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In response to the growing global energy crisis and environmental degradation, the development of clean,
sustainable energy technologies is imperative. Solar energy, with its vast availability and minimal ecological
footprint, is a leading candidate. Among the emerging photovoltaic technologies, perovskite solar cells
(PSCs) are gaining attention for their tuneable optoelectronic properties and low-cost processing. This
study employs a 2D model simulation on COMSOL Multiphysics to investigate two lead-free PSC
designs, focusing on structural optimization. Notable results for the ZnSe/BiFeOsz/spiro-OMeTAD cell
include a maximum short-circuit current density (Jsc) of 9.83 mA cm? and a peak efficiency of 10.72%
at 75 nm electron transport layer thickness, open-circuit voltage (Vo) of 2.2 V at 125 nm hole transport
layer thickness, and fill factor (FF) of 73.77% at 100 nm BFO thickness. For the ZnSe/CsSnlz/spiro cell,
a maximum efficiency of 17.56%, FF of 79.91%, V. of 1.01 V, and Js. of 28.32 mA cm~2 were achieved.
The study specifically explored the direct relation between the FF and hole transport layer thickness in
a perovskite-based green photovoltaic device. These findings highlight the promising potential of lead-
free perovskites for efficient, stable, and environmentally benign solar cells. This work supports the
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1. Introduction

Global energy demand continues to rise steadily, driven by
rapid population growth, which is projected to reach 10 billion
by 2050, along with an increasing dependence on energy-
intensive technologies, resulting in annual energy consump-
tion that is expected to increase by nearly 1.7%."* To meet this
growing demand, around 30 terawatts (TW) of energy will be
required by 2050.* Despite this need, energy production still
heavily relies on non-renewable fossil fuels such as petroleum,
coal, and natural gas, which take millions of years to replenish.’
The combustion of these fuels releases greenhouse gases and
toxic pollutants, contributing to ozone depletion and climate
change.®” In 2017 alone, approximately 19 billion tons of toxic
gases (e.g. carbon monoxide) were released into the atmo-
sphere, accounting for 53% of global emissions.® To address
these environmental concerns, the energy sector is shifting
toward renewable sources, such as solar and wind, which offer
environmental and economic advantages, as well as sustain-
ability.>'* Among these technologies, solar energy is particularly
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advancement of inorganic PSCs, contributing to the global shift toward renewable energy.

promising due to its abundance and accessibility. Photovoltaic
(PV) technology plays a central role by converting sunlight
directly into electricity through the PV effect.'®**> Perovskite
solar cells (PSCs) have emerged as a leading PV technology due
to their tuneable bandgap, long carrier lifetime, and extended
diffusion lengths. These features have enabled a rapid increase
in power conversion efficiency (PCE), rising from 3.8% in 2009
to ~27% at present, competing with the performance of
conventional silicon-based solar cells.”*"” The basic structure of
PSCs consists of three functional layers: the electron transport
layer (ETL); the perovskite (PVK) or absorber layer, which
generates charge carriers; and the hole transport layer (HTL),
which extracts holes from the absorber and transfers them to
the back electrode.

In PSCs, the ETL is a crucial component that enables effi-
cient charge extraction while minimizing recombination losses
by maximizing electron transfer from the absorber layer to the
front electrode. Zinc selenide (ZnSe) is widely employed as an
ETL in PSCs due to its exceptional properties, including
a bandgap of approximately ~2.6-3.1 eV, non-toxic nature, cost-
effectiveness, and excellent optical transparency in the visible
spectrum.**** This absorber layer, composed of PVK material
with exceptional optoelectronic properties, serves as the most
vital part of PSCs, efficiently capturing incident light and
generating charge carriers.? The PVK material generally follows
the ABX; crystalline formula, where ‘A’ represents an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electropositive cation, ‘B’ denotes a magnetic cation (e.g., Fe),
and ‘X’ corresponds to oxygen anions. The lead-free multiferroic
BFO was utilized as an absorber layer, which exhibited a di-
rect bandgap ranging from 2.1-2.7 eV and an indirect
bandgap of approximately 1.07 eV, making it highly suitable
for PV applications due to its bandgap tunability within the
visible spectrum while adopting a rhombohedral crystal
symmetry and belonging to the R3¢ space group.'” At
room temperature, the BFO material exhibits both antiferro-
magnetic (Néel temperature ~ 643 K) and ferroelectric
ordering (Curie temperature ~ 1103 K).>*** Complementing
BFO, the CsSnl; perovskite serves as an efficient absorber
with a direct bandgap near 1.3 eV, enabling strong
absorption in the visible spectrum.**® It crystallizes in an
orthorhombic phase at room temperature, which supports
excellent charge carrier mobility and strong light-harvesting
capability.” The material's intrinsic properties facilitate effi-
cient electron-hole generation, making CsSnl; a promising
absorber layer for lead-free, environmentally friendly solar cells.
Spiro-OMeTAD is widely recognized as a high-performance HTL
due to its high hole mobility, large bandgap (3 eV), low electron
mobility, exceptional film formation, relatively low electron
affinity (1.9 eV), and high stability with the absorber
layer‘7,22,30732

In recent studies, Rahmoune et al. (2023) reported a PCE of
approximately ~28% for the ZnSe/MoS,/Sb,S; configuration, as
simulated using the SCAPS-1D framework.?> Using the same
software, Kumar et al. (2024) demonstrated a fill factor (FF) of
around 29.10% utilizing BFO as the absorber layer and ZnO as
the ETL.*®* Complementarily, Salman et al. (2025) employed
COMSOL Multiphysics simulations to explore a ZnO/BFO-based
device architecture incorporating spiro-OMeTAD as the HTL,
achieving a notable PCE of 11.92%.%® Moreover, Raj et al. (2024)
investigated a lead-free PSC configuration comprising FTO/
TiO,/BFO/spiro-OMeTAD/Au and attained a remarkable effi-
ciency of 5.06%." Interestingly, an HTL-free PSC structure using
BFO as the absorber layer demonstrated an impressive PCE of
11.92% for the FTO/ZnO/BFO device configuration, as reported
by Sahoo et al. (2024).>* In addition, Ameen et al. (2025) revealed
a notable PCE of ~11.79% by employing BFO as the main layer
and ZnO as an ETL within a 1D solar cell model simulated using
the COMSOL Multiphysics tool.>*

