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Abstract In this report, the fabrication of a solar cell
device with the structures FTO/PPy/PTh/ZnO/Al was per-
formed using wet chemical synthesis methods in open
environment. The cost-effective methods like CBD,
SILAR, and spin coating have been used for the synthesis.
The effect of thickness of PPy active layer on the device
performance is investigated. Features such as structural,
morphological, and chemical bonding of the layers have
been investigated using X-ray diffraction, field emission
scanning electron microscopy, and Fourier transform
infrared spectroscopy and are discussed herein. Effects of
PPy thickness on current—voltage characteristics have been
studied under dark and illumination at 1 Sun (100 mW/
cm’, AM 1.5 G) condition to study the solar cell
performance.

1 Introduction

Understanding the fact that both depletion and pollution
created by the fossil fuel as an energy source, organic solar
cells have become the heart of current low-carbon econ-
omy which leads us to grow our interest towards the issues
related to environmental pollution due to energy crisis [1].
Polymer solar cells have a combination of flexibility and
low-cost fabrication, so they are attracting as a possible
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application for energy sources. During the last two dec-
ades, attempts had been made to fabricate junction devices
using conducting polymers as an active material, which
replaces the conventional inorganic semiconductors and
expensive standard polymers in the fabrication of photo-
sensitive junctions in electronic and optical devices, such
as solar cells [2].

In this perspective, conducting polymer thin films have
received great interest in many application fields because
of their mechanical, chemical, and physical properties. It
has the characteristics of high sensitivities, short response
times, and optimum performance at ambient temperatures.
The polythiophene (PTh), polypyrrole (PPy), and
polyaniline (PAni), as the conjugate polymers, have
attracted more attention for their frequent usage in the
energy field as a conducting polymer. Among these, PPy
has been known for nearly a century; it is one of the most
promising conducting polymer due to its unique properties.
Its main advantages are as follows: commercially avail-
able, water-soluble, high electrical conductivity, biocom-
patibility, pH sensitivity, good stability in ambient
conditions, and rather easy preparation, where the mono-
mers of pyrrole are easily oxidized [3-6]. The most pre-
ferred method of preparation of polymer is either
electrochemical or chemical oxidation of monomer in
aqueous medium. The synthesis of polymer by either of
these methods depends upon the intended application of the
polymer. PPy can be easily synthesized either electro-
chemically or chemically [7, 8]. Nowadays, the preparation
of conducting polymer by chemical oxidative polymer-
ization has been developed, since this method is easier and
more effective. Chemical synthesis is used for large
quantities of material and involves mixing a strong oxi-
dizing agent [9]. In this method, the distribution between
polypyrrole and host polymer is good, and thus electrical
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conductivity and mechanical properties were increase. The
popularity of this method can be attributed to two charac-
teristics namely simplicity and reproducibility.

The basic properties, such as optimal preparative con-
ditions and behavior of PPy during the fabrication, have not
been systematically studied [10]. In many reports, it is
found that PPy was used as a counter electrode for dye-
sensitized solar cells, hole transparent layer in solar cell,
photocatalysis, supercapacitors, gas sensor, and fuel cell
device applications [11-15].

Therefore, this firms our idea for the construction of
nanostructured thin film of PPy for solar cells. Fabrication
of any desired nanostructure of polypyrrole (PPy) using
hard and soft template methods is still surprisingly chal-
lenging for researchers, since for that each fabrication
method has its own drawbacks [16]. Hence, low-cost and
easy manufacturing methods need to be employed for the
fabrication of solar cell device. To the best of our knowl-
edge, there are no other reports about the fabrication of PPy
constructed from nanostructured-building blocks using
chemical bath deposition. Additionally, this is the first
report for the fabrication of a solar cell of FTO/PPy/PTh/
ZnO/Al device structure carried out in ambient atmosphere.

