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The ever-growing global energy crisis and alarming environmental degradation have intensified the
search for sustainable energy alternatives, with solar technology standing at the forefront of this
revolution. Among cutting-edge photovoltaic (PV) advancements, heterojunction lead-free perovskite
solar cells offer remarkable efficiency and environmental compatibility. This study presents a novel TiO,/
SnS/BiFeOs/spiro-OMeTAD configuration, analysed through COMSOL simulations in 1D to optimize
performance. The results demonstrate a maximum efficiency of 23.59% at 1 x 10'° cm~3 donor—accep-
tor (DA) density, confirming the potential of this structure for high-performance applications.
Furthermore, the fill factor peaks at 82.94% near 150 nm electron transport thickness, highlighting
enhanced charge collection. The open-circuit voltage reaches a maximum of 1.057 V at an SnS layer
thickness of 10 nm and decreases with further thickness increase, attributed to the impact on energy
band alignment. The short-circuit current is suppressed as the SnS layer's thickness increases, attributed
to the impact on the layer's resistance. Conversely, the short-circuit current density attained a peak of

Received 4th October 2025, 35.330 mA cm™2 at a DA density of 1 x 10*® cm™>, due to improved charge carrier concentration at

Accepted 20th October 2025 lower densities. These findings establish the feasibility of this heterojunction solar cell structure,
providing a strong foundation for future experimental validation and optimization. This research paves

the way for the development of next-generation, high-efficiency, and lead-free PV devices, promoting
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1. Introduction

The rapid rise in global energy consumption, which surpassed
14.1 gigatons (GT) in 2021, has intensified concerns over
resource depletion and environmental sustainability." Fossil
fuels remain the dominant source, supplying over 80% of total
energy, but their excessive use has led to massive CO, emis-
sions, reaching 35.8 GT globally in 2023, along with other
harmful gases like methane (CH,), sulfur oxides (SO,), and
nitrogen oxides (NO,), further exacerbating environmental
issues.”™ Global energy demand is expected to surpass 25 000
tera watt (TW) by 2030, making the transition to renewables
essential, and solar photovoltaics (PVs) have emerged as a key
solution, reaching a global energy capacity of 942 Giga watt
(GW) in 2021."*”7 However, conventional single-junction solar
cells face fundamental efficiency limits, with the Shockley-
Queisser limit capping their maximum efficiency at approxi-
mately 33%.5"% To address these constraints, heterojunction
perovskite solar cells (HPSCs) use multiple absorber layers with
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complementary bandgaps to enhance light absorption and
have achieved 29.8% efficiency.'®'®> This study investigates a
HPSC, where tin sulphide (SnS) acts as a buffer layer, bismuth
ferrite (BiFeO;) serves as the absorber layer, titanium oxide
(TiO,) functions as the electron transport layer (ETL), and spiro-
OMeTAD is used as the hole transport layer (HTL). This
configuration is designed to enhance charge carrier dynamics,
reduce recombination losses, and achieve higher efficiency
than conventional single-junction cells.

The efficiency of HPSCs depends on the precise interaction
between its layers, each contributing to charge generation,
separation, and transport. The buffer layer, SnS, with a direct
bandgap of ~1.3 eV, ensures strong photon absorption and
efficient charge carrier generation while remaining an envi-
ronmentally friendly and earth-abundant material."*>* How-
ever, effective charge transfer requires an intermediate layer to
minimize recombination losses. The absorber layer must exhi-
bit a high absorption coefficient and an optimized bandgap for
efficient light harvesting. BiFeO; (BFO) provides this function-
ality with its bandgap of around 2.1 eV and ferroelectric proper-
ties, which enhance charge separation by generating an
internal electric field.**™” To facilitate electron extraction and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transport, a high-mobility material such as TiO,, commonly
used as an ETL, offers a wide bandgap of 3.2 eV that ensures
excellent optical transparency and prevents undesired charge
recombination.?®* On the other hand, charge balance within
the device is maintained by an efficient hole-extracting material
such as spiro-OMeTAD, which has a bandgap of ~3.0 eV and
provides a stable, conductive pathway for hole transport, reducing
energy losses and enhancing charge collection.*®*® The careful
selection of these materials, combined with their optimized
bandgap alignment, contributes to improved charge extraction,
reduced recombination losses, and enhanced overall power con-
version efficiency.

