. This enhancement was found to be in
correspondence with the rough surface of modified
PEDOT:PSS, which improves the interfacial contact
between PEDOT:PSS and PCDTBT:PC70BM. This
improvement leads to the high hole transport path-
way and facilitates improved hole collection per-
formance, which thus leads to a higher current den-
sity for OSC devices. Moreover, the ZnI2 plays a role
in the depletion of insulating PSS from the film’s
surface. This behavior causes lower sheet resistance
and results in an increased Jsc and Voc for OSC de-
vices. Therefore, the improved interfacial contact
and depletion of PSS are considered a synergistic
function for OSC enhancement.
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