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A simulation study utilizing SCAPS 1-D software was conducted to explore the effects of an additional P3HT (Poly 3-hexylthiophene)
layer on the performance of bulk heterojunction polymer solar cells, specifically with the active layer P3HT: ICe0BA. The investigated
cell structure is ITO/PEDOT:PSS/P3HT/P3HT:ICcoBA/ZnO NPs/Al. Following the standardization of the software, we determined the
optimal parameters of the solar cell structure by analyzing various factors influencing cell performance across different layers.
Subsequently, after optimizing the structure, the power conversion efficiency (PCE) improved significantly, rising from 5.18% without
additional layer to 15.26% with additional layer.
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1. INTRODUCTION

A polymer solar cell (PSC) is an organic solar cell that utilizes polymers as the primary component for converting
sunlight into electrical energy. The operation of PSCs relies on photoinduced charge transfer between a donor (the
polymer) and an acceptor, typically a fullerene derivative. When exposed to sunlight, excitons are generated within the
polymer, which then separate into electrons and holes at the donor-acceptor interface. These charge carriers are
subsequently collected at the electrodes, producing an electric current. Key characteristics of PSCs include their ease of
fabrication, adaptability, and low production costs. Additionally, they can be made partially transparent. However, a
significant limitation is their relatively low power conversion efficiency (PCE), comparable to that of traditional silicon
solar cells. While PSCs hold environmental advantages, they often exhibit lower stability and increased susceptibility to
environmental changes.

Polymer solar cells (PSCs) can be broadly categorized into four main types: tandem PSCs, bulk heterojunction PSCs
(the most prevalent and favored type), single-layer PSCs, and bilayer PSCs. These solar cells find applications in wearable
technology, portable electronics, integrated photovoltaics, and energy harvesting for the Internet of Things. One of the
key materials used in bulk heterojunction (BHJ) polymer solar cells is poly(3-hexylthiophene) (P3HT), which is notable
for its high hole mobility, environmental stability, and extended absorption in the red region. Consequently, [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM), a soluble C60 derivative, has emerged as one of the most widely utilized organic
semiconductors for acting as an electron acceptor [1-3]. P3HT:PCBM solar cells have demonstrated an open circuit
voltage (Voc) of approximately 0.6 V [4], attributed to the low LUMO energy levels of PCBM, which is around -3.8 eV.
In 2009, a novel C60 derivative named indene-C60 bisadduct (IC¢BA) was introduced, and due to its higher LUMO
energy levels of approximately -3.74 eV, ICsBA has increasingly replaced PCBM as the preferred acceptor material in
these solar cells [14]. This substitution has resulted in improved efficiencies and a higher Voc of about 0.84 V [5-9]

Bulk heterojunction organic solar cells (OSCs), in which the donor and acceptor materials are combined to form the
active layer, were first proposed by Yu et al. in 1995. Since the introduction of this bulk heterojunction (BHJ) structure,
the power conversion efficiency (PCE) of BHJ OSCs has significantly improved, rendering it a promising technology.
Heeger and colleagues [10] were the first to utilize the BHJ structure for polymer-fullerene blends. Subsequent research
revealed that increasing the diameters of the donor and acceptor domains through various additive techniques leads to
enhanced performance [11,12]. In an effort to improve results and address the limitations associated with the poly(3-
hexylthiophene) and [6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) blend, which exhibits a relatively low
open-circuit voltage (Voc) of 0.6 V, Li et al. demonstrated the use of indene-C60 bisadduct (ICs0BA) as an electron
acceptor in BHJ PSCs [13]. This P3HT:IC¢BA combination resulted in higher PCE values and an increased Voc of
approximately 0.84 V [14,15]