For SnS thin films, issues such as poor crystallinity, high
density of grain boundaries, and non-stoichiometric growth often
lead to enhanced recombination losses and reduced carrier
mobility. Similarly, BFO thin films can suffer from oxygen vacan-
cies, secondary phase formation, and instability during post-
deposition annealing, which directly affect their ferroelectric
and photovoltaic response. Both materials also face long-term
stability concerns when exposed to ambient conditions, which
can further impact device reliability. To mitigate these challenges,
various fabrication approaches have been investigated. For SnS,
techniques such as chemical bath deposition, atomic layer deposi-
tion, and thermal evaporation have shown promise in producing
uniform and highly crystalline layers with controlled stoichiome-
try. In the case of BFO, sol-gel processing, pulsed laser deposition,
and sputtering methods have been widely used to achieve high-
quality films with reduced defect density and improved phase
purity. In addition, defect passivation strategies, such as interface
engineering and incorporation of buffer layers, have been demon-
strated to enhance stability and reduce recombination centers.

In this study, COMSOL Multiphysics is employed to model
and analyse the charge transport and efficiency performance of
the proposed 1D HPSC. The numerical simulations provide
valuable insights into band alignment, carrier dynamics, and
interfacial charge transfer, enabling the optimization of absor-
ber, buffer, and transport layers to enhance charge collection
and minimize recombination losses. This research contributes
to the advancement of high-efficiency, lead-free HPSCs, addres-
sing the growing demand for stable and sustainable PV technol-
ogies. Future work may focus on further material optimizations,
experimental validation, and stability improvements to facilitate
the transition from theoretical modelling to practical application
in next-generation solar energy systems.

2. Numerical modelling

Numerical modelling is essential in solar cell research, enabling
accurate simulation of charge transport, electric field (E) dis-
tribution, and recombination processes. COMSOL Multiphysics,
employing the finite element method (FEM), effectively models
carrier dynamics, electrostatic potential, and recombination
mechanisms. SCAPS-1D, based on the drift-diffusion model, is
particularly suited for thin-film solar cells offering precise con-
trol over band alignment and defect-state modelling. Silvaco
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ATLAS incorporates quantum mechanical effects, providing
detailed insights into tunnelling phenomena, interface states,
and recombination behaviour.>” These tools are instrumental in
evaluating key PV parameters: short-circuit current density ( Js),
open-circuit voltage (V,.), fill factor (FF), and efficiency, optimiz-
ing solar cell performance. Poisson’s equation (eqn (1)) governs
the distribution of electrostatic potential, establishing a link
between the spatial distribution of charge carriers and the E,
thereby influencing charge separation and transport:

V-(eVY) = —p &)

Here, in eqn (1), ¢ is the material permittivity, ¥ denotes
electrostatic potential, and p represents the charge density,
with V being the vector differential operator describing spatial
variation. Carrier transport is governed by the continuity equa-
tions (eqn (2) and (3)), which ensure conservation of charge by
incorporating the effects of carrier drift, diffusion, generation
(G), and recombination (R):
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Here, in eqn (2) and (3), n and p denote electron and hole
concentrations, /, and j, are current densities, V.J, and V.,
describe current divergence, and g is the elementary charge.
The current density equations (eqn (4) and (5)) describe the
movement of electrons and holes, considering both drift
motion due to the E and diffusion caused by concentration
gradients. Drift transport is dominant in high-field regions
such as the depletion layer, where carriers are rapidly swept
toward their respective electrodes, while diffusion transport
occurs in areas with low-field strength, where carriers move
randomly due to thermal energy. The mobility (u,, pp) of
electrons and holes influences the drift component, while the
diffusion coefficients (D, D,) determine how efficiently carriers
spread within the semiconductor.