A comprehensive review of the existing literature indicates
that extensive simulation studies employing SCAPS-1D have
been conducted on ZnSe, BFO, and spiro-OMeTAD. However, no
specific research has been undertaken on the 2D ZnSe/BFO/
spiro-OMeTAD configuration of PSCs; therefore, this study
focuses on simulating its 2D architecture by using the COMSOL
Multiphysics software. This computational tool employs the
finite element method (FEM) for solving complex modules, with
the added advantage of incorporating multi-physics domains by
selecting appropriate models.** The study aims to optimize key
parameters such as layer thickness and acceptor and donor
densities (Na/Np) to achieve improved PCE while systematically
analysing and evaluating the direct relation between FF and
HTL thickness for green energy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Numerical modelling

COMSOL Multiphysics is a simulation software used to study
how different physical processes work together in real-world
devices. In solar cell research, it helps model how light is
absorbed, how electric charge moves, and how energy is con-
verted into electricity. The software solves mathematical equa-
tions that describe these processes, allowing researchers to test
different materials, layer thicknesses, and device designs
without making physical prototypes. This makes it easier to
understand and improve the performance of solar cells using
accurate, computer-based experiments. In this study, we will
use COMSOL to solve Poisson's equation, current density
equations, continuity equations, and the Shockley-Read-Hall
recombination model to analyze the charge transport and
recombination mechanisms inside the solar cell.** Poisson's
equation (eqn (1)) tells us how the electric potential is distrib-
uted inside a device due to the presence of electric charges. It
helps in determining the internal electric field (E) that drives
charge carrier movement in a solar cell:*”*
E  p q

0y N _
W:—E —e—szfe—sLDf}’lﬂ»ND (X)*NA (X)ZEN[(X)}
(1)

Here, in eqn (1), y is the electrostatic potential and p is the total
charge density influenced by free charge carriers (p, 1), ionized
dopants (Np', N5~), and trap charge density (N,). The parame-
ters ¢ and q represent the semiconductor's permittivity and
elementary charge, respectively. The continuity equations (eqn
(2) and (3)) describe how the number of charge carriers changes
over time due to generation, recombination, and flow. It

ensures charge conservation within the semiconductor
device:*%*°
aJ,
—= 2+ G = Uy(n,p) =0 (2)
dx
aJ
4+ G- U, =0 3
F (n,p) (3)

In eqn (2) and (3), J, and J, represent the electron and hole
current densities, while G is the generation rate, and Uy(n, p),
Un(n, p) are the respective recombination rates. These equations
(eqn (2) and (3)) ensure that carrier generation, recombination,
and flow are balanced at every point in the device. The current
density equations, given as eqn (4) and (5), describe how elec-
trons and holes move through the device due to the electric field
and concentration gradient:*>*°

9p
Jp = qnu,E — gDy aJp (4)
ap
Jn = nEi Dn *Jn 5
gnu 4Dn 5 (5)

Here, in eqn (4) and (5), J, and J, represent the total electron
and hole current densities, combining drift due to the electric
field E, and diffusion caused by carrier concentration gradients.
The terms g, u, and D indicate the charge, mobility, and diffu-
sion coefficients that control the carrier transport in the solar
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cell. Here, u refers to the ability of charge carriers to move
through a semiconductor under the influence of an electric
field, and it directly determines how efficiently electrons and
holes can be transported toward their respective electrodes. The
SRH recombination equation (eqn (6)) explains how charge
carriers recombine through defect states in the bandgap,
reducing carrier lifetime. It depends on electron and hole
concentrations, intrinsic carrier density, and their respective
lifetimes:

_ np — ’Yu’\{pniz
SRS EEA e

Rsru (6)
in eqn (6), Rsgu represents the recombination rate through
defect states, depending on carrier concentrations, n; repre-
sents the intrinsic carrier density. The terms vy, vp, and p;
adjust the recombination rate based on material-specific trap
characteristics.*** The lifetime equation, given in eqn (7),
indicates the average time a charge carrier survives before
recombining, and it is a key parameter for assessing recombi-
nation losses and overall device performance:*

r= )

g X Ny X vy

Here, in eqn (7), 7 represents the carrier lifetime, which depends
on the trap density N,, capture cross-section (¢), and thermal
velocity is denoted by vy,. N, refers to the concentration of defect
states within the bandgap of the semiconductor that can
capture and release charge carriers, thereby strongly influ-
encing recombination dynamics and overall device perfor-
mance. It indicates how quickly carriers are captured by traps
and recombine, affecting device performance. This study uses
COMSOL Multiphysics to simulate the internal behaviour of
a solar cell by modelling charge movement, generation, and loss
mechanisms. It helps visualize how carriers behave within the
device and how different physical parameters affect perfor-
mance. Through this numerical approach, the efficiency and
reliability of the solar cell can be accurately analysed and
optimized.

SCAPS-1D is a widely used, dedicated solar cell simulation
tool that solves the coupled drift-diffusion, Poisson, and
continuity equations in a 1-dimensional framework. It is highly
efficient for the layer-by-layer analysis of carrier transport,
defect states, and recombination dynamics, and has become
a standard in perovskite and thin-film device modelling.
However, its scope is mainly limited to 1D device geometries,
and it doesn't easily extend to complex multi-dimensional
effects such as lateral inhomogeneities, textured interfaces, or
optical field distribution in 2D/3D space.**** On the other hand,
COMSOL Multiphysics is a finite element method-based plat-
form that allows the simultaneous coupling of electrical,
optical, and thermal physics in arbitrary geometries. For our
study, COMSOL was particularly advantageous because it not
only captured the electronic transport in BFO-based devices, but
also allowed us to incorporate optical absorption profiles and
band alignment at the interfaces in a spatially resolved manner.
Moreover, COMSOL can handle multi-physics coupling (e.g.,
piezoelectric and ferroelectric effects, if needed for multiferroic
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absorbers), which is critical for exploring the intrinsic photo-
voltaic potential of BFO, something that SCAPS cannot directly
address.