In this study, the solar cell comprised of P3HT:ICsBA (poly(3-hexylthiophene): (indene-C60 bisadduct) was
simulated using SCAPS 1-D Software [16]. The simulation software was standardized by comparing the simulated output
with experimental data [17]. In the numerical simulation of the polymer solar cell (PSC), the hole transport layer (HTL)
is represented by PEDOT:PSS, the active layer by the fullerene blend P3HT: ICsBA, and the electron transport layer
(ETL) by ZnO nanoparticles (ZnONPs). Aluminum (Al) and indium tin oxide (ITO) serve as the electrode materials in
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this structure. The performance of a polymer solar cell with P3HT: IC¢BA as the active layer is improved when P3HT is
added as an extra layer. Based on previous investigations, the operational performance and efficiency of the device were
augmented to 26.5% through the incorporation of an ultrathin P3HT polymeric layer serving as an interfacial medium
between the hole transport material and the perovskite layer [18]. In order to effectively separate and collect charges,
P3HT helps to increase the mobility of electrons and holes, which adds to improved charge transport qualities. It assists
in maximizing the open-circuit voltage and current density by maximizing energy level alignment at the heterojunction
interface [19,20]. P3HT can improve the active layer's structural ordering and crystallinity, resulting in bigger crystal
domain sizes that strengthen the interpenetrating network necessary for efficient charge transfer [17]. Furthermore,
P3HT's solubility in common solvents makes it possible to use simple solution-processing processes, which increases the
layers' scalability and compatibility with a range of production methods [21]. All things considered, these characteristics
help the solar cells' power conversion efficiency to rise noticeably. To the best of our knowledge, this is the first simulation
study reporting the impact of using P3HT on Polymer solar cell with P3HT:ICsBA as active layer. In this simulation, we
specifically investigated the impact of adding P3HT layer to the structure above.

2. DEVICE SIMULATION METHODOLOGY

The one-dimensional Solar Cell Capacitance Simulator (SCAPS) version 3.3.08 was employed as the numerical
simulation tool in this investigation. This software is capable of solving both optical and electrical models throughout the
entire configuration. We utilized a 1.5 AM spectrum for illumination. Previous simulations have focused on various types
of solar cells, including perovskite, fullerene, non-fullerene bulk heterojunction (BHJ), and tandem solar cells (Abdelaziz
et al., 2019, 2020; Gupta and Dixit, 2018; Bahrami et al., 2019). The application allows users to modify parameters and
select the desired output across its various panels. Additionally, the software numerically solves Burgelman et al.'s generic
semiconductor equations to obtain a steady-state operating point solution [16]

Equations foundational to semiconductors, including the Poisson equation, continuity equations, drift equations, and
diffusion current equations, are used to efficiently evaluate the electrical performance of electronic devices when
stimulated. The stimulation can take the form of heat energy, photons, or voltages. This indicates that we can compute
the electrical performance of the devices and analyze their [-V characteristics using these equations. Consequently, these
equations provide a theoretical basis for interpreting and assessing the measured performance of the devices. Furthermore,
they can be employed to reduce experimental labor costs and to evaluate and predict the performance of new device
structures, potentially leading to significant savings in both time and money.

They can be applied to streamline mathematical analysis and determine the ideal device structure parameters. The
local microscopic behaviour of the material is described by these differential equations. The local electric field change
resulting from the volumetric charge density at a particular location within a material is described by the Poisson equation
[Equation 1]. The conservation of electrons and holes at a specific place in the material is expressed by the continuity
equations [Equation 2]. In this instance, an electric field (drift current) or a concentration gradient (diffusion current) is
driving the electron and hole currents [Equations 4-5]. [22]

et =g (p—n+ Np-Na + 2L, (1)
G- @
-%—Up-i—G:z—zZ, (3)

In=-tan e, )
Jp=+HR 2 (5)

In the abovementioned equations, the charge is denoted by q, and the electrostatic potential is denoted
by Y. The symbols p, n, stand for free holes and electrons, respectively. lonised donor-like and ionised acceptor-like
doping concentrations are denoted by Np and Na. Here, € signifies absolute permittivity, while €y denotes permittivity in
free space. The terms Jn and Jp signify electron and hole current densities, respectively, whereas Un denotes electron
recombination rate. G is the generation rate, while Up is the rate of hole recombination. In contrast to what has been
described so far, Er, and Er, stand for the electron and hole quasi-Fermi levels, whereas n and p indicate the electron and
hole mobility, respectively

