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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: IC60BA. The investigated 
cell structure is ITO/PEDOT:PSS/P3HT/P3HT:IC60BA/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. 
Keywords: Bulk heterojunction polymer solar cell; Fullerene; SCAPS 1-D; Active Layer; ETL; HTL 
PACS: 84.60.Jt; 81.05.Lg; 07.05.Tp 

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 (IC60BA) was introduced, and due to its higher LUMO 
energy levels of approximately -3.74 eV, IC60BA 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 (IC60BA) as an electron 
acceptor in BHJ PSCs [13]. This P3HT:IC60BA 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:IC60BA (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: IC60BA, 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: IC60BA 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:IC60BA 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 I-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] 

  = -q ( p – n + ND -NA + ), (1) 

 -  - Un + G = , (2) 

 -  - Up + G = , (3) 

 Jn = -  , (4) 

 Jp = +  . (5) 

In the abovementioned equations, the charge is denoted by q, and the electrostatic potential is denoted 
by Ψ. The symbols p, n, stand for free holes and electrons, respectively. Ionised donor-like and ionised acceptor-like 
doping concentrations are denoted by ND and NA. Here, ϵ signifies absolute permittivity, while ϵ0 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, EFn and EFp 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:IC60BA/ZnONPS/Al simulated bulk heterojunction structure is shown 
in Figure 1. The simulation's material properties, such as electron affinity (χ), bandgap energy (Eg), and relative 
permittivity (εr), are displayed in Table 1. Hole and electron mobilities are μp and μn, respectively. Donor and acceptor 
densities are denoted by ND and NA, 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 1×10−25 cm2 
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. 

Al [Cathode] 
ZnONPS [ETL] 

P3HT:IC60BA [Active Layer] 
PEDOT :PSS [HTL] 

ITO [Anode] 
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 
χ (eV) 3.4 3.880 4.6 
εr 3.0 3.3 9.0 
µn cm2/vs 10 107 107 
µp cm2/vs 400 107 107 
NA (cm−3) 1015 0 0 
ND (cm−3) 0 3.2×1018 1.1×1018 
NC (cm−3) 2.2×1015 1.6×1020 2.2×1019 
NV (cm−3) 1.8×1018 1019 1.8×1019 
Nt (cm−3) 1015 1016 1015 

 
Al [Cathode] 

ZnO NPs [ETL] 
P3HT:IC60BA [Active Layer] 

P3HT [Additional Layer] 
PEDOT :PSS [HTL] 

ITO [Anode] 

Figure 2. Simulated Polymer Solar Cell Structure 

Table 2. Comparison of simulated parameters with experimental results 

Parameters Experimental Simulated 
Voc (V) 0.84 0.85 
Jsc(mA/cm2) 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. 

 
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 [ε] 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 ε, 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 

 
Figure 3. Influence of Active Layer Thickness 

 
Figure 4. Influence of Active Layer Bandgap 

 
Figure 5. Influence of Electric Permittivity of 

Active Layer 
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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 
In this section, we examine how varying the conduction 

band density of states in the active layer from 1.6×1019 to 
1.6×1021 cm-3 affects the performance metrics of polymer 
solar cells. Figure 6 illustrates the corresponding data. The 
graph indicates that while short-circuit current (Jsc) and power 
conversion efficiency (PCE) fluctuate similarly, the open-
circuit voltage (Voc) and fill factor (FF) do not exhibit the 
same trend. The decline in Voc with an increase in the 
conduction band density of states in the active layer is 
primarily attributed to enhanced recombination losses and 
shifts in the Fermi level. 

Recombination events are more likely to occur when the 
density of states is higher, as this provides more energy levels 
for charge carriers to occupy [45]. The increase in short-circuit 
current density (Jsc) associated with a higher conduction band 
density of states (DOS) in the active layer can be attributed to 
increased charge carrier generation and improved collection 
efficiency. A greater DOS enhances the availability of 
conduction states, leading to more efficient photon absorption 
and, consequently, a higher production of electron-hole pairs. 
This directly correlates with an increase in Jsc [46]. However, 
the rise in power conversion efficiency (PCE) and the decline 
in fill factor (FF) of polymer solar cells with an increasing 
conduction band DOS result from a combination of enhanced 
charge generation and increased recombination losses. While a 
higher DOS contributes to improved charge carrier absorption 
and generation, it also results in more opportunities for 
recombination, which negatively impacts the FF [45]. 