3. Device simulation and
methodology

3.1 Solar irradiance patterns for optimized energy
harvesting

Fig. 1(a) presents the solar spectrum across a broad range of
wavelengths and illustrates the absorption spectra of various PV
technologies in solar cell research. The solar irradiance ranges
from 1 to approximately 1.6 W m~> nm™", corresponding to
a wavelength range of 300 nm to 2500 nm. Solar radiation is
distributed across spectral regions according to wavelength,
and the spectrum that reaches the earth's surface is influenced
by atmospheric absorption, such as by ozone, water vapor, and
oxygen molecules. The peak solar irradiance occurs near
460 nm; beyond this peak, irradiance gradually decreases for
two primary reasons: (1) longer wavelengths carry lower photon
energy (E = hc/2), making them less effective at exciting elec-
trons; (2) stronger absorption of infrared radiation by atmo-
spheric water vapor reduces the intensity. At ground level, the
solar spectrum can be categorized into three regions: approxi-
mately 5% of the irradiance falls in the ultraviolet (UV) range
(300-400 nm), around 43% lies in the visible spectrum (400-700
nm), and about 52% is contained in the infrared (IR) region
(700-2500 nm). The visible spectrum contributes most signifi-
cantly to absorption in solar cells, resulting in efficient charge
carrier generation. The PCE is conventionally evaluated under
AM 1.5 conditions, which represent realistic sunlight exposure.
The AM 1.5 spectrum is also crucial in guiding material selec-
tion and designing anti-reflective coating to reduce reflection
losses and enhance light harvesting. As the spectrum transi-
tions into the IR region beyond 700 nm, a steady decrease in
absorption is observed up to 2500 nm.**

In Fig. 1(b), the arc length represents the entire thickness of
the PSC, while the electron-hole (e-h) generation rate quan-
tifies the number of charge carriers produced by incident light,
directly influencing the photocurrent and PCE. At an arc length
near 1 nm, the e-h generation rate reaches its peak (~7.5 x 10**
em? s71), mainly because the light is absorbed near the front
interface where photon flux is maximum. As the arc length
increases, the generation rate gradually decreases because the
intensity of light attenuates with depth. In the deeper regions of
the absorber layer, fewer photons remain available for absorp-
tion, resulting in a lower generation rate. At the maximum arc
length, the generation rate approaches zero since most of the
incident light has already been absorbed in the upper layer.
Excessive thickness may also introduce additional series resis-
tance and optical losses, negatively impacting overall device
performance. Therefore, optimizing the arc length is essential
to ensure efficient light absorption and carrier generation,
ultimately enhancing solar cell output.”

Fig. 1(c) illustrates the correlation between SRH recombi-
nation (cm s ') and arc length (nm), elucidating the impact of

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06410d

Open Access Article. Published on 17 September 2025. Downloaded on 11/8/2025 2:55:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
E 2.0 _ 2E+16
E (@A) ——ami5gobal| Cgpir (D) ZnSe/BFO/Spiro () ZnSe/BFO/Spiro
£
§ 15 b 2E+16 —— Ry
) ~
3 1.0 7 sE+21 "z 1E+16
@ - S )
g §4E+21 S 8E+15
g 05 £ 38421 Z
E 8 o 4E+15
= 0.0
3 g 0EH 0E+0
n 0 500 1000 1500 2000 2500 0 200 400 600 800 1000 0 200 400 600 800
Wavelength (nm) Arc length (nm) Arc length (nm)
~2E+28 4E+25
g (d)  ZnSe/CsSnly/Spiro (€) ZnSe/CsSnl,/Spiro 2.25{ (f) . ZnSe/CsSnlySpiro
R
S1E+28 S Sk 1.80
.§ 5 2E+25 135
S5E+27 < 0.90
s Z1E+25
S o 0.45
S OE+0 0E+0 0.00
0 330 660 990 0 330 660 990 0 330 660 990
Arc length (nm) Arc length (nm) Arc length (nm)

Fig. 1

(a) Distribution of solar irradiance in terms of wavelength describing the change in photon flux. (b) Dependence of electron—hole

generation on BFO-based arc length. (c) Impacts of BFO-based arc length on the Shockley—Read—Hall recombination (Rsgy), optical and
electrical profile across the ZnSe/CsSnlz/spiro-OMeTAD structure, showing the (d) electron—hole generation rate, (e) Shockley—Read—Hall
recombination (Rsgp) rate, and (f) extinction coefficient (k) as a function of CsSnlz-based arc length.

recombination on solar cell performance. At minimum arc
length, recombination remains relatively low (~4 x 10'° cm™®
s ') due to the minimal carrier transport distance in thin
absorber layers. At approximately 50 nm, recombination rea-
ches a peak value of (~1.7 x 10" em™> s™'), as carrier genera-
tion is maximized, and the reduced transport path within the
thinner layer exacerbates the recombination rate. Furthermore,
at lower thicknesses, a greater fraction of incident light reaches
the absorber layer, thereby enhancing carrier generation.
However, beyond this critical point, recombination gradually
diminishes as arc length increases, attributed to the decline in
carrier generation within the solar cell. At the maximum arc
length, carrier generation becomes negligible as the incident
light is unable to penetrate the absorber layer beyond a certain
thickness, effectively reducing recombination to an insignifi-
cant level; in the absence of charge carriers, recombination
ceases entirely.*®

Fig. 1(d) shows the electron-hole generation rate as a func-
tion of arc length in a ZnSe/CsSnl;/spiro layered solar cell
structure. A sharp decline in generation rate with increasing arc
length indicates that most photon absorption and carrier
generation occur near the front surface, where light enters the
device. This behavior aligns with the Beer-Lambert law, where
light intensity decreases exponentially with depth due to strong
absorption in the CsSnl; perovskite layer. It confirms that the
device is optically optimized for front-side absorption and effi-
cient charge generation. Fig. 1(e) shows the Rgry along the arc
length in the ZnSe/CsSnl;/spiro solar cell structure. The peak

© 2025 The Author(s). Published by the Royal Society of Chemistry

near the front interface suggests a high density of trap-assisted
recombination, likely due to defects at or near the ZnSe/CsSnl;
interface. As the arc length increases, Rsryy gradually decreases,
indicating fewer mid-gap trap states deeper within the absorber.
This spatial distribution reflects the need for interface passiv-
ation to reduce recombination losses and improve overall
device efficiency. Fig. 1(f) shows the variation of the extinction
coefficient (k) with arc length in the CsSnl;-based structure. The
peak near 330 nm suggests strong optical absorption in the
CsSnl; layer, which is due to the active absorber. After this
point, k decreases steadily, indicating that light absorption
weakens deeper into the device. This trend confirms that most
light is absorbed in the central absorber region, enhancing
photo-carrier generation.