Jn = qunnE + gDpViy 4

Jp = qupnE + gDpV,, (5)

Here, in eqn (4) and (5), the elementary charge is denoted by g,
while n and p are carrier concentrations, and the gradients of
these concentrations are V,, and V,, respectively.”***> Recom-
bination is a major loss mechanism that reduces carrier life-
time and efficiency, with Shockley-Read-Hall recombination
(Rsgry) being the most significant in materials with defects or
trap states. This mechanism occurs through mid-gap states,
where carriers are captured and re-emitted, leading to non-
radiative recombination losses that lower photocurrent
generation.*® Rgpy depends on the n and p concentrations,
the intrinsic carrier concentration (1), carrier lifetimes (t,,, 7p),
and trap densities for electrons (n,) and holes (p,), influencing
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Table 1 Initial parameters of materials used for the respective layers in 1D TiO,/SnS/BFO/spiro-OMeTAD solar cell simulation

Material properties TiO,*® sns*’ BFO*® Spiro-OMeTAD*®
Thickness (nm) 25 10 10 100
Energy band gap (eV) 3.2 1.3 2.5 3
Relative permittivity 9 13 6 3
Electron affinity (eV) 4.1 4 2.5 1.9

CB effective density of states ‘N’ (cm ) 2 x 10*° 5 x 10" 5 x 10" 1 x 10*°
VB effective density of states ‘Ny’ (cm™?) 1 x 10*° 5 x 10" 5 x 10" 1 x 10*°
Electron mobility ‘u,’ (cm> v ' s~ * 20 15 80 2

Hole mobility ‘' (em® V™' s71) 25 100 25 1x 1072
Electron lifetime, SRH, (ns) 1 1000 1000 5

Hole lifetime, SRH, (ns) 1 1000 1000 5

overall device performance, as given in eqn (6):
2
l/lp — nj

Tu(p +po) + 1p(n + 1)

Rsru = (6)
By solving these fundamental equations using advanced
numerical methods in COMSOL Multiphysics, researchers can
systematically investigate the impact of material properties, inter-
face defects, and charge transport dynamics on solar cell perfor-
This enables predictive simulations that guide
experimental optimization of materials and fabrication of high-
efficiency devices. All the input optimized parameters of each layer
for TiO,/SnS/BFO/spiro-OMeTAD HPSC are tabulated in Table 1.

mance.

3. Device simulation and methodology
3.1 Solar absorption and solar spectrum

Fig. 1(a) illustrates the AM1.5 global solar irradiance spectrum,
depicting the intensity of sunlight as a function of wavelength
and providing a standard representation of the solar radiation
that reaches the earth’s surface. The spectrum peaks near
500 nm, indicating that the majority of solar energy contribution
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Fig. 1 Optical and electrical characteristics of the device structure: (a)
AML.5 global solar irradiance spectrum, (b) extinction coefficient (k) as a
function of wavelength, (c) photogeneration rate distribution along the arc
length, and (d) spatial variation of the Shockley—Read—Hall (SRH) recom-
bination rate.
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comes from visible light, while irradiance gradually decreases
toward the infrared region (IR). The sharp declines at specific
wavelengths are due to atmospheric absorption by gases such as
ozone (O3) in the ultraviolet (UV) range and water vapor (H,0) and
carbon dioxide (CO,) in the IR.”° The sharp decline in irradiance
beyond 1000 nm indicates that long-wavelength photons possess
insufficient energy to excite charge carriers in semiconductors
with moderate bandgaps. Conversely, although UV photons carry
high energy, their limited availability due to atmospheric filtering
reduces their impact on photocurrent generation. This spectral
distribution is critical for solar cell design, as the absorber
material must have a bandgap well-aligned with the high-
intensity portion of the spectrum to ensure maximum efficiency.
A large bandgap results in poor absorption of lower-energy
photons, while a small bandgap leads to excessive thermalization
losses, where surplus photon energy is dissipated as heat rather
than converted into electricity. Therefore, understanding the
AM1.5 spectrum is essential for selecting suitable absorber mate-
rials and device architectures, enabling enhanced photon absorp-
tion and charge carrier generation under standard illumination
conditions.

