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ABSTRACT: This study investigates the optimization of bilayer polymer solar cells (PSCs) using Poly(3-hexylthiophene)
(P3HT) as the donor and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the acceptor. The active layers were prepared
by spin coating at an optimized speed of 2000 rpm, followed by post-production annealing at 100°C. The electron-blocking
layer (EBL) of PEDOT:PSS or polyaniline (PANI) was deposited under controlled conditions and annealed at 120°C for 15
minutes. Structural and morphological properties of the thin films were analyzed using X-ray diffraction (XRD), Fourier-
transform infrared (FT-IR) spectroscopy, and scanning electron microscopy (SEM). Optical and electrical characteristics were
evaluated using UV-Vis spectroscopy and Keithley electrometer under illumination. The results indicate that optimizing the
thickness of the P3HT:PCBM bilayer significantly enhances the power conversion efficiency (PCE) by improving exciton
dissociation and charge transport. SEM analysis revealed uniform film morphology, while XRD patterns showed distinct
crystalline features, particularly for the P3HT layer. FT-IR spectra confirmed the successful deposition of the layers with
characteristic functional groups. Electrical performance analysis demonstrated that annealing and bilayer thickness
optimization reduced recombination losses, leading to higher short-circuit current density (Jsc) and open-circuit voltage (Voc).
These findings emphasize the importance of layer thickness, morphology, and thermal processing in achieving efficient bilayer
PSCs.
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1. INTRODUCTION

Polymer solar cells (PSCs), based on semiconductor and
metal polymers, have garnered significant attention due to
their low cost, flexibility, and potential for integration into
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printable energy devices [1, 2]. PSCs are typically classified
into two types based on the structure of their active layers:

single planar heterojunction (bilayer) and bulk heterojunction
(BHJ) [3]. BHJ devices consist of a mixture of an electron-

donor conjugated polymer (P-type) and an electron-accepting
fullerene derivative (N-type) in the entire active layer volume,
while bilayer devices have sequentially deposited layers of P-
type and N-type materials [4, 5]. Conjugated polymers and
fullerenes, when combined, segregate into separate nanoscale
phases, forming a continuous network comprising polymer
and fullerene components, which defines the BHJ structure
[6, 7]. Light absorption in BHJ solar cells primarily occurs in
the m-conjugated polymer, leading to the generation of tightly
bound excitons. Studies have shown that excitons can diffuse
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only over a limited distance of approximately 10 nm [8, 9].

In recent years, advances in donor and acceptor
materials have significantly improved the photoelectric
conversion properties of the photoactive layer. Additive
materials have been introduced to enhance donor/acceptor
(D/A) heterojunction trapping abilities and optimize energy-
level interface alignment [10, 11]. Among the most cost-
effective and reproducible configurations of polymer-organic
photovoltaic devices are BHJ solar cells containing a mixture
of the semiconductor polymer P3HT and the organic
fullerene derivative PCBM as the active layer, achieving
average power conversion efficiencies (PCE) of up to ~5%
[12, 13]. Moreover, flexible polymer-organic solar cells have
been developed using various active-layer compositions
deposited on plastic substrates [14, 15]. Poly(3-
hexylthiophene) (P3HT) is a widely used donor material
owing to its high hole transport ability (10*-102cm? V' s™)
and low bandgap. Meanwhile, [6, 6]-phenyl-Cei-butyric acid
methyl ester (PCBM) is a promising acceptor material for
heterojunction organic solar cells due to its excellent electron
mobility and high stability.

The performance of organic solar cells depends on
various factors during the fabrication process, such as film
thickness, drying time, and annealing temperature.
Controlling the film thickness and processing conditions of
the active layer, where photons are absorbed to generate
excitons, is crucial for achieving high short-circuit current
and PCE [16]. Optimizing the thickness allows for a balance
between optical absorption and series resistance of the active
layer [17]. Additionally, thermal annealing improves the
microstructure of the active layer, enhances the crystallinity
of P3HT, and optimizes the PCBM-rich domain size,
facilitating efficient electron transport across the interface
[18].

To maximize energy conversion efficiency, solar cell
parameters must be carefully investigated. Open circuit
voltage (Voc), a key parameter, depends on the energy
difference between the HOMO level of the donor material
and the LUMO level of the acceptor material [19]. Short-
circuit current density (Jsc), another critical factor, is
influenced by the donor material’s absorption properties,
which are determined by its bandgap [20]. Structural
modifications to reduce the bandgap or altering the active
layer thickness can modify the Jsc. The fill factor (FF), which
is influenced by Voc, Jsc, and active layer morphology, also
plays a crucial role in determining the efficiency of organic
solar cells [21].