3.2 Electronic energy band structure of the device

Fig. 2(a) illustrates the schematic architecture of the ZnSe/BFO/
spiro-OMeTAD solar cell, where a multilayer configuration is
strategically designed to optimize optical absorption and charge
transport. The device is illuminated from the top through the
transparent front contact, where light enters and is absorbed
predominantly in the BFO layer, leading to the generation of e-
h pairs. The electrons in the BFO layer are excited to the
conduction band and move toward the ETL, while holes migrate
toward the HTL. The movement pathways emphasize the role of
each layer in selective charge extraction and recombination
suppression. The thicknesses of each layer are optimized

RSC Adv, 2025, 15, 33830-33843 | 33833
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(a) Structural layout of the proposed solar cell (ZnSe/BiFeOsz/spiro-OMeTAD). (b) The energy band diagram of the ZnSe/BFO/spiro-

OMeTAD structure, showing alignment across each layer. (c) Visualization of the charge carrier flow and separation within the device. (d) The
energy band diagram of the ZnSe/CsSnls/spiro structure, illustrating the band alignment and carrier transport pathways.

(75 nm for ETL, 800 nm for PVK layer, and 10 nm for HTL) to
ensure maximum photon harvesting and efficient charge
transport. The relative alignment of the conduction band (CB),
valence band (VB), and Fermi energy levels of these materials
with specifying their respective bandgap value, is illustrated in
Fig. 2(b). The CB offset between BFO and spiro-OMeTAD
enables hole transport. The careful engineering of band posi-
tions ensures minimal energy loss, efficient charge separation,
and reduced carrier recombination, which are essential for
achieving high PV performance. The energy band diagram
under illumination, including the bending of energy bands due
to built-in electric fields across interfaces, is shown in Fig. 2(c).
This band bending promotes directional flow of e-h toward
their respective contacts, enhancing charge collection. The
incident light generates carriers within the absorber layer, and
the electric field further assists in their rapid separation and
transport, ultimately contributing to the overall efficiency of the
solar cell. Fig. 2(d) shows the energy band alignment between
the ETL (ZnSe), the absorber (CsSnlz), and the HTL (spiro-
OMeTAD), indicating the relative positions of their CB and
VB. The CB of ZnSe is higher than that of CsSnl;, allowing
efficient electron transfer from the absorber to the ETL, while
the VB of spiro-OMeTAD is above that of CsSnl;, enabling
smooth hole transport to the HTL. This favourable CB and VB
alignment promotes directional charge flow, minimizes

33834 | RSC Adv, 2025, 15, 33830-33843

interfacial recombination, and improves overall device effi-
ciency. The band diagram also reflects the integrated roles of
each layer, whose distinct properties and bandgap are
summarized in Table 1.*

4. Results and discussion

4.1 The effect of BFO's thickness variation in the ZnSe/BFO/
spiro-OMeTAD solar cell

Fig. 3(a) schematically compares the impact of the BFO
absorber's thickness on photogeneration dynamics within the
solar cell. When the BFO layer is relatively thin, light absorption
is incomplete, limiting the generation of e-h pairs and reducing
photocurrent. Conversely, a thicker BFO layer enhances optical
path length and photon absorption, thereby increasing the
density of photo-generated carriers. However, excessively thick
layers may introduce recombination losses and hinder charge
extraction. This schematic underscores the importance of
optimizing absorber thickness to balance efficient photogene-
ration with effective carrier transport. Fig. 3(b) presents the
current density-voltage (/-V) curves for varying BFO thick-
nesses, revealing that as the absorber layer becomes thicker, the
short-circuit current density (Js) increases due to improved
light absorption and carrier generation. /. actually represents
the current density flowing through the device when the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Essential physical and electronic properties of the materials used in simulated BFO and CsSnlz-based solar cell structures

Parameters ZnSe (ETL)'® BiFeO; (absorber layer)** CsSnl; (absorber layer)®® Spiro-OMeTAD (HTL)>*3®
Thickness (nm) 75 800 990 10

Band gap (eV) 2.81 2.5 1.5 3

Electron affinity (eV) 4.09 3.3 3.5 1.9
Relative permittivity 8.60 6 9 3

Effective density of states at CB (cm™®) 2.2 x 10'® 5 x 10" 1.8 x 10" 1 x 10%°
Effective density of states at VB (em™®) 1.9 x 10" 5 x 10" 2.2 x 10"® 1 x 10*°
Electron mobility (cm®> V™' s™ 1) 400 10 974 2

Hole mobility (cm® V™' s™) 110 25 213 1.0 x 102
Electron lifetime (ns) 1 1000 1 5

Hole lifetime (ns) 1 1000 1 5

external voltage is zero, and it is directly linked to the number of
photogenerated charge carriers collected at the electrodes.
However, the onset of the current drop shifting with thickness
occurs at 2.1 V for thinner films and around 1.9 V for thicker
ones. This shift reflects changes in the internal electric field and
increased recombination at larger thicknesses, influencing the
charge extraction and overall device performance. Fig. 3(c)
illustrates the power-voltage (P-V) characteristics for different
BFO thicknesses. As the absorber thickness increases,
maximum output power (Pp.y) also increases, while the peak
power voltage drops from ~2.1 V for thinner layers to ~1.9 V for
thicker ones. This decline is attributed to increased series
resistance and recombination losses at higher thicknesses,
which hinder efficient charge transport and slightly reduce the
operating voltage.>***

Fig. 3(d) further illustrates that J,. increases from 4.44 to 7.63
mA cm > with thickness owing to improved photon absorption,
whereas open-circuit voltage (V,.) decreases from 2.14 to 1.93 V

due to the concomitant rise in charge carrier recombination,
defect density, and trap states. V,. is the maximum voltage
a solar cell can provide under open-circuit conditions, which
reflects the difference between the quasi-Fermi levels of elec-
trons and holes and is strongly dependent on the absorber
bandgap and recombination losses. Similarly, Pn.x initially
increases as a result of enhanced absorption and reduced
recombination losses but subsequently declines beyond the
optimal thickness (~800 nm) due to the prevalence of excessive
trap states and heightened recombination rates. Fig. 3(e)
depicts the dependence of PCE and FF on BFO thickness, where
FF decreases from 73.33% to 63.6% with increasing thickness,
primarily due to elongation of the carrier transport path, which
induces higher resistive losses and exacerbates recombination.
The PCE exhibits an initial enhancement with increasing
thickness, reaching its peak at 800 nm, from 7.03% to 9.43%
where optimal photon absorption, minimized recombination
losses, and favourable carrier transport pathway collectively
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BFOQ's thickness (nm)

(a) Schematic showing the comparison between two different thicknesses of the BFO layer in the ZnSe/BiFeOs/spiro-OMeTAD solar cell.