The glass substrate/ITO/PEDOT: PSS/P3HT:1Cs0BA/ZnONPS/Al simulated bulk heterojunction structure is shown
in Figure 1. The simulation's material properties, such as electron affinity (), bandgap energy (Eg), and relative
permittivity (&), are displayed in Table 1. Hole and electron mobilities are pp and pn, respectively. Donor and acceptor
densities are denoted by Np and N, respectively. The effective densities of states in the valence and conduction bands
are denoted by Nv and Nc, respectively, while the defect density is represented by Nt. 4.8 and 4.2 eV are the settings for
the anode and cathode work functions, respectively. The capture cross section for holes and electrons is set to 1x1072° ¢m?
across all layers, and the thermal velocity is set to 107 cm/s.
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The four primary output parameters of a solar cell are power conversion efficiency (PCE), fill factor (FF), short
circuit current (Jsc), and open circuit voltage (Voc). The necessary material parameters for simulation and absorption
spectra have been compiled from the literature [16,17, 21-35]. A comparison analysis of the simulated and experimental
data for SCAPS 1-D calibration is presented in Table 2. Additionally, Figure 2 illustrates the simulated polymer solar cell
structure with additional P3HT layer.

ZnONPS [ETL
PEDOT :PSS [HTL

Glass Substrate

Figure 1. Simulated Bulk Heterojunction Polymer Solar
Cell Structure for Standardization of SCAPS 1D

Table 1. Simulation parameters of Bulk Heterojunction Polymer Solar Cell

Parameters HTL Active Layer ETL
Thickness [nm] 27 250 46
Eg (eV) 1.6 1.68 3.2
x (eV) 3.4 3.880 4.6
& 3.0 33 9.0
un cm?/vs 10 107 107
pip cm?/vs 400 107 107
Na (cm3) 10" 0 0
Np (cm?) 0 3.2x10'8 1.1x10'8
Nc (cm™) 2.2x10% 1.6x10%0 2.2x10"
Ny (em™) 1.8x10'8 10" 1.8x10"
Nt (cm™3) 10" 10'6 10"

ITO [Anode]

Figure 2. Simulated Polymer Solar Cell Structure

Table 2. Comparison of simulated parameterswith experimental results

Parameters Experimental Simulated
Voc (V) 0.84 0.85
Jsc(mA/cm?) 8.36 8.21
FF(%) 59 57
PCE(%) 4.1 3.97

3. RESULTS AND DISCUSSION
We will analyze the solar cell structure shown in Figure 2 in greater detail. Each layer of the structure is examined
to determine its performance under various parameters for optimal results. To achieve these optimal outcomes, new device
structures are developed and their performance is thoroughly investigated. The following section provides an explanation
of the simulation studies that were conducted.

3.1 Effect of Active Layer thickness

The thickness of the active layer is varied between 100 and 300 nm to assess the characteristics related to solar cell
performance. The parameters Voc, Jsc, FF, and PCE demonstrate similar trends, with all reaching their optimal values at
a thickness of 300 nm. These improvements at the ideal thickness can be attributed to reduced recombination and
enhanced light absorption. Increasing the active layer thickness may enhance Jsc by allowing more light to be absorbed.
However, this relationship is nonlinear; beyond an optimal thickness, it is affected by increased charge recombination
and decreased charge transport efficiency, leading to diminishing returns [36, 37]. While Voc is not directly influenced
by the thickness of the active layer, it is primarily determined by the energy levels of the donor and acceptor materials.
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Nevertheless, recombination dynamics and the quality of the interface may play significant roles in its behavior [38, 39].
Certain experiments have demonstrated that increasing the thickness of the active layer can improve the power conversion
efficiency (PCE) to a certain extent. The relevant graph is presented in Figure 3.