Fig. 1(b) presents the extinction coefficient (k) as a function
of wavelength, reflecting the material’s ability to attenuate inci-
dent photons, which is directly related to the absorption coeffi-
cient that defines how deeply light of a specific wavelength can
penetrate before being absorbed.”® A high k value at shorter
wavelengths indicates strong absorption in the ultraviolet (UV)
and visible regions, which facilitates efficient charge carrier
generation near the surface. As the wavelength increases, k
decreases sharply, implying that photons in the near-infrared
(IR) region are either weakly absorbed or transmitted through
the material. This trend suggests that high-energy photons are
absorbed within the first few micrometres (um) of the absorber
layer, while low-energy photons can penetrate deeper before being
absorbed, or lost in some cases. The steep decline in & at longer
wavelengths underscores the difficulty in achieving uniform light
absorption across the entire solar spectrum, a key factor in
enhancing solar cell efficiency. Interestingly, a lower extinction
coefficient in the IR region can be advantageous for HPSCs, as it
allows lower-energy photons to transmit through the top cell
and be absorbed by an underlying sub-cell with a narrower
bandgap. This spectral management enhances photon utilization,
thereby contributing significantly to the overall performance of
the device.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1(c) shows the charge carrier generation rate as a
function of arc length within the solar cell, providing insight
into the spatial distribution of photogenerated carriers. The
highest generation rate occurs at the front surface, where light
first interacts with the material, aligning with the high extinc-
tion coefficient observed in Fig. 1(b).

As the arc length increases, the generation rate decreases
sharply due to the reduced availability of absorbed photons in
the deeper layers. This indicates that most electron-hole (e-h)
pairs are generated near the illuminated surface, making charge
collection efficiency crucial in this region. If the absorber layer is
too thin, insufficient photon absorption will limit carrier gen-
eration, reducing the photocurrent. Conversely, a thick absorber
layer may cause carriers generated in the bulk to recombine
before reaching the junction, leading to efficiency losses. The
sharp drop-in generation rate with depth suggests that optimiz-
ing the absorber thickness is essential to balance absorption and
charge transport for efficient solar cell operation.

Fig. 1(d) illustrates the Rggy rate as a function of arc length,
highlighting the regions where carrier losses occur due to
defect-mediated recombination. Initially, the recombination
rate is high near the front surface, likely due to defects or
surface traps that act as recombination centres. The recombi-
nation rate increases further and peaks at an intermediate
depth, indicating a region with a higher density of trap states
or bulk defects. Beyond this peak, the recombination rate
declines as the number of available charge carriers decreases
due to reduced photogeneration in the deeper regions. High
recombination near the surface and mid-depth regions reduces
carrier lifetime, affecting both the V,. and overall efficiency,
thus necessitating effective defect passivation strategies such as
surface treatment and doping optimization to suppress recom-
bination losses. Additionally, minimizing defects at critical
interfaces, such as the absorber-transport layer junction, can
further enhance carrier extraction and improve solar cells.

3.2 Analysis of energy band structure

Fig. 2(a) illustrates the layer-wise design of the solar cell, where
light absorption in the BFO layer generates e-h pairs, which are
then separated and collected to produce a photocurrent. Elec-
trons move through TiO, to the front contact, while holes travel
through spiro-OMeTAD to the back contact, driving current
flow in the external circuit. Fig. 2(b) illustrates charge carrier
transport based on band energies, showing that electrons move
from BFO to the SnS layer and then passing through the TiO,
layer these electrons enter the front contact. Holes migrate
through spiro-OMeTAD to the back contact and flow into the
external circuit, with arrows indicating the charge movement to
ensure efficient separation and extraction, while red crosses
denote the forbidden paths for electrons and holes.