(b and c) J-V & P-V characteristics, and (d and e) the impact of BFO thickness variation on PV parameters such as Jsc, Voc, Pmax. FF, and efficiency.
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Table 2 Influence of the absorber layer's thickness on the photovol-
taic performance of the ZnSe/BiFeOs/spiro-OMeTAD device

BFO's

thickness (nm) Js. (MA ecm™?) Voo (V) Pmax (W) FF%  Efficiency%
100 4.44 2.14 70.30 73.77 7.03

333 6.00 2.02 88.97 73.36 8.89

566 6.66 1.99 93.17 70.22 9.31

800 7.04 1.97 94.66 68.18 9.46

1033 7.30 1.95 94.22 66.00 9.42

1266 7.48 1.93 94.30 64.93 9.43

1500 7.63 1.93 93.67 63.60 9.36

contribute to performance maximization. However, beyond this
optimal thickness, PCE declines due to the extension of the
carrier transport path, which fosters recombination and resis-
tive dissipation.®” The variation in BFO thickness results in
a complex interplay among photovoltaic parameters, validating
the implication of thickness-induced perturbation in charge
carrier transport dynamics, as summarized in Table 2.

4.2 The effect of ETL thickness variation in the ZnSe/BFO/
spiro-OMeTAD solar cell

In Fig. 4(a), the variation in ETL thickness markedly influences
electron extraction. A thinner ETL provides a shorter transport
path and lower bulk resistance, which accelerates electron drift-
diffusion toward the electrode and improves charge collection
efficiency. The reduced thickness also enhances the interfacial
electric field, suppressing recombination at the ETL/absorber
interface. In contrast, an excessively thick ETL introduces
higher series resistance and elongated carrier pathways, which
not only slow down electron mobility but also increase the

View Article Online

Paper

thicker ETLs can misalign the energy band bending at the
interface, thereby weakening charge selectivity and deterio-
rating the V,. and FF. As a result, optimizing ETL thickness is
crucial to balance optical absorption, transport dynamics, and
interfacial charge separation for achieving maximum device
efficiency. In Fig. 4(b), the -V characteristics reveal that the
built-in electric field remains nearly constant across all ETL
thicknesses, indicating stable internal electric field conditions.
However, with increasing ETL thickness, a noticeable shift
occurs in the voltage at which the J begins to drop sharply.
Specifically, the drop is observed at 2 V for 100 nm and shifts to
2.2 V for 125 nm, suggesting increased resistive losses or
delayed carrier extraction in thicker ETLs, which negatively
affects the charge transport dynamics under forward bias.*® A
similar trend is evident in the P-V curves presented in Fig. 2(c),
where increasing ETL thickness leads to a rightward shift in the
peak power voltage, reflecting delayed carrier collection and
increased resistive losses.>*

In Fig. 4(d), Je. increases from 0.82 to 0.83 mA cm™ > until
100 nm, then decreases to 0.82 mA cm > due to the carrier path
length at higher ETL thickness (125 nm), whereas V,, increases
from 1.96 V to 2.20 V owing to improved band alignment,
enhanced electron extraction, and better hole-blocking effi-
ciency. The highest P,x of 102.32 W is achieved at an optimal
thickness of 75 nm, where efficient charge transport minimizes
recombination losses; however, beyond this point, Ppyax
decreases as excessive ETL thickness prolongs the electron
path, intensifying recombination losses.*> Fig. 4(e) illustrates
that both FF (~61.91%) and PCE (~10.72%) improve as the ETL
thickness increases up to the optimal value, primarily due to
enhanced photocurrent generation. The improvement results
from increased light absorption in the absorber layer, efficient
electron extraction, reduced non-radiative recombination

probability of trap-assisted recombination. Furthermore,
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Fig. 4

(a) Schematic visualization of the ZnSe/BiFeO3/spiro-OMeTAD solar cell with varied ETL thicknesses. (b and c) J-V & P-V characteristics,

and (d and e) the effect of the ETL thickness variation on PV parameters such as Js, Ve, Pmax. FF. and efficiency.
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Table 3 Influence of the ETL thickness variation on the photovoltaic
output of the ZnSe/BiFeOs/spiro-OMeTAD solar cell

ETL thickness

(nm) Jse MA M ™) Voo (V) Pmax (W) FF%  Efficiency%
50 8.82 1.96 10724  61.90 10.72
75 8.83 1.96 10732 61.91 10.73
100 8.83 1.96 10724  61.91 10.72
125 8.82 220  106.79  54.88 10.67

losses, high transparency, and minimized series resistance (R;).
However, beyond the optimal thickness, resistive losses escalate
due to poor band alignment, extended electron pathways,
increased recombination, and hindrance to photon penetration
in the absorber layer.”>** Table 3 evaluates the impact of ETL
thickness variation (~50 nm to ~125 nm) on solar cell perfor-
mance, emphasizing the dependence of PV parameters on the
material's thickness.

4.3 The effect of HTL thickness variation in the ZnSe/BFO/
Spiro-OMeTAD solar cell

In Fig. 5(a), the influence of HTL thickness on device perfor-
mance is evident. A thinner HTL promotes efficient hole
extraction by minimizing transport resistance, shortening
carrier pathways, and enhancing the interfacial electric field,
thereby reducing recombination probability. However, as the
HTL thickness increases, the longer transport distance and
higher bulk resistance hinder hole mobility, weaken the inter-
facial driving force, and promote charge accumulation, which
collectively degrade the extraction efficiency and overall
photovoltaic performance. As shown in Fig. 5(b), increasing

p—
N

Front

View Article Online
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HTL thickness results in a noticeable decrease in J,., and the
voltage at which J drops shifts from 2.0 V (lower thickness) to
1.9 V (higher thickness), indicating degraded carrier extraction
and increased resistive effects.>® A similar trend appears in the
P-V curves as shown in Fig. 5(c), where the peak power voltage
shifts toward lower values with thicker HTLs, confirming
reduced charge collection efficiency and overall performance
deterioration.>”