528

PCE (%)

4.40

3.986

4.84

1
— PCE

=]
<]

200 300

66.5

64.6

FF (%)

627

60.8

e 779
2

7
R
S 6.97
B

6.56
1.032

= 1.026
38 1.020
>

1.014

L L
100 200 300
Thickness of Active Layer (nm)

Figure 3. Influence of Active Layer Thickness

528
2495
Hae2
a

4.29

66.24 |

~— 66.06

65.88

FF (%

65.70

7.647
~’E7 6468
(=3
2 7.6466
ET 6464
o
2 7.6462
7.646
1.040
S o975
(5]
£ o910

0.845

1.5 16 1.7
T

PCE/ ]

Active Layer Band Gap (eV)

Figure 4. Influence of Active Layer Bandgap

— 5.247

5214

PCE (%

5.181

5.148
6642

F (%)

66.24
W s6.08

65.88

@& _7.718
7684

7.650

Jsc (mA/em’)

7.616
1.028

1.027

1.026

Voc (V)

1.025

1.024

Figure

30 32 34
T T T
5 \ ; . —
e
B _ T 4
=
1 ' 1
——FF
E 1 L H =
2 Jsc i
o 'S 1 . 1
Voc
] /
3.0 3.2 3.4

Electric permitivity of Active Layer

5. Influence of Electric Permittivity of
Active Layer

3.2 Influence of Active Layer Band Gap

The active layer band gap is varied from 1.5 eV to 1.7 eV, and
both power conversion efficiency (PCE) and open-circuit voltage
(Voc) exhibit similar variations with bandgap. Both PCE and Voc
reach their maximum at 1.7 eV. In organic solar cells, Voc is
determined by the difference between the lowest unoccupied
molecular orbital (LUMO) of the acceptor material and the highest
occupied molecular orbital (HOMO) of the donor material. As the
bandgap of the active layer increases, the Voc tends to increase as
well, reflecting either a higher LUMO level of the donor or a lower
HOMO level of the acceptor. This relationship is influenced by the
energy levels of the donor and acceptor materials, which impact Voc
in connection with the difference between the quasi-Fermi levels of
the electrons and holes. A larger bandgap reduces the energy loss
between the bandgap energy (Eg) and Voc. However, in organic solar
cells, the Voc is generally lower than the bandgap energy due to non-
radiative recombination and other losses. As the bandgap increases,
Voc approaches Eg, resulting in an overall increase in Voc.
Furthermore, the power conversion efficiency of a solar cell is
calculated by multiplying its fill factor (FF), open-circuit voltage
(Voc), and short-circuit current (Jsc).

As mentioned earlier, an increase in the bandgap can lead to a
higher open-circuit voltage (Voc), which may subsequently enhance
the power conversion efficiency (PCE). However, a wider bandgap
often results in reduced solar spectrum absorption by the solar cell,
particularly in the infrared region, which can lower the short-circuit
current (Jsc). Nevertheless, in some cases, the increase in Voc
associated with a wider bandgap can compensate for the decrease in
Jsc, resulting in an overall increase in PCE. Additionally, the fill
factor (FF) may improve with an increasing bandgap due to enhanced
charge carrier transfer [40], although this trend is not always
consistent. With further increases in bandgap, FF may remain stable
or even decline, possibly due to the effects of recombination
processes and exciton lifetimes [41, 42]. The relationship between FF
and bandgap is complex and depends on the specific materials and
cell architecture used in the organic solar cell. The relevant graph
illustrating these dynamics is presented in Figure 4.

3.3 Effect of Electric Permittivity of Active Layer

In this section, we have analyzed the impact of the active layer's
electric permittivity [€] on the performance of the polymer solar cell.
The electric permittivity is varied from 3.0 to 3.4. The findings
indicate that while the open-circuit voltage (Voc) increases with ¢, all
other parameters are found to decrease. The electric permittivity of
the active layer influences the dielectric properties of the material,
which in turn affects the open-circuit voltage of polymer solar cells
(PSCs). Consequently, a higher electric permittivity in the active
layer may lead to an increase in Voc due to its effect on the dynamics
of charge carriers within the solar cell.