Fig. 2(c) shows the energy band diagram of the TiO,/SnS/
BFO/spiro-OMeTAD HPSC along the arc length of the device,
with the conduction band edge (E¢) and valence band edge (Ey)
exhibiting a step-like variation indicating heterojunction for-
mation at the interfaces. TiO, acts as the ETL, facilitating
electron movement toward the external circuit, and SnS,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic representation of the proposed solar cell structure,

(b) energy band diagram illustrating the charge transport mechanism
under illumination, (c) energy band alignment across the device, indicating
conduction band (E¢), valence band (Ey), and Fermi level (Ef) positions, and
(d) magnified view of the energy band profile near the BFO/spiro-OMeTAD
interface, highlighting carrier extraction dynamics.

positioned in the middle, functions as the buffer layer, where
most of the photon absorption and charge generation occur. The
BFO layer serves as an absorbing layer, aiding charge separation
and transport, while spiro-OMeTAD, the HTL, collects and
transfers holes to the electrode, with the electron (Er,) and hole
(EFp) quasi-Fermi levels showing band bending and efficient
charge movement.”® The band offsets at the junctions ensure
proper carrier separation, effectively reducing recombination
losses and enhancing V,,. for improved device performance.

Fig. 2(d) shows a magnified view of the energy band alignment
at the SnS/BFO/spiro-OMeTAD interfaces, where the E¢ of SnS is
lower than that of BFO, ensuring proper electron confinement
and reducing recombination losses. The Ey, alignment shows that
holes can effectively transfer from SnS to BFO and subsequently
to spiro-OMeTAD, supporting efficient hole extraction. The well-
separated Ey and Ey indicate strong carrier collection and
minimal recombination at these interfaces, with the localized
band structure playing a critical role in optimizing charge trans-
port and overall device performance.

4. Results and discussion
4.1 Effect of the SnS layer’s thickness on HPSC performance

Fig. 3(a) illustrates that as the SnS layer thickness increases, the
generation of e-h pairs also increases due to enhanced light
absorption, resulting in improved charge carrier production
within the solar cell. Fig. 3(b) presents the dependence of
current density and applied voltage (J-V) on SnS thickness
ranging from 10 nm to 445 nm, showing that increased thick-
ness enhances photon absorption and charge -carrier
generation.>>** Fig. 3(c) shows the power-voltage (P-V) char-
acteristics at various SnS thicknesses, with the highest power

Energy Adv., 2025, 4,1500-1509 | 1503
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(a) Cross-sectional schematic of the proposed textured solar cell structure (TiO,/SnS/BiFeOs/spiro), (b) and (c) J-V and P-V characteristics of the

device for varying SnS layer thicknesses, (d)-(f) variation of short-circuit current density (Jsc), open-circuit voltage (Vic), and maximum power (Ppay), fill
factor (FF) and efficiency, respectively, and (g) Rs, Rsn, and Rcp with SnS absorber thickness, demonstrating optimal thickness for maximum performance.

observed at an intermediate thickness, indicating an optimal
balance for charge transport and recombination suppression.
At very thin or excessively thick SnS layers, power output
declines due to either insufficient charge separation or
increased recombination losses. Fig. 3(d) reveals that as the
buffer layer thickness increases from 15 nm to 150 nm, V.
decreases from ~1.057 V to 0.851 V, and Js. drops from
~31.876 mA cm ? to ~30.349 mA cm %, likely due to
enhanced charge recombination and transport resistance, con-
firming the suppression of J,. as the SnS layer’s thickness
increases. Despite this, power maximum (Pp,,,) initially rises
from 223.623 W at 10 nm to a peak of 232.456 W at 118 nm,
then decreases to 208.586 W at 445 nm, confirming that
optimal SnS layer thickness is critical for maximizing output.
Fig. 3(e) and (f) shows the variation of FF and efficiency with
buffer layer thickness, where both parameters exhibit a fluctu-
ating trend. As the SnS layer thickness increases from 10 nm to
118 nm, FF rises from 66.345% to a peak of 81.627%, and
efficiency improves from 22.362% to a maximum of 23.245%,
indicating enhanced charge transport and reduced interfacial
losses. However, beyond this optimal range, FF drops to
79.713% and efficiency declines to 20.858% at 445 nm, high-
lighting the impact of excessive thickness on performance. This
is due to increased series resistance and recombination losses,

