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1 | INTRODUCTION

Currently, the development ofdsolarfcells /based on photoactive
organic and polymer semiconductors is a promising and rapidly devel-
oping field. Polymer solargeells (PSCs) have the efficient charge sepa-
ration at the phase_ boundary of‘the organic donor and acceptor
materials, asgWelhas theprelatively high charge carrier mobility, which
lead to the relativelyahigh-power conversion efficiency (PCE) and can
be assembleddon a flexible substrate. The fabrication of PSCs is inex-
pensive and environmentally friendly, which will reduce the cost of
the final product and simplify production processes compared to tra-
ditional crystalline materials and will allow to make large-scale
production.*?

The photoactive and semiconducting organic materials currently
used in PSCs are extremely diverse in chemical nature. The goal of
numerous studies in this still developing field is to create ordered
molecular ensembles based on aromatic and heteroaromatic com-
pounds with electron-donating and electron-withdrawing properties,
capable of forming charge-transfer complexes that can intensively

absorb the ultraviolet, visible, and infrared ranges of the solar
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In this study, the effect of modification of poly(3,4-
rene sulfonate (PEDOT:PSS) morphology on its
voltaic properties of organic solar c
heterojunction is presented. It i*ho thatithe
PEDOT:PSS polymer solution and ea

a change in its morphology, t
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IeneMythiophene):polysty-
rge transport, and photo-
o>n the P3HT:PC60BM bulk
addition of isopropyl alcohol to the

spin-coated PEDOT:PSS film leads to
ort, and optical properties. By an imped-
the ge transport properties of PEDOT:PSS films

at the efficiency of carrier transport and the effi-
Is depends on the structural features of PEDOT:PSS.

pedance spectroscopy, charge transfer, PEDOT:PSS, photovoltaic
solar cells

spectrum. These materials are the basis of molecular electronics and
organic photovoltaics (PV) with sufficiently optimal electrophysical
and optical characteristics and long life span.®*

The morphology of PSCs functional layers has a strong effect on
PCE of devices. The formation of separate phases of the donor and
acceptor components in the active layer, as well as their mutual order-
ing are very crucial. Optimal phase size and separation is necessary for
both the separation of electrons and holes and for their efficient
transport.® It is generally accepted that the domain size should be
close to the mean free path of excitons in the active layer. By rough
estimates, this value is 5 - 15 nm for polyconjugated polymers and
can vary greatly depending on the purity of the materials and the crys-
tallinity of the films. With a smaller domain size, the efficiency of
charge separation can be great, but charge transport to the selective
electrodes will be difficult, therefore, for each specific system there is
an optimal fragmentation range. Charge transfer is severely affected if
the formation of domains of more than 100 to 200 nm occurs.>” In
recent years, it has been convincingly proved that morphology of
PCSs functional layers can have a decisive influence on the PCE of

PCSs. The reason for this effect was the inhomogeneity of the active
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layer. When large donor nanoclusters are isolated from the acceptor,
it strongly reduces the efficiency of photoinduced charge separation.®
Thus, the main reason for the low values of PSCs performance is the
tendency to aggregation and low solubility of active compounds, since
the crystallization of the components in active layer leads to the for-
mation of polycrystalline domains, which are characterized by undesir-
able large granularity and non-optimal crystalline ordering.®?
Moreover, the problems associated with the influence of the struc-
tural features of the other PSCs functional layers on fundamental
parameters, such as the efficiency of charge carrier extraction with
selective electrodes and the overall PCE are still not completely
solved.

In the following works,”12 the authors have carried out studies
on the effect of various solvents (methanol, ethanol, and isopropyl
alcohol) on the characteristics of poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS) and the influence of modified
PEDOT:PSS on PSCs efficiency. This work differs from mentioned
studies by the investigation of charge transport mechanism in
PEDOT:PSS films by impedance spectroscopy techniques.