A higher electric permittivity enhances charge carrier
separation and reduces recombination losses by decreasing the
Coulombic interaction between charge carriers [43]. This
improvement can result in a stronger built-in electric field and more
efficient charge extraction, both of which contribute to an increased
open-circuit voltage (Voc). However, optimizing the performance of
polymer solar cells (PSCs) requires a comprehensive understanding
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of all contributing parameters, as a higher permittivity can indeed enhance Voc. The electric permittivity of the active
layer also influences the short-circuit current (Jsc), fill factor (FF), and power conversion efficiency (PCE) of PSCs by
affecting the dissociation of photogenerated electron-hole pairs and the movement of charge carriers within the device.
Elevated Coulombic attraction between opposing charges can occur with high electric permittivity, potentially hindering
their separation and reducing Jsc [44]. Additionally, a larger permittivity may negatively impact charge carrier mobility,
leading to increased recombination rates and declines in both FF and PCE. The relevant graph illustrating these
relationships is presented in Figure 5.

3.4: Effect of Conduction Band Density of States of Active Layer
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Figure 6. Influence of CB density of states of Active Layer a5 consequently, a higher production of electron-hole pairs.
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g 5 The valence band density of states in the active layer is
- — varied from 1x10'® to 1x10*° ecm?, and its impact on the
% z: ] X characteristics of polymer solar cells is evaluated. The analysis
S 1 reveals that while short-circuit current density (Jsc) and fill
o ) . . ) ! ] factor (FF) change in a similar manner, open-circuit voltage
Lo L U (Voc) and power conversion efficiency (PCE) do not exhibit the
e i o same trend. The decline in PCE and Voc with an increase in
Figure 7. Influence of VB density of states of Active valence band density of states (DOS) is primarily due to
Layer enhanced recombination rates and increased charge carrier

trapping. Although a higher valence band DOS might initially
seem beneficial, it generates more energy states that facilitate non-radiative recombination processes and hinder charge
transport, which adversely affects both PCE and Voc [47-48]. Figure 7 shows the respective graph.

3.6. Effect of Shallow Uniform Density of States of Active Layer
The shallow uniform density of states in the active layer experiences a significant shift from 3.2x10' to
3.2x10' cm?. As this density increases, parameters such as open-circuit voltage (Voc), fill factor (FF), and power
conversion efficiency (PCE) tend to improve, while the short-circuit current (Jsc) shows a decline. An elevated donor
density can enhance the intrinsic potential across the junction by increasing the availability of charge carriers. This rise
in potential positively impacts Voc, which is crucial for the efficient operation of solar cells, as it reduces losses during
charge separation. Furthermore, an increase in donor density leads to enhanced conductivity within the active layer, which
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in turn lowers series resistance. This reduction in series resistance facilitates a higher fill factor by minimizing voltage
drops during operation [49]. The graphical representation is given in Figure 8. However, a noticeable increase in shallow
donor density can also result in a higher defect density within the active layer. This heightened defect density may give
rise to additional recombination centers that foster nonradiative recombination of charge carriers. Consequently, this
adverse effect results in fewer charge carriers contributing to the photocurrent, thereby reducing the short-circuit
current [50].

3.7. Effect of Thickness of ETL
10" 10" 10" 10 This study examines the effect of varying the thickness of the
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Ultimately, improved charge dynamics and reduced recombination lead to higher values of Jsc and power conversion
efficiency (PCE), which can be attributed to a favourable dielectric environment [55]. However, flaws or suboptimal
interfaces can still generate recombination losses, which may diminish the fill factor's responsiveness to changes in

permittivity.
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3.9 Effect of Conduction Band Density of States of ETL

This section investigates the influence of the conduction band
density of states (CBDoS) of a polymer cell on the performance of
its electron transport layer (ETL). For this analysis, the CBDoS is
varied from 2.2x10'7 to 2.2x10?° ¢m?. It was observed that the
short-circuit current density (Jsc) and power conversion efficiency
(PCE) exhibited similar trends, while the fill factor (FF) initially
decreased before increasing at higher CBDoS wvalues. The
performance was found to be optimized at 2.2x10' ¢cm3, as
illustrated in Figure 11. The decline in Jsc and PCE with increasing
CBDoS is primarily attributed to increased carrier trapping, higher
recombination rates, and potential misalignment of energy levels
[56]. As the CBDoS rises, the presence of additional trap states
hinders charge extraction and facilitates enhanced carrier
recombination, leading to a reduction in open-circuit voltage (Voc).
The behaviour of the fill factor (FF) is influenced by the complex
interactions among energy level alignment, trap states, and carrier
dynamics. This results in a non-linear relationship, where the
competing effects of increased recombination and improved carrier
mobility contribute to the observed patterns in FF.