Fig. 5(d) demonstrates that with an HTL thickness of 10 nm,
the maximum values of J,. (~8.82 mA cm™?), V. (~1.96 V), and
Prhax (~107.24 W) are achieved due to enhanced hole extraction,
minimized recombination losses, and reduced resistive losses
enabled by smooth band alignment. However, beyond 10 nm,
three parameters (Jsc, Voc, and Ppax) degrade as holes encounter
challenges in reaching the back electrode, resulting in
increased interfacial recombination, poor band alignment with
the absorber layer, and elevated resistive losses.”®* Fig. 5(e)
investigates the impact of HTL thickness on FF and PCE,
revealing that FF increases with thickness, attaining a peak
value of ~65.04% at 150 nm due to enhanced band alignment,
reduced resistive losses, lower recombination, efficient hole
extraction, and higher shunt resistance (Ry). Conversely, PCE
reaches its maximum value of ~10.72% at a lower HTL thick-
ness of ~10 nm, attributed to reduced resistance and minimal
charge carrier recombination. Beyond this thickness, PCE
diminishes due to an extended hole transport pathway, inten-
sified carrier recombination, reduced charge carrier generation,
inefficient charge collection at the electrode, and increased R,
leading to power losses.?”*® Increasing the HTL thickness cau-
ses a complex response in PV parameters, highlighting the wide
implications of thickness perturbation in charge carrier trans-
port dynamics, as summarized in Table 4.
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(a) Schematic of the solar cell with different absorbing layer thicknesses. (b and c) J-V & P-V characteristics, and (d and e) the influence of

HTL thickness variation on PV parameters such as Jsc, Vo, Pmax, FF, and efficiency.
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Table4 Variation in device performance with changing HTL thickness
in the ZnSe/BiFeOs/spiro-OMeTAD solar cell

HTL thickness

(nm) Jse MACm™) Vo (V) Prax (W) FF%  Efficiency%
10 8.82 1.96 107.24 61.88 10.72
45 7.47 1.92 91.85 64.00 9.18
80 6.55 1.90 80.76 64.49 8.07
115 5.88 1.90 72.61 64.78 7.26
150 5.33 1.89 65.84 65.04 6.58

4.4 The effect of acceptor/donor density gradients in ZnSe/
BFO/spiro-OMeTAD solar cell

Fig. 6(a) represents the schematic structure of the perovskite
solar cell, highlighting the donor density (Np) in the ETL and
the acceptor density (N,) in the HTL. Upon illumination, the
PVK absorber generates charge carriers, where electrons are
driven toward the ETL and holes toward the HTL. The respective
donor and acceptor densities control the charge transport,
extraction efficiency, and overall device performance. In
Fig. 6(b), the minimum J,. of 7.04 mA cm™? is observed when
the N, exceeds 1 x 10" e¢m™>, indicating reduced charge
extraction due to enhanced recombination. Conversely, Js.
increases with increasing Np,. The minimum J,. of 7.54 mA cm >
occurs when the N, lies between 1 x 10'* and 1 x 10'® em ™3,
and the Np, is in the range of 1 x 10'® and 1 x 10*° em ™3,
reflecting optimal carrier balance and efficient transport.
Fig. 6(c) illustrates that the V,. remains below 1.88 V for doping
concentrations below 1 x 10"® em™*, primarily due to low built-
in potential and substantial recombination losses. With

increasing doping density, V,. exhibits a modest enhancement,
, attributed to

reaching a peak of 1.97 V at 1 x 10*® em™

S~
=
-
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improved band bending and suppressed recombination.
However, increasing doping levels enhances recombination,
a non-radiative process that ultimately imposes a strict upper
limit on V.. Fig. 6(d) demonstrates that the Py, is initially at
a minimum of approximately 65 W under low doping condi-
tions due to pronounced recombination effects. As the Ny
exceeds 1 x 10'® ecm™3, P, exhibits a marginal increase to
87.18 W, followed by a decline attributed to recombination.
Excessive doping beyond this point results in diminished Pp,ax
due to elevated recombination, where phonons are emitted
instead of light. At an optimal doping level of 1 x 10%° cm ™ for
Ny & Np, the P, reaches a peak value of 94.7 W, attributed to
an optimal doping concentration that enhances bend bending
while mitigating recombination and R.**

In Fig. 6(e), the FF is lowest (~47.30%) when the N, is below
1 x 10" em?, indicating poor charge collection and imbal-
ance. As the N, increases beyond 1 x 10'” em ™3, FF steadily
improves. The highest FF (~68.30%) is achieved when N,/Np,
lies between 1 x 10" and 1 x 10°° em >, reflecting optimal
charge transport and reduced recombination within the PSC.
Fig. 6(f) reveals that the PCE is at its lowest under doping
conditions, primarily due to the constrained built-in potential
and elevated recombination rate. As the N, surpasses 1 x 10'®
em’, PCE increases to 8.71%, driven by enhanced carrier
mobility, improved built-in potential, and reduced recombina-
tion.*”®” The PCE reaches its peak value of 9.47% at a doping
concentration of 1 x 10*° em™* due to optimized doping that
enhances carrier collection, but further doping increases carrier
scattering and recombination, leading to PCE degradation.
These findings highlight the implication of Ny, & N gradients in
charge carrier transport dynamics to improve the efficiency of
the device.
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Fig. 7 Variation in series resistance (Rs), shunt resistance (Rs), and characteristic resistance (R.n) with respect to the (a) absorbing layer (BFO)

thickness, (b) ETL thickness, and (c) HTL thickness.

4.5 The impact of layer thickness variation on the resistance
in the ZnSe/BFO/spiro-OMeTAD solar cell

Fig. 7(a) elucidates the correlation between these resistances,
i.e., Ry, Ry, and the characteristic resistance (R.,), and the
variation in the BFO thickness of 100 nm. R, exhibits a signifi-
cantly high value (~14 Q m?®) due to the presence of interfacial
defects, the intrinsic resistivity of the BFO layer, and increased
charge carrier recombination. However, with a progressive
increase in thickness, R, significantly declines (~3 Q m?®) as
defect density is mitigated by the optimal selection of solvents.
A higher Ry, (~65625 Q m?®) is preferred for superior PSC
performance, and its values remain favourable across different
BFO thicknesses, peaking at ~333 nm, which ensures optimal
efficiency.®* R.,, a critical parameter indicating overall PSC
efficiency and device quality, reaches a peak value of ~48.39 Q
m? at a minimum thickness of ~100 nm.