In this study, the effect of the morphology and structural changes
in the PEDOT:PSS film functioning as hole selective and transport
layer on its optical and chare transport properties and on PV perfor-
mance of PSCs has been investigated. The solution of PEDOT:PSS
was diluted with a specific concentration of isopropyl alcohol in order
to modify the morphology and structure of spin-coated PEDOT:PSS
films. The improvement in the properties of the modified PEDOT:RSS
films were determined by comparing the surface morphology, optical
and impedance spectra (IS), efficiency and quantum efficiency
(QE) of PSCs.

2 | EXPERIMENTAL
In this study the following reagents werke,used: REDOT:PSS solution
(1%, Ossila, Al 4083), Isopropyl alcohol (29:9%, Sigma-Aldrich, 3050
Spruce St Louis, MO 63103 Unitéd Statesh).

The chemical structure'of the PEDOT:PSS compounds are shown
in Figure 1. PEDOT:PSS films and PCSs were assembled on glass sub-

strates coated with indium tin,oxide (ITO). The cleaning of substrates
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FIGURE 1 Chemical structure of PEDOT and PSS. PEDOT, poly
(3,4-ethylenedioxythiophene); PSS, polystyrene sulfonate

was carried out according to the procedure described as mentioned in
Reference 13. Before the spin-coating, the PEDOT:PSS solution was
filtered through a 0.45 um filter. PEDOT:PSS films were spin-coated
at 5000 rpm (by a SPIN150i spin coater, Semiconductor Production
System). After some films were annealed in air at a temperature of
120°C for 30 minutes. Then, 200 nm thick aluminum electrodes were
deposited on a film surface in vacuum at a pressure of 10~° Torr by
Thermal Evaporating Coater (CY-1700x-spc-2, Zhengzhou CY Scien-
tific Instruments Co., Ltd., Zhengzhou, China).

The PSCs were assembled by following procedures: the
photoactive layer was spin-coated from chlorobenzene solution of
P3HT:PC60BM (Borun New Material Technologymltdy, No.1158,
jiangnan road, Ningbo, Zhejiang, China (Maifland)/315010)\with con-
centration of 15.6:9.4 mg on the surface of\PEDQ:PSS dayer. After
that, the samples were annealed indir at a_temperature of 110°C for
10 minutes. Then an aluminum glectr@de was deposited onto the sur-
face of photoactive layers by the thermalli@vaporation in high vacuum.
Finally, devices were eneapstlated by epoxy and glass slides.

The surface topography offthe samples was studied by a high-
resolution atomic force ‘miecros€ope (AFM) JSPM-5400 (JEOL, Tokyo,
Japan). To progess the images obtained by AFM, a Win SPMII Data-
Processing “Seftware“for analyzing scanning probe microscopy data
was uSedihRoughness of PEDOT:PSS thin films were analyzed from
AFM image data.

Theyabsorption spectra of samples were recorded by an AvaSpec-
ULS2048CL-EVO spectrometer (Avantes), which measures absorption
spectra in the range of 200 to 1100 nm and has an optical resolution
0f0.04 nm.

The IS of the devices were measured by a potentiostat with the
FRA32 impedance module (P45X, Elins) described in detail as men-
tioned in Reference 14, and fitting of IS was performed by Electro-
chemical Impedance Spectroscopy analyzer software (EIS-analyzer).

The PV performance of PSCs was measured by PVIV-1A I-V Test
Station under a Sol3A Class AAA Solar Simulator illumination
(Newport). The QE spectrum was measured by a Newport IQE200
setup.

3 | RESULTS AND DISCUSSION

We have prepared two different types PEDOT:PSS films. The first
PEDOT:PSS films were coated from standard PEDOT:PSS solution
(further they will be mentioned as standard-PEDOT:PSS or s-PEDOT:
PSS). The second PEDOT:PSS films were coated from a diluted
PEDOT:PSS solution (further they will be mentioned as modified
PEDOT:PSS or m-PEDOT:PSS). Both types of PEDOT:PSS were used
without and with annealing.