Table 2 Designed device 1D (TiO,/SnS/BFO/spiro-OMeTAD) perfor-
mance parameters with varying SnS thickness

SnS thickness [ Efficiency
(nm) (MAcem™2) Voo (V)  Pmax (W)  FF (%) (%)

10 31.876 1.057 223.623 66.345  22.362
118 31.045 0.917 232.456 81.627  23.245
227 30.611 0.900 218.144 79.155 21.814
336 30.424 0.862 209.174 79.713  20.917
445 30.349 0.851  208.586  80.743  20.858
1504 | Energy Adv., 2025, 4,1500-1509

which impede charge extraction and lower the overall solar cell
performance, reinforcing the importance of optimizing buffer
layer thickness for maximum efficiency. The output perfor-
mance parameters of the TiO,/SnS/BFO/spiro-OMeTAD HPSC
at different buffer layer thicknesses are listed in Table 2.

Fig. 3(g) illustrates the variation of series resistance (R;),
shunt resistance (Ryy), and characteristic resistance (R.,) as a
function of SnS absorber thickness calculated through Python
Software. The maximum R, (~0.015 Q cm?) is observed at a
thickness of 227 nm, which can be attributed to the presence of
interfacial defects leading to enhanced carrier recombination. As
the thickness increases, the density of defects decreases, thereby
reducing R, to 0.008 Q cm® at 336 nm, which corresponds to
minimal recombination losses. The Ry, which plays a crucial role
in suppressing leakage current and enhancing device performance,
reaches its maximum value (~154.7 Q cm®) at 336 nm thickness.
The R, a parameter representing the overall PV response of the
device, attains its maximum value (~73.07 Q em?) at 227 nm.*®

4.2 Effect of ETL thickness on HPSC performance

Fig. 4(a) illustrates that as the ETL thickness increases, the
amount of light reaching the underlying layers decreases,
which can reduce overall light absorption and impact charge
carrier generation in the solar cell. Fig. 4(b) shows the J-V
characteristics, while Fig. 4(c) represents the P-V characteris-
tics, showing how J and P output changes with V for different
ETL thicknesses. As ETL thickness increases from 25 nm to
150 nm, peak power output decreases due to higher Ry and
lower carrier collection efficiency, affecting charge transport
and extraction.> Fig. 4(d) depicts the dependence of Jg, Voo,
and P, on ETL thickness, as ETL thickness increases from
25 nm to 150 nm, J,. decreases from ~31.493 mA cm > to
7.610 mA cm 2, and V,. reduces from ~0.954 V to ~0.904 V
due to increased recombination and transport resistance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic of solar cell structure (TiO,/SnS/BiFeOs/spiro) showing the effect of TiO, ETL thickness on light reflection and absorption, (b) and

(c) J-V and P-V characteristics for different ETL thicknesses, (d) variation of Jsc, Ve, and Pmay With ETL thickness, (e) and (f) influence of ETL thickness on

fill factor and efficiency, and (g) Rs, Rsh, and R, with ETL thickness.