3.10 Effect of Valence Band Density of States of ETL
This section focuses on the changes in the valence band
density of states of the electron transport layer in polymer solar
cells, varying from 1.8x10" to 1.8x10 ?'cm. Figure 12 provides
a graphical representation of these changes.

It was found that the optimal performance, characterized by a
maximum efficiency of 5.18%, occurs at a density of 1.8x10'7 cm
. Variations in the valence band density of states within the
electron transport layer can lead to complex changes in the output
characteristics of polymer solar cells. The effects on short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor (FF),
and power conversion efficiency (PCE) are determined by
optimizing the density of states, alongside the ratio of charge
transport to recombination and the alignment of interfacial energy
levels. The respective graph is given in Figure 12.

3.11 Effect of Shallow Donor Density of ETL

This section analyzes the fluctuations in the shallow donor
density of the electron transport layer, which ranges from
1.1x10 * to 1.1x10%° cm. Figure 13 provides the corresponding
graph illustrating these fluctuations. The findings indicate that
while the variations in short-circuit current density (Jsc) and power
conversion efficiency (PCE) are comparable, the changes in open-
circuit voltage (Voc) and fill factor (FF) exhibit a similar trend. Voc
typically increases with a higher shallow donor density, as this
leads to improved charge extraction and reduced recombination
losses. Additionally, as charge transport and extraction enhance,
the fill factor (FF) also rises with the shallow donor density.
However, excessive concentrations of shallow donors can lead to
significant recombination, ultimately resulting in a decrease
in PCE.

3.12 Effect of Thickness of Additional P3HT Layer

In this case, the thickness of the P3HT layer is varied from
16 nm to 24 nm, with the optimal performance observed at 16 nm.



461
Influence of an Additional P3HT Layer on the Performance of P3HT: IC60BA Polymer... EEJP. 3 (2025)

This is illustrated in Figure 14, which provides a graphical representation of the findings. The investigation reveals that
while the fill factor (FF) shows a different trend, the open-circuit voltage (Voc), short-circuit current density (Jsc), and
power conversion efficiency (PCE) fluctuate similarly. As the P3HT layer increases in thickness, the pathways for charge
transport become longer and more convoluted.

Consequently, charge carrier mobility diminishes, which is

» > i - = - crucial for the effective transfer of electrons and holes to their
& sar | \ ——FPCE respective electrodes. This increase in the distance that charge carriers
B a0 [ e ] must traverse can lead to a higher likelihood of recombination before
aos| . \ ] reaching the electrodes, potentially resulting in reduced Jsc and PCE.
sa.30 [ ——FFI | Moreover, the drop in Voc may be attributed to lower charge extraction
& 804 |- 1 efficiency in thicker layers and higher energy losses associated with
t eors f ] elevated recombination rates. Key factors contributing to the decline in
s : : : S FF in polymer solar cells (PSCs) as the P3HT layer thickness increases
E’ el \ ] include enhanced bimolecular recombination, inefficient charge
Eqrsel ] transport, and imbalanced charge carrier mobilities [57].
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1.0260 |- ] observations indicating that all output parameters increase alongside
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the bandgap. This trend is illustrated in Figure 15. There is a direct
correlation between the open-circuit voltage (Voc) and the energy
Figure 14. Influence of P3HT Thickness levels of the polymer's lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO). Generally, a larger
bandgap ensures a higher HOMO energy level, which can enhance
Voc. Additionally, higher bandgap materials are more effective at
absorbing high-energy photons, potentially leading to increased short-
circuit current density (Jsc). Increasing the bandgap creates a larger
——FF] energy difference necessary for charge separation, which reduces the
likelihood of exciton recombination. This mechanism ultimately
contributes to an improvement in both fill factor (FF) and power
conversion efficiency (PCE).