The AFM images of the surface morphology of the PEDOT:PSS
films are shown in Figure 2. From Figure 2A, it can be seen that the
unannealed s-PEDOT:PSS film has a granular structure. In the back-
ground of a fine granular structure, large particles are observed and
the surface roughness is R, = 2.41 nm (arithmetic mean deviation of

the assessed surface) according to AFM data. After thermal annealing
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FIGURE 2 Atomic foree'microscopic images of the surface morphology of PEDOT:PSS films. A, s-PEDOT:PSS without annealing.
B, s-PEDOT:PSS with annealing. C, m-PEDOT:PSS without annealing. D, m-PEDOT:PSS with annealing. PEDOT:PSS, poly

(3,4-ethylenediexythiophene):polystyrene sulfonate

of s-PEDOT:PSS film at a temperature of 120°C, the portion of large
particles (Figure 2B) significantly decreases, and the roughness
becomes R, = 1.14 nm. When isopropyl alcohol is added to PEDOT:
PSS solution, the surface topography of modified PEDOT:PSS film
improves. As it can be seen from Figure 2C, modified PEDOT:PSS film
reveals a better surface smoothing and the absence of large particles.
The roughness in this case becomes R, = 0.94 nm. Thermal annealing

of the modified film at a temperature of 120°C leads to greater degree

of uniformity of the surface of the PEDOT:PSS film (Figure 2D), the
roughness of which is R, = 0.76 nm. Table 1 shows the roughness
values of the PEDOT:PSS films.

The absorption spectra of PEDOT:PSS films are represented in
Figure 3. It can be seen from the figure that the film of the
unannealed s-PEDOT:PSS has a maximum D; at a wavelength of
A1 = 228.7 nm with a half-width of the spectrum (FHWM) of 46 nm
(Figure 3, curve 1). In the absorption spectra of all films, the shoulder
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TABLE 1 The surface roughness of the films PEDOT:PSS
Samples R, (hm)
Standard PEDOT:PSS without annealing 2.41 +0.002
Standard PEDOT:PSS with annealing 1.14 + 0.002
Modified PEDOT:PSS without annealing 0.94 + 0.002
Modified PEDOT:PSS with annealing 0.76 + 0.002

Abbreviation: PEDOT:PSS, poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate.
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FIGURE 3 Absorption spectra of the standard and modified
PEDOT:PSS films. 1, Film of the s-PEDOT:PSS without annealing.

2, Annealed film of the s-PEDOT:PSS. 3, Film of the m-PED@T:PSS
without annealing. 4, Annealed film m-PEDOT:PSS¢PED®@T:PSS, poly
(3,4-ethylenedioxythiophene):polystyrene sulfonate

with a maximum D5 at 1, = 252.5 nm is observed, which is associated
with the absorption of the aromatic PSS fragment.'®> After annealing,
the maximum absorption of s-PEDOT:PSS film (1) is shifted to
2247 nm, and the half-width decreased and amounted to 37 nm.
Also, a decrease in the absorption D, of the aromatic fragment of PSS
(Figure 3, curve 2) is observed.

When isopropyl alcohol is added to the PEDOT:PSS solution, the
absorption maximum (14) of the film remains almost unchanged at
224.6 nm, the FHWM is 35 nm, but the intensity of the absorption of
the aromatic fragment of PSS decreases (Figure 3, curve3). After subse-
guent annealing of the modified PEDOT:PSS film, a shift of the 1;
maximum to the short-wavelength region to.220.3 niimis ebserved, the
half-width of the spectrum decreases to 33*"nmjand the intensity of
the PSS absorption also decreases (Figure 3 curve ). Table 2 shows
the characteristics of the absorption spectra of PEROT:PSS films.

It is known that, due to its hydrephebicity, the PEDOT polymer is
not soluble in isopropyl alcohol; in tufAPSS has a high degree of
hydrophilicity.*® It was shi@Wimas mentioned in Reference 10 that the
addition of methanol to the PEDOT:PSS film leads to a decrease in
the intensity of abserptiomspeétrum of the aromatic fragment of PSS.
The authors ofythe work suggested that this effect can be observed
using a widejclass offsolvents. According to literature, agglomerates
are folindyto be, PSS-rich region. PSS content is isolator and the
regions whichhhave this PSS-rich agglomerates impede charge trans-
fer. Sonto obtain high-effective PEDOT:PSS based devices, it is
needed to get uniform PEDOT:PSS films with less PSS-rich regions.