The standardized efficiency of solar cells, or power
conversion efficiency (PCE), is calculated from the current
density versus voltage (J-V) characteristics of photovoltaic
(PV) cells, as shown in Figure 1. The J-V curve is derived by
measuring the current density output under simulated solar
light over a variable voltage bias. The short-circuit current
density (Jsc) is defined as the current density at zero bias,
while the open circuit voltage (Voc) is the voltage at zero
current. The FF is the ratio of the maximum power output to
the product of Jsc and Voc [22].

PCE is calculated using the following equation:

PCE — @ — ]SCVOCFF (1)
Pin Pin

PCE represents the conversion efficiency of incident light
power to usable electrical power. It depends on short-circuit
current (Jsc), open circuit voltage (Voc), Fill factor (FF), and
Incident power irradiance (Pin). Jsc, Voc, and FF can be
directly measured from the I-V curve. Current density (J) is
often used instead of current (I) to account for the device's
active area. Precise measurement of the active area,
especially for small-area PV devices, is essential for accurate
efficiency calculations.

In this paper, we report on the optimization of power
conversion efficiency (PCE) in polymer solar cells by
systematically tuning the bilayer of PCBM and P3HT using
an electron-blocking layer composed of PEDOT:PSS and
polyaniline. We examine the impact of active layer thickness,
annealing temperature, and device architecture on key
performance parameters such as Jsc, Voc, FF, and overall
PCE. The findings are supported by detailed experimental
results, including J-V curve analysis, and demonstrate an
effective strategy for enhancing the efficiency of polymer
solar cells.

2. EXPERIMENTAL DETAILS

PEDOT:PSS solution (1 S/cm, 1.3 wt. % dispersion in H-0)
was purchased from Sigma-Aldrich. The concentration of
PEDOT:PSS was 1.3% by weight, consisting of a 0.5 wt. %
PEDOT and 0.8 wt. % PSS ratio. Polyaniline (PANI)
emeraldine base (EB), with an average molecular weight
(Mw) 0f 50,000, was also sourced from Sigma-Aldrich. PANI
was dissolved in N-methyl-2-pyrrolidone (NMP) and
sonicated for 15 minutes at room temperature to ensure
complete dissolution.

Poly(3-hexylthiophene) (P3HT) solution, with a purity
of 99.995%, and [6,6]-phenyl-Csi-butyric-acid-methyl ester
(PCBM) (molecular weight: 910.88 g/mol) were purchased
from Otto Chemie Pvt. Ltd. A 7 mg/ml concentration of
P3HT and a 15 mg/ml concentration of PCBM solutions were
prepared by dissolving each solute separately in toluene,
using a magnetic stirrer for 12 hours at room temperature to
achieve complete dissolution.

The bilayer heterojunction solar cells were fabricated by
spin-coating the PEDOT:PSS/PANI, P3HT, and PCBM
layers sequentially onto pre-cleaned glass substrates with
indium tin oxide (ITO) films (1.2 x 1.2 cm?). The ITO
substrates were cleaned using a multi-step process: initially,
they were washed with acetone, followed by isopropyl
alcohol (IPA), and finally, rinsed with deionized water. After
cleaning, the substrates were subjected to UV-ozone
treatment for 10 minutes to improve the surface wettability
and adhesion of the subsequent layers.

Once the substrates were prepared, a uniform layer of
PEDOT:PSS/PANI was spin-coated onto the ITO substrates
at 3000 rpm for 30 seconds, followed by a 10-minute
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annealing process at 100°C in a vacuum oven. This was
followed by the deposition of the P3HT layer, spin-coated at
2000 rpm for 30 seconds, and the PCBM layer, spin-coated
at 2000 rpm for 30 seconds as well. Both layers were
annealed at 100°C for 30 minutes to optimize their
crystallinity and morphology.