16 1.8 2.0 22
PCE

PCE (%)
@ & A O
=

T

I

FF (%
e O O
3 8 &
o & B
v

“
o
x

T

f

Jsc

3.14 Effect of Electron Affinity of Additional P3HT Layer

This section investigates the influence of P3HT's electron affinity
on the performance of polymer solar cells. The electron affinity is
varied from 2.9 eV to 3.3 eV, revealing that all output parameters of
the cell respond similarly to these changes. Figure 16 illustrates this
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16 s 20 22 correlation. In general, a higher electron affinity results in an elevated
Bandgap of FSHIT(8Y) LUMO energy level, which can lead to an increase in the open-circuit
Figure 15. Effect of Band gap of P3HT voltage (Voc) when no current is flowing. Larger electron affinities
28 2.0 82 34 create greater energy offsets, facilitating the efficient movement of
2 B S ] electrons and potentially enhancing the short-circuit current density
W :: ] / ] (Jsc). Furthermore, a polymer donor with a higher electron affinity can
ey 1 reduce recombination losses, leading to improved fill factor (FF) and
wo l—FFT ' ] power conversion efficiency (PCE) [58].
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5 ] The present study investigates the effect of varying the valence
oot § band density of states of P3HT from 1.8x10'° to 1.8x10* ¢cm™ on the
ﬁ| - g o i : output parameters of polymer solar cells. While the short-circuit
P ﬁ ] current density (Jsc) shows a differential response among the output
Zoos | ] parameters, the open-circuit voltage (Voc), fill factor (FF), and power
0.003 - : conversion efficiency (PCE) exhibit similar trends. This relationship is

28 50 52 as illustrated in Figure 17.

Electron Affinity of P3HT (eV)

Improvements in metrics such as PCE, FF, and Voc can be

Figure 16. Influence of Electron Affinity of PAHT  attributed to better energy level alignment and enhanced charge
transport. However, as the valence band density increases, performance

declines due to higher defect densities and shorter diffusion lengths, ultimately reducing the overall efficiency of the solar
cell. The maximum efficiency is observed at a valence band density of 1.8x10'7 cm. The decrease in Jsc for polymer solar
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cells, particularly those utilizing P3HT, is primarily caused by increased defect density and shorter charge carrier diffusion
lengths associated with high density states.
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3.16 Effect of Shallow Acceptor Density of States of
Additional P3HT Layer

In our subsequent endeavor, we adjusted the shallow
acceptor density of states in the P3HT layer, conducting a
study that encompassed values ranging from 2x10'® to
2x102° cm3. The optimal performance was observed at a
density of 2x10'" cm?, as illustrated in Figure 18, which
displays the graphical variations. The fluctuations in
performance were similar to those seen with the layer's
valence band density of states. This similarity arises because
both factors significantly influence the solar cell's charge
transport, carrier density, trap formation, and recombination
dynamics. The sensitivity of performance to these
concentrations highlights the delicate balance required to
enhance charge mobility while minimizing the adverse effects
of defects.

3.17 Effect of Bandgap of PEDOT: PSS [HTL]

This study investigates the impact of changing the
bandgap of the hole transport layer, PEDOT:PSS, from 1.2 eV
to 2.0 eV on the output parameters of polymer solar cells. All
parameters were observed to fluctuate similarly, with
maximum efficiency achieved at a bandgap of 1.6 eV, as
illustrated in Figure 19. Increasing the PEDOT:PSS bandgap
can enhance the open-circuit voltage (Voc) in polymer solar
cells. However, a higher bandgap limits sunlight absorption,
resulting in lower charge carrier production. Due to the
significantly high bandgap of PEDOT:PSS, sunlight
absorption is reduced, which subsequently decreases the
short-circuit current density (Jsc). Additionally, the
hydrophilic nature and instability of the hole transport layer
(HTL) may lead to increased series resistance, further
affecting the fill factor (FF). The power conversion efficiency
(PCE) increases initially but subsequently declines as the hole
transport bandgap is raised.