Fig. 7(b) presents the variation of Ry, Ry, and R, with ETL
thickness, where a minimal R is essential for efficient PSC
performance, attaining its lowest value (~3.11 Q m?) at 100 nm
thickness, attributed to reduced interfacial defect density. At
125 nm thickness, R increases (~10.85 Q m?), resulting in
performance deterioration due to intensified charge carrier
recombination. The maximum Ry, (~16 988 Q m?) occurs at
125 nm thickness; however, at 75 nm, Ry, remains sufficiently
high due to enhanced current transport and reduced recombi-
nation, facilitated by the minimized R; at this thickness.®* The
highest R}, (~24.36 Q m®) is recorded at 50 nm ETL thickness,
beyond which subsequent variations exert minimal influence,
inducing a slight decline in performance, while PSC efficiency
reaches its optimum at an ETL thickness of approximately
125 nm.

Fig. 7(c) illustrates the dependence of Ry, R, and R, on the
variation in HTL thickness, highlighting the relationship
between electrical resistance and material properties. The
minimum R, (~2.5 Q m?) at 80 nm HTL thickness is attributed
to crystal defects and reduced grain size, which coincides with
optimal Ry, (~8505 Q m?) at the same thickness, thereby
enhancing both j,. and V,..** For HTL thicknesses exceeding
80 nm, Ry, progressively increases as the internal and
fabrication-related defects diminish, although peak efficiency is
attained precisely at 80 nm thickness.®” R., exhibits a linear
increase with HTL thickness; however, its effect on overall PSC

© 2025 The Author(s). Published by the Royal Society of Chemistry

performance remains negligible, as the highest PCE is achieved
at 10 nm thickness. The extracted resistance values, derived
through Python-based simulation, lie within the optimized
operational ensuring reliable and efficient PSC
performance.

In our simulations, the increase in FF with optimized HTL
thickness is not a simple geometrical effect, but arises from the
interplay between recombination dynamics and band align-
ment at the absorber/HTL interface. A very thin HTL leads to
incomplete coverage and poor hole extraction, which enhances
interfacial recombination and increases series resistance, both
of which reduce FF. On the other hand, when the HTL thickness
is gradually increased to the optimum range, it provides
smoother band alignment and more efficient separation of
carriers. This reduces interfacial recombination and improves
charge collection, thereby increasing the FF.

However, beyond the optimum thickness, the FF begins to
saturate or even decrease slightly because excessive HTL
thickness contributes to increased series resistance, which
counteracts the benefits of improved carrier extraction. Thus,
the observed “direct relation” between FF and HTL thickness
should be understood as a balance: FF improves with HTL
thickness up to an optimum level because of reduced recom-
bination and enhanced band alignment, but excessive thick-
ness may introduce resistive losses.

range,

4.6 The impact of layer thicknesses on the ZnSe/CsSnl;/
spiro-OMeTAD solar cell

In Fig. 8(a), the J-V curves demonstrate that increasing the
CsSnl; absorber thickness results in a pronounced rise in Jg,
with thinner layers showing a current density drop near 1.0 V,
whereas thicker layers exhibit this drop around 0.7 V. This shift,
coupled with the overall enhancement in photocurrent, reflects
the improved light absorption capacity of thicker CsSnI; films,
enabling more efficient photocarrier generation. In Fig. 8(b),
the P-V characteristics indicate that increasing the CsSnl;
thickness significantly enhances Py, with thinner layers
showing a pronounced power drop near 1.0 V, while thicker
layers exhibit this drop shifted toward approximately 0.7 V. The
sustained high-power output at lower voltages for thicker
absorbers can be attributed to improved photon absorption and
carrier collection, which outweigh the slight V,. reduction

RSC Adv, 2025, 15, 33830-33843 | 33839
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Fig. 8 (a—c) Effect of absorber layer (CsSnls) thickness variation on J-V characteristics, P—V characteristics, and trends in Jsc, Voc, Pmax. FF, and

efficiency. (d—f) The influence of ETL thickness on J-V characteristics, PV characteristics, and trend in Js¢, Voo, Pmax. FF. and efficiency. (g—

i) The

impact of HTL thickness variation on J—V characteristics, P—V characteristics, and trends in Jsc, Vo, Pmax. FF, and efficiency.

caused by increased recombination pathways. In Fig. 8(c), Jsc
increases from 7.36 mA cm™> at 50 nm to 27.75 mA cm ™~ at
990 nm, primarily due to enhanced optical path length in
thicker CsSnl; layers, which improves photon absorption and
generates more e-h pairs.’>* V,,. decreases from 1.01 to 0.80 V
with increasing thickness, as longer carrier transport distances
and increased defect density promote bulk and interfacial
recombination, reducing the quasi-Fermi level splitting. Ppax
rises from 57.12 to 172.88 W, and FF remains relatively stable
between 75.34 and 79.91%, indicating that series resistance and
charge extraction remain efficient despite thickness variation.
The overall efficiency improves from 5.71 to 17.28% because the
gain in Jg. and P, outweighs the V. drop (see Table 1S in the
SI), highlighting that thicker absorbers effectively balance
absorption enhancement with manageable recombination
losses.

The J-V curves in Fig. 8(d) indicate that increasing ETL
thickness leads to a gradual decrease in Jy, as thicker layers
introduce longer transport paths and higher series resistance,
reducing carrier extraction efficiency. For all thicknesses, the

33840 | RSC Adv, 2025, 15, 33830-33843

current density drop occurs consistently at ~0.8 V, reflecting
a nearly unchanged V,.. The P-V curves in Fig. 8(e) display
a steady reduction in Py, with greater ETL thickness, while the
voltage point at which the power drop occurs remains fixed at
~0.8 V. This behavior suggests that the decline in power output
is mainly governed by the reduced photocurrent rather than
significant voltage loss.?>** In Fig. 8(f), Js. decreases from 27.85
mA cm > at 10 nm to 21.57 mA cm 2 at 150 nm, mainly due to
increased optical losses, longer transport paths, and higher
series resistance in thicker ETLs, which limit carrier extraction.
Voe shows only a slight reduction from 0.80 to 0.78 V, indicating
minimal effect on energy band alignment. P, declines from
173.38 t0 129.16 W, and efficiency drops from 17.33 to 12.91%,
with both trends following the reduction in Js. FF remains
relatively stable between 75.95 and 77.75%, reflecting preserved
diode quality despite the transport limitations imposed by
thicker ETLs. This behaviour confirms that thinner ETLs
provide superior performance by reducing resistive losses and
enabling more efficient carrier collection (see Table 2S in the
SI).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparative analysis of BFO-based perovskite solar cells reported in various research studies for efficient solar cell design