The observed changes in the absorption spectra of the films are
related to the structural features of PEDOT:PSS. Initially, the
untreated film has large agglomerates and in the optical spectrum
there is intense absorption of the aromatic fragment of PSS. After
thermal annealing, the density of large agglomerates decreases and
the intensity of the absorption band of PSS lessens. Adding isopropyl

TABLE 2 Spectral characteristics 6f PEDOT:PSSfilms
Wption Peak
Samples A1 (nm) A2 (nm) D4 D, FWHM (nm)
Standard PEDOT:PSS 228.7 + 0,07 252.5 +0.07 3.35 + 0.004 2.5 + 0,004 46
v
Annealed standard BEDOT:PSSy, 2247 + 0,07 252.5 + 0,07 3.45 + 0,004 1.9 + 0,004 37
ModifiedPEDOT:PSS 224.6 + 0,07 252.5 +0.07 3.21 + 0.004 1.4 £ 0.004 35
AnneWOT:PSS 2203 + 0,07 2525 +0.07 3.19 + 0.004 10004 33

Abbreviations: ' FWHM, full width at half maximum; PEDOT:PSS, poly(3,4-ethylenedioxythiophene):polystyrene sulfonate.

(A) (B) | — FIGURE 4 A Equivalent electrical
Nk Al circuit. B, Charge transfer mechanism in
Rexe|—>} i i ITO/PEDOT:PSS/AI cell. PEDOT:PSS,
Rn Rext " - - poly(3,4-ethylenedioxythiophene):
- I olystyrene sulfonate
\Ri, | PEDOT:PSS 7"
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alcohol to PEDOT:PSS solution leads to forming agglomerates free
uniform and smooth PEDOT:PSS films with the reduced intensity of
the absorption band of the PSS aromatic fragment. Thus, annealing
and the addition of isopropyl alcohol leads to the structural change of
PEDOT:PSS and according to the agglomerates loss and decrease in
absorption band of the PSS aromatic rings, it is reasonable to conclude
that PSS is removed from the film surface.
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FIGURE 5 The impedance spectra of ITO/PEDOT:PSS/AI cells
measured at voltage parameters of —500 mV and frequencies fro
100 kHz to 0.5 Hz: 1, s-PEDOT:PSS. 2, Annealed s-PEDOT:PSS. 3,
m-PEDOT:PSS. 4, Annealed m-PEDOT:PSS. ITO, indium tin oxide;
PEDOT:PSS, poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate
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TABLE 3 The charge transport
parameters of the films

Samples

s-PEDOT:PSS

Annealed s-PEDOT:PSS
m-PEDOT:PSS
Annealed m-PEDOT:PSS

Aluminum electrode
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The IS of ITO/PEDOT:PSS/AI cells were measured. The analysis
of impedance data was carried out according to the diffusion-
recombination model, and the equivalent circuit shown in Figure 4A
was used for the fitting.?” Charge transport and transfer mechanism
in ITO/PEDOT:PSS/Al cell is shown in Figure 4B. The IS of
ITO/PEDOT:PSS/AI cells based on the s-PEDOT:PSS and m-PEDOT:
PSS are shown in Figure 5. The IS were fitted using the EIS-analyzer
software, and the main charge transport parameters of the films were
calculated (Table 3): where: ko is the effective charge carrier extrac-
tion rate from PEDOT:PSS, ¢ is the effective transit time through
PEDOT:PSS, Ry, is the PEDOT:PSS film resistance, and Re,: is the
transfer resistance of charge carriers at
interface associated with the extrac&n
PEDOT:PSS.