3.18 Effect Electron Affinity of PEDOT:PSS [HTL]

PEDOT:PSS demonstrates a shift in electron affinity
ranging from 3.0 eV to 3.8 eV, with optimized values
achieved at 3.4 eV, as illustrated in Figure 20. The output
parameters of polymer solar cells exhibit similar changes as
the bandgap and electron affinity of PEDOT:PSS are
increased. This similarity arises from the interplay between
energy level alignment and charge transport dynamics, both
of which are simultaneously influenced by these two
characteristics.

CONCLUSION

In this modeling work, a P3HT layer was integrated into
a polymer solar cell structure using SCAPS 1-D software,
with P3HT:ICsBA serving as the active layer. The study
revealed that the structure exhibited significantly better
performance with the inclusion of P3HT. The P3HT layer
enhances charge transit and maximizes Voc and Jsc by
aligning energy levels at the heterojunction surfaces. After
optimization, the following output parameters were achieved:
power conversion efficiency (PCE) = 15.26%, fill factor
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(FF) =51.62%, short-circuit current density (Jsc) =26.577140 mA/cm?, and open-circuit voltage (Voc) = 1.1126 V.
Before optimization, we recorded an efficiency of only 5.18%. These results are quite promising and will contribute to
the advancement of photovoltaic research in the future.
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BIIJIUB JOAATKOBOI'O IIAPY P3HT HA TPOAYKTUBHICTH IIOJIMEPHOI'O
COHSIYHOI'O EJIEMEHTA P3HT: ICq0BA
Yirryp HdeBapagxkan Pamadaapan®P, K. Cebactesan Cyaxip?
“Kagheopa ¢izuxu, docnionuybra 1a6opamopis Mooeno8ants OonmoeiekmpoHnux npucmpois, Konedoc Xpucma [Aemonomnuii],
Ipinoocanaxyoa, Tpiccyp, 680125, Yuisepcumem Kanikyma, Kepana, Inois
bKagpeopa pizuxu, Ypaoosuii koneoac, Yimmyp, Hanaxxao, 678104, Yuisepcumem Kanikyma, Kepana, Indis

By1o npoBeneHo MoietoBaHHs 3 BUKOPHCTaHHSIM IporpaMHoro 3abesneuentss SCAPS 1-D mis BUBYEHHS BIUIMBY JOJATKOBOTO IIApy
P3HT (momi-3-rexcunrioeH) Ha IPOXYKTUBHICT COHSYHUX €JIIEMEHTIB 3 00'€MHUM IeTeponepexoioM, 30KpeMa 3 aKTHBHHUM IIapoM
P3HT: IC60BA. [JocnimkyBana ctpykrypa enementa - [ITO/PEDOT:PSS/P3HT/P3HT:IC60BA/ZnO NPs/Al. Ilicns cranpaprusanii
NIPOrpaMHOro 3a0e3NeYeHHs MU BH3HAYMJIM ONTHUMANbHI HapaMeTpu CTPYKTYPU COHSIYHOIO €JIEeMEHTa, NpOaHali3yBaBLIM pi3Hi
(axropu, 10 BIUIMBAIOTh HA IMPOAYKTUBHICTH €JIEMEHTAa B PIi3HUX LIapax. 3rogoM, Micis ONTHUMI3alii CTPyKTypH, e)eKTHBHICTH
nepersopenHs eneprii (PCE) 3HauHO nmokparuiacs, 30inpiuBImcsk 3 5,18% 6e3 nogarkosoro mapy 10 15,26% 3 101aTKOBUM HIAPOM.
Kuro4oBi ciioBa: conaunuii enemenm 3 00'emnozo cemeponepexionozo nonimepy; gynepen; SCAPS 1-D; axmusnuti wap; ETL; HTL