2 Experiment part
2.1 Materials

The glass slides coated with fluorine-doped tin oxide (FTO)
(thickness 2 mm, sheet resistance ~ 15 Q/cm?) and pyrrole
monomer (C4HsN) were purchased from Sigma Aldrich,
zinc acetate (Zn(CH;COOQO),-2H,0), sulfuric acid (H,SO,),
and hydrochloric acid (HCI) were purchased from Loba
Chemie, whereas ethanol (C,H¢OH) and ammonium per-
oxydisulfate [(NH4),S,0g] from Merck, India. Acetonitrile
(C,H3N) was purchased from Vetec, India, zinc powder
and thiophene (C4H4S) were from Spectro chem., India,
and FeCl; was from Rankem, India, and all the chemicals
were used as received, without any further purification.

2.2 Device fabrication
2.2.1 Preparation of patterned-FTO

Fluorinated tin oxide (FTO) coated glass substrate was
etched by spreading zinc powder over the required area of
FTO followed by spreading the mix solution of
hydrochloric acid and DDW at the ratio of 1:1 over the
same. The patterned-FTO was cleaned using the mixture of
DDW with 5% nitric acid followed by successive cleaning
with liquid soap and acetone, and finally using DDW in an
ultrasonic bath for 15 min sonication in each step. The
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cleaned substrates were dried in an oven at 150 °C for
20 min and then used for synthesis.

2.2.2 Polypyrrole thin film formation

Polymerization was done by purring pyrrole monomer and
(ammonium peroxydisulfate) APS solutions simultane-
ously in a beaker which contained cleaned substrate. PPy
polymerization was performed using CBD and the bath
contained the mixture of 0.02 M concentration of pyrrole
monomer and 1 M concentrated H,SO, prepared in 40 ml
of DDW as cationic source. As soon as both of these mix,
the polymerization process immediately starts with the
appearance of black color which confirms the formation of
PPy. Substrate was kept in this bath for 45 min, then
removed and rinsed with DDW. This deposition process
was repeated for two, three and four cycles on separate
substrates. Thick and black films were removed from the
bath and rinsed with DDW, and annealed at 120 °C for
30 min.

2.2.3 Polythiophene thin film formation

Polymerization of PTh had been done using successive
ionic layer adsorption and reaction (SILAR) method which
is already reported by Patil et al. through chemical oxida-
tive polymerization of thiophene using FeCl; [17]. Briefly,
0.03 M of thiophene was dissolved in acetonitrile with pH
~6 and used as cationic solution, whereas 0.06 M of
anhydrous ferric chloride FeCl; was used as anionic solu-
tion. Thin film deposition of PTh was taken place by
immersing FTO-coated PPy film for 15 s in thiophene and
ferric chloride solution, alternatively. This process was
repeated for 20 cycles. To get good crystallinity, the films
were annealed at 150 °C for 30 min.

2.2.4 Deposition of zinc oxide layer and aluminum back
contact

Thin film of zinc oxide (ZnO) was deposited using spin
coating method by following the recipe described by Li
et al. [18]. In short, zinc acetate with 0.015 M was made in
the ethanol and stirred for 1 h at room temperature (27 °C).
Finally, the mixture was dropped over the PPy/PTh grown
films, and spin-coated at 3000 rpm for 30 s. Ohmic con-
tacts of aluminum (Al) with the thickness of 100 nm was
deposited over PPy/PTh/ZnO thin films using thermal
evaporation method, which was operated under vacuum of
5 x 10~* Torr.

Figure 1 shows the schematic diagram of the device
with FTO/PPy/PTh/ZnO/Al structure. The thickness of PTh
over PPy film was found to be 130 nm, whereas about
45 nm of ZnO was deposited on the top of the PTh layer.
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Fig. 1 Schematic diagram of fabricated solar cell device

Finally, for back contact, 100 nm of aluminum was
deposited using thermal evaporation method.