Charge transport parameters determi
sented in Table 3. As it can be T.
addition of isopropyl alcohol
PEDOT:PSS film (Ry) a
electrode interface (Re
PSS has the highe!
120°C le@ds e
addition of rop

IS data are repre-

le 3, annealing and the
ect the resistance of the
a resistance at the PEDOT:PSS/
tance of the unannealed s-PEDOT:

ifican

er annealing at a temperature of
se in the resistance by more two times. The
hol to the PEDOT:PSS solution leads to the
DOT:PSS film with a resistance of two times less
ce of s-PEDOT:PSS film. However, further annealing

nce'of m- PEDOT:PSS film should improve the solar cell current
nerally increase PV performance.

A similar dynamics is observed in the change of the charge trans-

fer resistance at the PEDOT:PSS/electrode interface (Rext)- Rext is also

- Glass 00
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I, mA
2,0
e
1,54 Ry
N
Y Z -
104 N
[resenerrearene., 1 N
i N"'*-.‘_‘ \‘~.
0.5 BSERN
.. \
‘-,_\.\l
Ny
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Ry, (Ohm) Rext (Ohm) Kegt (s™%) Tefr (MS)
145.9 24 532 44.3 22.57
65.5 11 097 56.8 17.61
66.2 11 161 925 10.81
63.7 9010,6 93.5 10.70

Abbreviation: PEDOT:PSS, poly(3,4-ethylenedioxythiophene):polystyrene sulfonate.
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TABLE 4 Photovoltaic performance of organic solar cells
Samples Uoc (V) Joc (MA/cm?) Unnax (V) Jinax (MA/cm?) FF PCE (%)
s-PEDOT:PSS/P3HT:PC60BM/AI 0.51 6.5 0.3 4.69 0.42 1.42
m-PEDOT:PSS/P3HT:PC60BM/Al 0.51 11.19 0.3 7.75 041 2.34

Abbreviations: FF, fill factor; PCE, power conversion efficiency; PEDOT:PSS, poly(3,4-ethylenedioxythiophene):polystyrene sulfonate.

(A) (B)

1,0 - The photoactive layers coated on m-PEDOT:PSS
/

ABsorbance [A.U]
=
)

%
The photoactive layers coated on s-PEDOT:PSS

L} L}
400 600 800
A (HM)

FIGURE 7 A, Atomic force microscopic images of the surface morphology of photoactive layer with s-PEDOT:PSS. B, Atomic force
microscopic images of the surface morphology of photoactive layer with m-PEDOT:PSS. C, UV-VIS absorbance spectra. PEDOT:PSS, poly

(3,4-ethylenedioxythiophene):polystyrene sulfonate
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larger for the unannealed s-PEDOT:PSS film. Upon further annealing,
Rext decreases by more than two times. As in the case of Ry, when iso-
propyl alcohol is added to the original solution, Rey: is halved. With
further annealing, Re,: decreases by almost 20%. R.,: affects the effi-
ciency of charge extraction rate from PEDOT:PSS films, and the lower
value of R, should lead to the greater value of efficiency of accumu-
lation of charge carriers and photocurrents of solar cells.

The keis and 7es characterize the rate of the extraction of
charge carriers from PEDOT:PSS film and the effective transit time
of charge carriers in PEDOT:PSS. As can be seen from Table 3, the
annealing of the films slightly affects ketr and zefr, however, there is
a positive dynamics. However, the addition of isopropyl alcohol to
the original solution has a noticeable positive trend for ke and zes.
The extraction rate of charge carriers from m-PEDOT:PSS
increased approximately twofold, and the effective transit time of
charge carriers decreased inversely indicating faster charge trans-
port. At a bias applied according to the Figure 4B, holes are injected
into PEDOT:PSS from ITO and diffuse to the Al electrode, where
they recombine with electrons. The fast transport of injected holes
to the external electrode is very important, since it reduces the
probability of their reverse recombination. In our case, fast hole
transport is ensured by improving the morphology and structure of
PEDOT:PSS after adding isopropyl alcohol to the original solution,
which also leads to an improvement in the quality of the PEDOT:
PSS/electrode interface.