 
3.5 Effect of Valence Band Density of States of Active 

Layer 
The valence band density of states in the active layer is 

varied from 1×1016 to 1×1020 cm-3, and its impact on the 
characteristics of polymer solar cells is evaluated. The analysis 
reveals that while short-circuit current density (Jsc) and fill 
factor (FF) change in a similar manner, open-circuit voltage 
(Voc) and power conversion efficiency (PCE) do not exhibit the 
same trend. The decline in PCE and Voc with an increase in 
valence band density of states (DOS) is primarily due to 
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 3.2×1014 to 
3.2×1016 cm-3. 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 

 
Figure 6. Influence of CB density of states of Active Layer 

 
Figure 7. Influence of VB density of states of Active 

Layer 
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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 

This study examines the effect of varying the thickness of the 
electron transport layer (ETL) made from zinc oxide nanoparticles 
(ZnONPs), changing it from 40 nm to 48 nm. The optimal performance 
was identified at a thickness of 48 nm, where the power conversion 
efficiency (PCE) peaked at 5.22%, the open circuit voltage (Voc) 
reached 1.0270 V, and the short-circuit current density (Jsc) was 
measured at 7.699979 mA/cm². At 40 nm thickness, the fill factor (FF) 
was observed to achieve a higher value of 66.09%. The analysis of 
output parameters indicates that as the thickness increases, the fill 
factor tends to decrease, while Voc, Jsc, and PCE show an upward 
trend. Thicker ETLs can enhance the open circuit voltage (Voc) in 
polymer solar cells by slowing down charge recombination processes. 
By expanding the electron transport pathway, a thicker ETL minimizes 
the likelihood of electron-hole recombination before charge carriers 
reach the electrodes. This increased thickness facilitates a more 
effective collection of photo-generated electrons due to the greater 
transit space afforded to the electrons. Consequently, as more charge 
carriers efficiently reach the electrodes with minimal losses from 
trapping or recombination, this improvement in charge transport can 
lead to higher Jsc [51]. However, the decline in the fill factor in 
polymer solar cells at greater ETL thicknesses is primarily attributed 
to increased series resistance, reduced charge carrier mobility, elevated 
recombination rates, and interfacial charge transfer resistance [52]. The 
power conversion efficiency (PCE) of polymer solar cells can improve 
with increased thickness of the ETL, up to a certain optimal point, 
largely due to better light absorption, enhanced charge extraction, and 
superior charge transport capabilities [53]. The respective graph is 
shown in Figure 9. 
 

3.8 Effect of Electric Permitivity of ETL 
This section provides a comprehensive analysis of how the 

electric permittivity of the electron transport layer (ETL) affects 
polymer solar cells, as illustrated in Figure 10. The findings reveal 
that changing the electric permittivity from 8.2 to 9.0 results in a 
decrease in the open-circuit voltage (Voc), while both the short-
circuit current density (Jsc) and overall efficiency experience an 
increase. Specifically, a permittivity value of 9.0 yields the best 
optimized performance. For effective charge transfer, the energy 
levels of the ETL and the active layer must be closely aligned. Higher 
permittivity in the ETL may disrupt this alignment at the 
ETL/polymer interface, leading to voltage loss and a reduction in Voc 
due to ineffective charge transfer. Quality issues within the ETL can 
further diminish Voc and impede charge transfer, even if the 
permittivity is elevated. Since successful charge collection relies on 
the interactions between charge carriers and their respective layers, 
any adverse effects on the electrostatic potential exacerbated by 
materials with high dielectric constants [54] can contribute to a lower 
Voc. Conversely, increased electric permittivity facilitates faster 
charge transfer at the donor-acceptor interface, significantly reducing 
non-geminate recombination losses. By minimizing these losses, 
more charge carriers become available for collection, enhancing the 
overall performance of the solar cell.  

 
Figure 8. Influence of Shallow Uniform Donor 

Density of states of Active Layer 

 
Figure 9. Influence of ETL Thickness 

 
Figure 10. Effect of Electric Permitivity of ETL 
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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. 

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 2.2×1017 to 2.2×1020 cm-3. 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 values. The 
performance was found to be optimized at 2.2×1017 cm-3, 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 1.8×1017 to 1.8×10 21cm-3. 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 1.8x1017 cm 
-3. 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 
1.1×10 16 to 1.1×1020 cm-3. 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. 