Cell structure Jse (MA cm™?) Voe (V) FF% Efficiency%
FTO/TiO,/BFO/spiro-OMeTAD" 10.87 0.91 55.55 5.60
FTO/ZnO/BFO* 15.27 1.03 75.59 11.92
ZnO/BFO/spiro-OMeTAD>* 8.99 2.00 65.47 11.87
FTO/ZnO/BFO/spiro-OMeTAD/Au”’ 8.35 0.79 29.10 1.92
ZnSe/BFO/spiro-OMeTAD [this work] 8.83 1.96 61.91 10.73

The J-V curves in Fig. 8(g) show that increasing HTL thick-
ness produces only a very minor rise in J., indicating that hole
transport is already efficient at lower thicknesses. For all
thicknesses, the current density drop occurs consistently at
~0.8 V, suggesting a negligible effect on V,.. The P-V curves in
Fig. 8(h) exhibit a slight increase in P, with greater HTL
thickness, while the voltage at which the power drop occurs
remains fixed at ~0.8 V. This trend implies that any perfor-
mance gain is marginal and is mainly linked to the minor
photocurrent enhancement. Fig. 8(i) displays that as HTL
thickness increases from 10 to 135 nm, J. rises only slightly
from 27.85 to 28.32 mA cm 2, reflecting minimal improvement
in light absorption or carrier extraction.* V,,. remains stable at
0.79 V for thinner layers and increases marginally to 0.80 V for
thicker ones, indicating consistent band alignment. Py,,x grows
from 173.38 to 175.63 W, and efficiency increases marginally
from 17.33 to 17.56%, while FF stays between 77.19% and
77.95%, confirming that HTL thickness variation has little
influence on diode quality or charge transport.”” Overall (see
Table 3S in the SI), performance changes are negligible, sug-
gesting that the device operates near optimal HTL thickness,
even at the lowest tested value.

A comparative analysis of BFO-based solar cells is clearly
tabulated in Table 5, showing that device performance varies
significantly with changes in ETLs and HTLs. The FTO/ZnO/
BFO/spiro-OMeTAD/Au cell delivers very low PCE (1.92%) due
to weak FF and limited V., reflecting poor carrier extraction and
higher recombination.*® The TiO,-based structure moderately
improves PCE (5.60%), but still lacks high voltage output,
indicating insufficient band alignment.' In ZnO/BFO/spiro-
OMEeTAD, the device without FTO showed improved V. (2.0 V)
and FF, leading to an efficiency of 11.87%, suggesting reduced
interface losses.*® Interestingly, the FTO/ZnO/BFO structure
without HTL showed the highest J,. (15.27 mA cm %) and
maximum PCE (11.92%), but the absence of HTL may affect
long-term charge separation and stability.”” In contrast, our
work proposes a novel structure ZnSe/BFO/spiro-OMeTAD,
which achieves a very high V,. (2.20 V) and FF (73.77%),
resulting in a stable efficiency of 10.73%. The use of ZnSe as an
ETL is a key novelty, offering better energy level alighment and
stronger electron mobility compared to traditional ZnO or TiO,.
This not only ensures effective electron extraction but also
reduces recombination at the ETL/BFO interface. The non-toxic
nature of ZnSe and BFO makes our configuration environ-
mentally friendly, while the achieved performance parameters
confirm the potential of this novel structure as a promising
candidate for high-voltage, lead-free solar devices.

© 2025 The Author(s). Published by the Royal Society of Chemistry

5. Conclusion

In this study, the operational power conversion efficiencies
(PCE) of two lead (Pb)-free perovskite solar cells (PSCs) were
simulated using the COMSOL Multiphysics software in a two-
dimensional (2D) framework. The impact of the absorber
layer, electron transport layer (ETL) (ZnSe), and hole transport
layer (HTL) (spiro-OMeTAD) thickness variations, along with
acceptor and donor density (N,/Np) gradient, on device perfor-
mance with the ZnSe/BiFeO;/spiro-OMeTAD architecture was
analysed. By varying the absorber thickness from ~100 nm to
~1500 nm, optimum performance was achieved at 800 nm,
where short-circuit current density (/) reached 7.63 mA cm™2,
maximum output power (Pp,.,) was 94.6 W, and PCE peaked at
9.46%. However, open-circuit voltage (V,.) and fill factor (FF)
declined from 2.14 V to 1.93 V and from 73% to 63%, respec-
tively. When the ETL thickness was varied between 50 nm and
125 nm, V,. improved significantly (1.96 V to 2.21 V) with
a relatively stable J,. ~ 8.83 mA cm . Howevert, Pp,a and PCE
showed minor reductions, with FF decreasing from 61.90% to
54.67%, and PCE dropping slightly from 10.72% to 10.69%.
HTL thickness variation from 10 nm to 150 nm resulted in
optimal photovoltaic performance at 10 nm, yielding Js. ~ 8.82
mA cm 2, V. ~ 1.96 V, Pax ~ 107.2 W, and PCE ~ 10.72%,
while the maximum FF (~53%) was achieved at 150 nm. For the
ZnSe/CsSnl;/spiro-OMeTAD cell, a maximum efficiency of
17.56% and J,. of 28.32 mA cm > were obtained at 135 nm HTL
thickness, FF of 79.91% at optimum CsSnl; thickness, and V.
of 1.01 V at 10 nm CsSnl; thickness. Furthermore, by increasing
Nu/Np from 1 x 10* to 1 x 10%° ecm ™3, the PCE rose from 6.49%
to 9.46%, FF increased from 48% to 68%, and V,. went from
1.86 V to 1.97 V. Additionally, characteristic series and shunt
resistances were investigated under varied layer thicknesses
using Python simulations. The optimized resistance values
support enhanced charge transport and reduced recombination
losses, further validating the device design. This study high-
lights the linear relation between FF and HTL thickness, paving
the pathway to selecting the best photovoltaic materials at
optimized conditions for green energy solutions.
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