After the active layers were fabricated, the devices were
transferred to a vacuum drying oven for further annealing at
100°C for 30 minutes to enhance the microstructure and the
interfacial characteristics between the active layers. Finally,
electrical contacts were made by depositing a conducting
silver paste on the surface of the PCBM layer and the ITO
electrodes to ensure good electrical contact. Current-voltage
(I-V) characteristics of the fabricated devices were measured
using a Keithley 2400 Electrometer under standard
illumination conditions. The I-V measurements were
recorded in a dark condition and under simulated sunlight at
100 mW/cm?, and the results were used to calculate the power
conversion efficiency (PCE) of the devices.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis (XRD)

The X-ray diffraction (XRD) patterns of thin films of PCBM,
P3HT, and layers of PCBM on the P3HT thin film are
presented in Figure 1. The XRD patterns provide insights into
the crystallinity and molecular arrangement of the materials.
A prominent peak appears at a 20 value of 23°, which
corresponds to the (100) reflection plane of the thiophene
rings in the crystalline chains of P3HT. This peak is a
characteristic feature of P3HT's crystalline structure. The
presence of this peak indicates that P3HT possesses a
relatively ordered molecular structure, which is essential for
charge transport in organic photovoltaics (OPVs). The
observed peak is linked to the crystalline nature of P3HT,
whereas the adjacent amorphous nature of PCBM, as
indicated by the lack of distinct peaks, suggests that the
PCBM is in an amorphous form when mixed with P3HT. This
amorphous nature of PCBM can facilitate the formation of a
mixed phase in the bilayer, which is beneficial for optimizing
charge transport and reducing recombination losses in OPVs.
The blending of crystalline P3HT with amorphous PCBM
likely results in enhanced charge transfer at the interface,
which is a critical factor for improving the device
performance.

3.2. FT-IR Spectroscopy

The FT-IR spectra of PCBM, P3HT, and the layers of PCBM
on P3HT thin film are shown in Figure 2. The FT-IR spectra
provide valuable information about the functional groups and
chemical bonding within the materials. In the FT-IR spectrum
of P3HT, a broad absorbance is observed, indicating the
presence of characteristic peaks associated with the polymer

backbone and side groups. Specifically, the peak at 2354 cm™
corresponds to the out-of-plane deformation of the C-H
group in the aromatic ring, which is characteristic of
thiophene-based polymers such as P3HT [23]. Additionally,
the peaks around 2933 cm™ are assigned to the stretching
vibrations of the aliphatic C—H group, which are typical for
the side chains of P3HT. These features are consistent with
the chemical structure of P3HT and confirm the successful
deposition of P3HT onto the substrate [24].
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Fig. 2. XRD patterns of thin film of PCBM, P3HT and Layers
of PCBM on P3HT thin film.
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Fig. 2. FT-IR spectra for (a) PCBM (b) P3HT(c) Layers of
PCBM on P3HT thin film.

For PCBM, the FT-IR spectra show distinct peaks associated
with the carbonyl group (C=0) at around 1730 cm™,
indicative of the fullerene derivative's presence. The
interaction between P3HT and PCBM in the bilayer structure
results in an overlapping of the spectra, with characteristic
peaks from both materials appearing in the composite film.
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P3HT + PCBM

Fig. 3. SEM images of (a) PCBM (b) P3HT (c), Layers of PCBM on P3HT thin film.

This confirms the blending of PCBM and P3HT, which is
crucial for efficient charge separation and transport within the
device. The FT-IR results further support the successful
fabrication of the bilayer thin film and provide a clearer
understanding of the chemical interactions at the molecular
level.

3.3. Surface Morphology

The surface morphology of PCBM, P3HT, and the layers of
PCBM on P3HT thin films were investigated using scanning
electron microscopy (SEM), as shown in Figure 3. The SEM
images reveal distinct differences in the surface topography
of the materials. The P3HT layer (Figure 3 (a)) exhibits a

relatively smooth surface, characteristic of thin polymer films.

The PCBM layer (Figure 3 (b)) shows a more uniform
morphology, indicating good coverage of the substrate. When
the PCBM layer is deposited on top of P3HT (Figure 3 (c)),
a uniform and ordered arrangement of the polymer chains is
observed. The interaction between P3HT and PCBM results
in a well-mixed and less agglomerated polymer blend, likely
due to the mono-dispersed electron spraying technique used
during the deposition process. This uniformity ensures a large
contact area between P3HT and PCBM, which is beneficial
for charge transfer between the two materials.

The homogeneous blending of P3HT and PCBM is
expected to minimize charge recombination losses and
enhance the efficiency of charge separation and transport.
The good dispersion of PCBM within the P3HT matrix also
facilitates the formation of an efficient electron transport
network, which is critical for achieving high photovoltaic
performance in OPVs. Overall, the SEM results suggest that
the bilayer films have desirable surface characteristics that
promote efficient charge transfer, an important factor for high
device performance.