3 Characterizations

The surface morphology of the samples was studied using
field emission scanning electron microscope (HITACHI
S-4800) operated at 15 kV coupled with an energy dis-
persive X-ray spectroscopy (EDX) unit. The structural
analysis of the prepared samples was performed using
XRD; Bruker (Model: D8 advance) with CuK,, radiations
(L =1.54 A). The UV-Vis spectrophotometer (UV1600,
Shimadzu) was used to record the absorbance spectra for
optical studies of resulting films. Dektak-150 surface pro-
filer was used for measuring the thickness. The photo-
voltaic performances of the devices were recorded using
current—voltage source/sink measurement unit (Keithley-
2611A) with exposed area of 0.1 cm? regulated by mask
under dark and illumination conditions of AM 1.5 G at 100
mW/cm?. Fourier transform infra-red (FTIR) spectra were
recorded using a Perkin Elmer FTIR to analyze the for-
mation of different chemical bonding in the deposited
films.

4 Results and discussion
4.1 Surface morphology and elemental analysis

Figure 2a shows the image of PPy nanostructured thin film
covered over the FTO substrate at higher magnification,
whereas Fig. 2b shows the image at lower magnifica-
tion for three CBD cycles. From Fig. 2b, it is quite evident
that PPy particles combine to form a uniform globular-like
structure of PPy coated over FTO. Along with this, there
were no cracks or pin holes found to appear in the mor-
phology of the obtained film. The advantage of the porous
substrate is to improve electrocatalytic activity of the film.

Apart from this, it is also found that this globular type of
structure conglomerated, which makes them interconnected
to each other [19]. Similar type of structure is also reported
by Bulakhe et al. [20]. Figure 2c, d shows the morphology
of PPy film was completely covered with the other two
layers of PTh and ZnO, respectively. Figure 2e, f describes
the purity and composition of the prepared samples using
elemental analysis by EDX spectra. The existence of ele-
ments Zn (from ZnQO), O (from both ZnO and pyrrole), and
Fe (from PTh) was observed in the result. Also, the EDX
spectrum of the composite material film shows a signal of
carbon (C) at 0.25 keV and oxygen (O) at 0.52 keV, which
represents the existence of the PPy polymer. The presence
of lone pair-free electrons of Fe is attributed to the reaction
of the FeCl; on the weak bonds of thiophene monomer.
Hence, the polymerization process of polythiophene
becomes rapid and the formation of chain of polythiophene
takes place very fast with agglomeration of polythiophene
polymer to form globular grains [21].

4.2 Structural studies

The presence of PPy microcrystalline structures in the
prepared PPy film, and film composite of PPy, PTh, and
ZnO fabricated for device are confirmed from XRD studies
shown in Fig. 3. The broad peak observed at 24.5° is a
characteristic peak of amorphous PPy [pattern (a)] which is
found to be similar to that observed by Partch et al. [22].
The crystallite size (D) of PPy nanoparticles was calculated
from the major diffraction peak of the corresponding PPy
using the Debye—Scherer formula from the relationship:
- ﬁf:se' M)

The interplanar spacing between PPy planes was cal-
culated using the following formula:

2d sinf = nJ, (2)

where k is a constant, often taken as 0.9, A is the wave-
length of X-ray, i.e.1.54 A value for the 5.9 keV CukK,
X-ray radiation source, 6 is the diffraction angle of incident
light, and f is the full width at half maximum (FWHM) of
the prominent peak. The crystallite size was found to be
1.748 nm, whereas interplanar spacing ‘d’ between PPy
planes is 7.27 nm.

Song et al. referred that the high intense peak appeared
at 26° which shows the doping level and the type of dopant.
Along with this, the short-range ordering of PPy influences
the intensity of peaks at high angle, which becomes more
distinct with shorter chain length of dopants. Therefore, the
higher conductivity resulted from the ordering of PPy
chains for shorter dopant systems [8].