Then the annealed films of the standard and modified PEDOT:PSS
were used as hole selective electrodes for PSCs based on P3HT:PC60BM
bulk heterojunction (Figure 6A). The scheme and current-voltage charac-
teristic of the assembled organic cells are shown in Figure 6.

The PV performance of PSCs is shown in Table 4, wihiere J . ax and
Umax are the maximum values of current and voltagéfillg. is the‘open
circuit voltage, Js is the short-circuit current density, FF is the fill fac-
tor, and PCE. The FF and PCE of PSCs werg determined.according to
the procedure described as mentioned in.Reference 18.

As can be seen from Table 4, the opén gircuit voltage (U, of
devices, both with the s-PEDOT#PSSand with 'the m-PEDOT:PSS, is
the same, since voltage is determined by the energy of the P3HT and
PC60BM. The short-circdit current density (Jo.) generated by cells
with a m-PEDOT:PSS is almaest 1.7times higher than current density
of cells based"an, the 's*PEDQT:PSS. Both types of solar cells were
obtainedfunder thessame ‘eonditions and, therefore, a significant dif-
ference in“clrfent is explained by the structural features and proper-
ties of PEDOT:PSS£The AFM topographies and UV-VIS absorbance
spectra of the photoactive layers coated on both types of PEDOT:PSS
are shown in Figure 7 and there are no significant differences as in
morphology (Figure 7AB) and in optical absorbance spectra
(Figure 7C) of photoactive layers, which indicate that differences in
PV performance are attributed only with the modification of PEDOT:
PSS layer and PEDOT:PSS/photoactive interface. The structure of the
modified PEDOT:PSS provides faster injection and transport of holes
to the external electrode (ITO), which reduces the probability of hole
recombination with electrons in the PC60BM and boosts the effi-

ciency of hole accumulation on the external electrode. All of the

technologies
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FIGURE 8 Quantum efficieney (QE)‘of organic solar cells: 1, QE
of cells with the s-PEDOZ:PSS: 2, QE of cells with m-PEDOT:PSS.
PEDOT:PSS, poly(3,4-ethylenediexythiophene):polystyrene sulfonate

above increases the photocurrent of the cell and, as a result, PCE of
the cell'with theimodified PEDOT:PSS is more than 1.6 times higher
thafPCE of the cell with the s-PEDOT:PSS.

The QE of both type solar cells are presented in Figure 8. The pat-
tern of spectral sensitivity for both cells based on s-PEDOT:PSS and
m-PEDOT:PSS is almost identical and corresponds to typical devices
with PEDOT:PSS/P3HT:PC60BM/AI configuration. However, the
values of QE in the spectral range of 350 to 650 nm differ signifi-
cantly. As can be seen from the figure, the QE of the cell with the
s-PEDOT:PSS in the indicated range does not exceed 31.5%, and for
the cell with the m-PEDOT:PSS reaches 51.6%. A significant improve-
ment in the QE of m-PEDOT:PSS based cell correlates with the I-V
curve and IS data, and indicates that a modified PEDOT:PSS with
improved morphology and structure more efficiently extracts and
transports holes to the ITO electrode.

4 | CONCLUSIONS

Inorder to conlude, it was found that thermal annealing and the addition
of isopropyl alcohol to the PEDOT:PSS solution lead to an improvement
in the morphology and structure of spin-coated PEDOT:PSS films.
According to AFM images and data, modified PEDOT:PSS films have bet-
ter surface morphology, more uniform and smooth. In the optical absorp-
tion spectrum of the modified PEDOT:PSS films, a decrease in the
intensity of the absorption band due to the aromatic fragment of PSS is
observed, which indicates structural changes in the PEDOT:PSS film. It
was shown that the structural features of PEDOT:PSS affect the charge
transport properties of films. It was established that the modification of
the structure of the PEDOT:PSS layer improves the charge transport
properties, which leads to enhancing the short circuit current density by
1.7 times, and PCE and QE of cells by 1.6 times.
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