3.4. Electrical (J-V) Characteristics

The electrical performance of the fabricated bilayer organic

photovoltaics (OPVs) was evaluated by measuring the
current density-voltage (J-V) characteristics under simulated
solar illumination (100 mW/cm?). The J-V curves of the
various device configurations are shown in Figure 4. The
power conversion efficiency (PCE) of the bilayer solar cells
is influenced by several factors, including the thickness of the
P3HT and PCBM layers, as well as the annealing temperature.
The transient photovoltaic experiments revealed that the
morphology of the bilayer structure differs from that of the
bulk heterojunction (BHJ) structure. The bilayer
configuration was found to be more favorable for reducing
charge recombination compared to the BHJ structure. This is
attributed to the well-defined interface between the P3HT and
PCBM layers, which allows for efficient charge separation
and minimizes the recombination of photogenerated carriers.
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Fig. 4. J-V characteristics of (a) Layer of P3HT and PCBM
on PANI Layer (b) Layer of P3HT and PCBM on
PEDOT:PSS Layer (c), Layer of P3HT and PCBM on PANI
and PEDOT:PSS Layer.

The J-V characteristics of the different bilayer OPVs are
shown in Figure 4, where the device performance was
measured under standard illumination conditions.
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Table 1. J-V characterization of Bilayer of PCBM and P3HT OPV.

Sample Voe Jse Vmax  Jmax  FF PCE%
PANI/P3HT/PCBM 040  4.063 0.233 2.539 036 0.59
PEDOT:PSS/P3HT/PCBM 044 4.15 0271 2597 038 0.70
PANI/PEDOT:PSS/P3HT/PCBM 048 4.86 0342 3.091 045 1.05

Table 1 presents the detailed J-V parameters of the devices,
including the open-circuit voltage (Voc), short-circuit current
density (Jsc), maximum voltage (Vmax), maximum current
density (Jmax), fill factor (FF), and power conversion
efficiency (PCE). Among the different device configurations,
the bilayer OPV with PANI/PEDOT:PSS/P3HT/PCBM
layers exhibited the highest PCE of 1.05%, with a Voc of 0.48
V, Jsc of 4.86 mA/cm?, and a FF of 0.45. These values were
higher than those of the PANI/P3HT/PCBM and PEDOT:
PSS/P3HT/PCBM bilayer OPVs, which showed lower PCEs
of 0.59% and 0.70%, respectively. The improved
performance of the PANI/PEDOT:PSS/P3HT/PCBM device
is likely due to the enhanced charge transport properties
provided by the combination of PANI and PEDOT:PSS
layers, which facilitate better carrier collection at the
electrode interfaces [25, 26].

The increase in PCE for the PANI/PEDOT:PSS/
P3HT/PCBM device can be attributed to the improved energy
level alignment between the electrode and the active layer, as

well as the reduced series resistance and recombination losses.

The results demonstrate that the optimization of the device
architecture and material composition plays a crucial role in
enhancing the performance of OPVs. The bilayer
configuration, with its well-defined interface and optimized
morphology, appears to be a promising approach for
improving the efficiency of organic photovoltaic devices.

4. CONCLUSION

This study highlights the significant role of bilayer structure
optimization in enhancing the performance of polymer solar
cells (PSCs). By employing a bilayer heterojunction of P3HT
and PCBM, the research focuses on achieving an ideal
balance between optical absorption, exciton dissociation, and
charge transport. The spin-coating technique at an optimized
speed of 2000 rpm facilitated uniform film formation, while
post-production annealing at 100°C improved the
crystallinity and interfacial properties of the layers.
Characterization using XRD, FT-IR spectroscopy, and SEM
revealed key insights into the structural and morphological
features of the films. XRD patterns confirmed the crystalline
nature of the P3HT layer, which is critical for efficient charge
transport, while FT-IR spectra validated the integrity of the
thin films. SEM images highlighted a uniform morphology
with minimal aggregation, indicating an improved donor-
acceptor interface conducive to charge separation. Electrical
characterization demonstrated that the thickness of the P3HT
and PCBM layers, along with the annealing process, plays a

pivotal role in determining the photovoltaic performance.
Optimized bilayer structures exhibited reduced charge
recombination, leading to improved short-circuit current
density (Jsc) and open-circuit voltage (Voc). Consequently,
the power conversion efficiency (PCE) showed a notable
enhancement compared to unoptimized configurations. The
findings of this study underscore the potential of bilayer
PSCs as a cost-effective and scalable approach for solar
energy conversion. Future research could explore alternative
electron-blocking layers and advanced annealing techniques
to further enhance the efficiency and stability of PSCs. These
advancements could pave the way for the widespread
adoption of polymer-based photovoltaic technologies.
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