@ Springer



555 Page 4 of 8

F. M. A. Almuntaser et al.

Fig. 2 FE-SEM image of PPy
for a and b three CBD cycles,
¢ and d FE-SEM image of the
top surface of ZnO over PPy/
PTh, e EDX spectrum of three
CBD cycles of PPy thin film and
f ZnO thin film infiltrated with
the active layer (PPy/PTh)
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Fig. 3 a X-ray diffraction pattern of pure PPy, which has a broad
peak at about 20 = 24.5° and b the XRD of the fabricated device

Again from Fig. 3 pattern (b) for 3 CBD cycles, PPy/

PTh/ZnO shows a broad characteristic peak at 20 = 25°
which implies the presence of PPy and exhibits an
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amorphous structure [23]. Ashokan et al. revealed that
the broad diffraction peak observed at 20 = 20° to the
crystalline nature of doped-PPy [24].

The emergence of amorphous nature of X-ray
diffraction (XRD) pattern for PTh indicates the inter-
molecular stacking structure as well as amorphous
packing of the relatively smooth grains which were
distributed randomly [17]. The examined crystal struc-
ture of the ZnO was verified by the diffraction peaks of
ZnO nanoparticles which were indexed as 34.88° (002),
47.45° (102), and 56.67° (110), this indicates that the as-
grown ZnO nanoparticles are almost grown in a direction
perpendicular to the substrate surface along the c-axis.
All diffraction peaks of sample correspond to the char-
acteristic hexagonal wurtzite structure of ZnO nanopar-
ticles [25].

4.3 Optical studies
The UV-Vis absorption spectrum of the PPy films and

devices was recorded, as shown in Fig. 4. From Fig. 4a,
PPy-doped sulfuric acid of two CBD cycles shows three



Synthesis and characterization of polypyrrole and its application for solar cell

Page 5 of 8 555

(a)

—m— 3 CBD cycles PPy
—e— 2 CBD cycles PPy

Absorbance (a.u)

500 600 700 800

Wavelength (nm)

300 400

(b)

—e— 3 CBD cycles PPy/PTh/ZnO
—m— 2 CBD cycles PPy/PTh/ZnO

Absorbance (Arb. Unit)

i " 1 " 1 " 2
300 400 500 600 700 800

Wavelength (nm)

Fig. 4 UV-Vis of a pure PPy film and b the fabricated devices with
three CBD cycles PPy

characteristic peaks of absorption in wavelength at 317.5
and in the range 452.5-453.5 and 661-684 nm, respec-
tively. The peak at wavelength of 317.5 nm is due to the n—
m* electron orbital transition of benzenoid ring along the
backbone of the PPy chains [26]. The peak in wavelength
range of 661-684 nm is attributed to the m—polaron tran-
sition. The peak of wavelength band 452.5-453.5 nm is
due to the polaron—r* transition, where at this wavelength
range, the emergence of n—m* transitions also exists owing
to electrons in nonbonding orbitals of the amino nitrogen
which is formed by the quinoid rings [27, 28]. The
prominent direct band gaps are around 1.85 eV for middle
of wave length absorption 684-661 nm and 2.74 eV for
middle of 452.5-453.5 nm (first- and second-order transi-
tions) of PPy of two cycles CBD.

Similarly, for three cycles of CBD-PPy-doped sulfuric
acid, it shows three characteristic peaks of absorption in

wavelength bands 321.5, 454-456, and 700-721 nm,
respectively. The reason for the formation of these three
peaks has been described earlier in this section. But
noticeably, it can be seen that all the peaks are found to be
red shifted in their wavelength ranges. This clarifies that
the more growth of the PPy layer is due to increase in one
more round of CBD method for PPy deposition. As a result
of which, increase in the grain size takes place. The band
gap is around 2.73 eV for middle of 454-456 nm (first- and
second-order transitions) of three cycle PPy, as shown in
Fig. 4a. The prominent direct band gaps are around 1.75 eV
for middle of wave length absorption 700-721 nm and this
matches well with reported result [7].