 
Figure 11. Influence of Conduction Band Density of 

States of ETL 

 
Figure 12. Influence of Valence Band Density of 

States of ETL 

 
Figure 13. Influence of Shallow Donor Density of ETL 
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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 
crucial for the effective transfer of electrons and holes to their 
respective electrodes. This increase in the distance that charge carriers 
must traverse can lead to a higher likelihood of recombination before 
reaching the electrodes, potentially resulting in reduced Jsc and PCE. 
Moreover, the drop in Voc may be attributed to lower charge extraction 
efficiency in thicker layers and higher energy losses associated with 
elevated recombination rates. Key factors contributing to the decline in 
FF in polymer solar cells (PSCs) as the P3HT layer thickness increases 
include enhanced bimolecular recombination, inefficient charge 
transport, and imbalanced charge carrier mobilities [57]. 

 
3.13. Effect of Bandgap of Additional P3HT Layer 

The bandgap of P3HT varies from 1.7 eV to 2.1 eV, with 
observations indicating that all output parameters increase alongside 
the bandgap. This trend is illustrated in Figure 15. There is a direct 
correlation between the open-circuit voltage (Voc) and the energy 
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 
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).  
 

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 
correlation. In general, a higher electron affinity results in an elevated 
LUMO energy level, which can lead to an increase in the open-circuit 
voltage (Voc) when no current is flowing. Larger electron affinities 
create greater energy offsets, facilitating the efficient movement of 
electrons and potentially enhancing the short-circuit current density 
(Jsc). Furthermore, a polymer donor with a higher electron affinity can 
reduce recombination losses, leading to improved fill factor (FF) and 
power conversion efficiency (PCE) [58]. 
 
3.15 Effect of Valence Band Density of States of Additional P3HT 

Layer 
The present study investigates the effect of varying the valence 

band density of states of P3HT from 1.8×1016 to 1.8×1020 cm-3 on the 
output parameters of polymer solar cells. While the short-circuit 
current density (Jsc) shows a differential response among the output 
parameters, the open-circuit voltage (Voc), fill factor (FF), and power 
conversion efficiency (PCE) exhibit similar trends. This relationship is 
illustrated in Figure 17.  

Improvements in metrics such as PCE, FF, and Voc can be 
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 1.8×1017 cm-3. The decrease in Jsc for polymer solar 

 
Figure 14. Influence of P3HT Thickness 

 
Figure 15. Effect of Band gap of P3HT 

 
Figure 16. Influence of Electron Affinity of P3HT 
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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. 

 
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 2×1016 to 
2×10 20 cm-3. The optimal performance was observed at a 
density of 2×1017 cm-3, 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:IC60BA 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 

 
Figure 17. Influence of Valence Band Density of States of 

P3HT 

 
Figure 18. Influence of Shallow Acceptor Density of States 

of P3HT 

 
Figure 19. Influence of Bandgap of PEDOT : PSS 
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(FF) = 51.62%, short-circuit current density (Jsc) = 26.577140 mA/cm², 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. 

 
Figure 20. Influence of Electron Affinity of PEDOT: PSS 
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ВПЛИВ ДОДАТКОВОГО ШАРУ P3HT НА ПРОДУКТИВНІСТЬ ПОЛІМЕРНОГО 

СОНЯЧНОГО ЕЛЕМЕНТА P3HT: IC60BA  
Чіттур Девараджан Рамабадранa,b, К. Себастьян Судхірa 

aКафедра фізики, дослідницька лабораторія моделювання оптоелектронних пристроїв, Коледж Христа [Автономний], 
Ірінджалакуда, Тріссур, 680125, Університет Калікута, Керала, Індія 

bКафедра фізики, Урядовий коледж, Чіттур, Палаккад, 678104, Університет Калікута, Керала, Індія 
Було проведено моделювання з використанням програмного забезпечення SCAPS 1-D для вивчення впливу додаткового шару 
P3HT (полі-3-гексилтіофен) на продуктивність сонячних елементів з об'ємним гетеропереходом, зокрема з активним шаром 
P3HT: IC60BA. Досліджувана структура елемента - ITO/PEDOT:PSS/P3HT/P3HT:IC60BA/ZnO NPs/Al. Після стандартизації 
програмного забезпечення ми визначили оптимальні параметри структури сонячного елемента, проаналізувавши різні 
фактори, що впливають на продуктивність елемента в різних шарах. Згодом, після оптимізації структури, ефективність 
перетворення енергії (PCE) значно покращилася, збільшившись з 5,18% без додаткового шару до 15,26% з додатковим шаром. 
Ключові слова: сонячний елемент з об'ємного гетероперехідного полімеру; фулерен; SCAPS 1-D; активний шар; ETL; HTL 