PPy is bipolaron formation polymer due to its highly
disordered structure (one defect in every three rings).
Bipolaron formation takes place when two polarons are
formed on the same chain; the polarons are independent
and not bound to each other [29]. Now from Fig. 4b, it
can be found that the variation of optical absorbance of
polythiophene thin film on PPy with incident photon
wavelength showed the same result as previously
reported [17], with m—n* electron orbital transition of
benzenoid ring at 306 nm [28], whereas the peak at
375 nm shows the band gap of ZnO corresponding to
3.3 eV at room temperature. In case of PPy—PTh-ZnO
thin films, the broad peak around 400-520 nm is ascri-
bed to the selective interaction between ZnO and quinoid
ring of PPy with increased intensity of the peak com-
pared to pure PPy. Also, the peaks of PPy-ZnO,
observed in UV-Vis spectra, may be attributed to the
interactions between PPy chains and ZnO nanoparticles
which cause easy charge transfer from PPy to ZnO via
hydrogen bonding [30].

4.4 Fourier transform infra red
(FTIR) spectroscopy

The FTIR spectra of three CBD cycle PPy film and the device
deposited over the same, PPy/PTh/ZnO are recorded as a
function of wave number in the range 4000-500 cm™' and
illustrated in Fig. 5a and b, respectively. Band present at the
peak 581 cm ™' is due to C—S stretching vibration, and the
broad peak at 1338 cm ™' confirms C—C and C-N vibration
modes [31]. The absorption band peaks present at 986 cm ™"
and 1091 cm™" correspond to C—C out-of-plane ring defor-
mation vibration and in-plane deformation vibration of N-H,
respectively [32]. Band appeared at 1637 cm ™" is attributed
to the bending mode of H-O-H [33]. The band present at
1554 cm ™! corresponds to the pyrrole ring vibrations [34].
The IR peak observed at 888 cm ™' may be assigned to the
=C-H out-of-plane vibration indicating polymerization of
pyrrole and 1338 cm™' may correspond to =C—H band in-
plane vibration [35]. The decrease in long absorption from
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Fig. 5 FTIR of a pure PPy and b the device of three CBD cycles PPy

4000 to about 1700 cm ™" has been assigned to the tail of an
absorption peak located in the region near, for oxidized PPy
[36].

From Fig. 5b it can be found that the bands at 582 cm™
are characteristics of C—H out-of-plane bending vibrations
of benzene nuclei of PPy [37]. The broad peak band
between 350 and 600 cm ™' is assigned to Zn—O stretching,
and stretching vibrations at 1528 cm™' are assigned to
C=C of PPy [24]. Band of peak at 1405.95 cm ™' belongs to
C—C symmetric stretching vibration modes of thiophene
ring and 1066 cm™ is assigned to C-H in-plane deforma-
tion for PTh [17]. PPy-PTh-ZnO nanocomposite illus-
trated that PPy had successfully incorporated with addition
of PTh/ZnO and over the PPy rings the localization of
strong electrons gets highly reduced from oxidized form
[30]. Thus, the FTIR spectra confirm the formation of
polypyrrole deposited using chemical bath deposition. This
also confirms the existence of all deposited materials in
between the conducting electrodes of fabricated three cycle
PPy device.

1

4.5 Current density—voltage (/-V) characterization

The J-V characteristics of the thin film solar cell (Fig. 6)
exhibit considerable photovoltaic performance for three
cycle PPy device under illumination AM 1.5 G (~100
mW/cm?, 1 sun). Using the photovoltaic curves under
illumination, the output parameters were calculated using
the following relations [38]:
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Fig. 6 J-V characteristics under dark and illumination of device PPy/
PTh/ZnO/Al with two, three, and four CBD cycles of PPy
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where P;, stands for input power of light energy and Iy and
VM are values of maximum current and voltage at the
maximum power point, respectively. The series and shunt
resistance were calculated from the slope of the output
power characteristics using the relations:

. ®
i ©

It is observed that with increase in CBD cycles of PPy
from two to three there is an enhancement in the perfor-
mance of device. From table, it is observed that with
increase in number of CBD cycles for PPy the values for J.
and the efficiency of device increase up to three cycles. The
low values of J . for device with two cycles might be due to
the non-uniform coverage of PPy results in the improper
junction formation which is responsible for low perfor-
mance of device. On the other hand, for four cycles the PPy
layer gets peeled off, this results in lowering the perfor-
mance of device. Power conversion efficiency (PCE) of the
device for three cycle PPy is 0.0227%, which shows a
maximum overall performance compared to the device
with two and four PPy cycles. This may attribute to better
charge collection efficiency and enhance the conductivity
mechanism through the increasing formation of bipolarons
and polarons. This increases with increasing number of
hole transport to aluminum electrode with thickness
increasing of polypyrrole up to three cycles. The
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Table 1 Photovoltaic output parameters derived from the J-V characterization of the fabricated devices

Label Jye (mA/cm?) Voe (V) Jinax (MA/cm?) Vinax (V) Ry (kQ) Ry, (kQ)  FF (%)  PCE (%)
Two CBD cycle PPy device 0.020 0.655 0.015 0.425 4.174 44.518 48 0.006
Three CBD cycle PPy device ~ 0.050 0.862 0.039 0.572 3.774 67.006 51 0.022
Four CBD cycle PPy device 0.012 0.919 0.009 0.622 5.268 51.109 53 0.005

photovoltaic parameters, such as short circuit current
density (Jy.), open circuit voltage (V,.), maximum current
density (Jiax), maximum voltage (V,.x), series resistance
(Ry), shunt resistance (Rg,) fill factor (FF), and power
conversion efficiencies (PCE) were calculated and tabu-
lated as in Table 1.

The amorphous thin film structures were deposited at
room temperature in an ambient condition. As the film
thickness increases due to increase in CBD cycles from two
to three of PPy, the grain size becomes bigger and it can be
concluded that the concentration of electrical carrier
increases, and thus the electrical resistivity decreases with
an increase in the film thickness [5]. It was also observed
that the conductivity of the device increases due to the
presence of ZnO with PPy [24]. Somani et al. shows that
the reduction in the band gap energy of polymer can be
achieved due to the doping effect. This is found quite
resembling to our case, where the growth of ZnO over PPy/
PTh tunes the band alignment, and hence creates the
bipolaronic conduction band through lowering the energy
level of the conduction band [39]. The low value of overall
conversion efficiency of fabricated devices may attribute
due to poor carrier mobility in the layer-by-layer films
which contain many ionic units that act as the trap states
for the charges, and this combined with the relatively low
optical cross section of the materials in the visible region
[40].

5 Conclusion

Complete solid-state devices of ZnO-conducting poly-
mers [polypyrrole (PPy) and polythiophene (PTh)] were
fabricated. The devices designed with conventional
structures of FTO/PPy/PTh/ZnO/Al were fabricated
using simple and low-cost chemical routes, namely,
chemical bath deposition method (CBD), successive
ionic layer adsorption and reaction (SILAR), and spin
coating. It has been found that on increasing the number
of CBD cycles of PPy can actively harvest the visible
light matching the semiconductor energy levels. Except
this, the highest open-circuit voltage achieved was
0.919 V with four CBD cycle PPy solar cell. These
results may attribute to the thickness of the PPy during

fabrication process. The low value of conversion effi-
ciency of fabricated devices may attribute to relatively
low optical absorbance of the conducting polymers in
the visible region and this combined with presence of the
ionic units in the layer-by-layer films that trap charges
and reduce the number of charges. The photovoltaic
performance and the rectification behavior of the devices
presented above suggest a successful formation of a
heterojunction of fabricated device layers.
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