Table 3 Designed device 1D (TiO,/SnS/BFO/spiro-OMeTAD) perfor-
mance parameters with varying ETL (TiO,) thickness

TiO, thickness J. Efficiency
(nm) (MAcem ™) Voo (V) Puax (W)  FF (%) (%)

25 31.493 0.954 232.72 77.41 23.27
56.25 19.196 0.929 142.84 80.03 14.28
87.5 13.172 0.917 98.69 81.68 9.86
118.75 9.761 0.909 73.32 82.56 7.33

150 7.610 0.904 57.09 82.94 5.70

Similarly, P« declines from ~232 W at 25 nm to nearly 57 W
at 150 nm, indicating that excessive ETL thickness hinders charge
extraction and significantly reduces overall device performance.
Fig. 4(e) illustrates that as ETL thickness increases from 25 nm to
150 nm, FF gradually increases from 77.41% at 25 nm to 82.94%
at 150 nm. In Fig. 4(f), efficiency decreases gradually from 23.27%
at 25 nm to 5.70% at 150 nm, attributed to increased R, and
charge recombination. The output performance parameters of
TiO,/SnS/BFO/spiro-OMeTAD HPSC at different ETL thicknesses
are tabulated in Table 3.

Fig. 4(g) presents the correlation between R, Ry, and Ry
with respect to the ETL layer thickness. A higher R, (~0.01 Q cm?)
is recorded at 87 nm, primarily due to the elevated defect density at
the ETL/absorber interface. Beyond this thickness, R decreases
gradually to ~0.009 Q cm’, owing to the reduction in interfacial
defect states. The maximum Ry, (~616 Q cm®) is also observed at
87 nm, signifying minimal carrier recombination and suppressed
defect-induced pathways. Furthermore, R}, exhibits a peak value of
~287.3 Q cm? at 87 nm thickness; however, with further increase
in ETL thickness, R, declines as recombination losses become
more prominent.”®

4.3 Effect of HTL thickness on HPSC performance

Fig. 5(a) illustrates the role of the HTL in facilitating hole
extraction, ensuring efficient charge transport and reducing

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

recombination losses in the solar cell. In Fig. 5(b), the j-V
characteristics with HTL thickness ranging from 100 nm to
150 nm show stable J (~31.5 mA cm %) up to V (~0.8 V) then
sharply decline. This indicates that charge transport and
recombination remain almost unaffected within this range,
ensuring efficient hole extraction, with notable performance
changes likely occurring only at extreme thickness variation.
Fig. 5(c) presents the P-V characteristics, demonstrating a peak
P output around 0.8 V for HTL thicknesses between 100 and
150 nm, suggesting stable device performance. The overlapping
curves imply that the HTL thickness range has negligible
impact on power generation, with only extreme changes poten-
tially influencing resistance, charge transport, and overall
efficiency.>”>®

Fig. 5(d) shows that as HTL thickness increases from
100 nm to 125 nm, V,. remains stable around 0.955 V, slightly
increasing to 0.959 V at 137.5 nm due to improved hole
transport, before dropping back to 0.955 V at 150 nm,
likely due to increased R,.** Minor increases in Ji. (31.49 to
31.58 mA cm %) and Py, (232.7 to 233.4 W) suggest improved
charge collection at optimized thickness, though the effect is
limited. Fig. 5(e) and (f) indicates that FF slightly decreases
from 77.39% at 100 nm to 77.03% at 137.5 nm, then recovers to
77.34% at 150 nm, reflecting minor variations in charge trans-
port and recombination. Efficiency gradually increases from
23.272% to 23.348% as HTL thickness increases from 100 nm
to 150 nm, indicating improved charge extraction and reduced
resistive losses. Overall, these trends confirm that optimized
HTL thickness enhances solar cell performance, while excessive
thickness may introduce resistance limitations affecting FF
stability. The output performance parameters of the TiO,/SnS/
BFO/spiro-OMeTAD HPSC at various ETL thicknesses are dis-
played in Table 4.

Fig. 5(f) demonstrates the effect of HTL thickness (100-
150 nm) on R, Ry, and R,. At 100 nm thickness, R reaches

Energy Adv., 2025, 4,1500-1509 | 1505
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its maximum (~0.013 Q cm?), but decreases to ~0.009 Q cm?
at 112 nm, indicating reduced recombination and improved
charge transport. The maximum Ry, (~152.44 Q cm?) is
observed at 100 nm, which is associated with lower defect
density; however, as the HTL thickness increases, R, diminishes
due to enhanced recombination. Similarly, R., attains its peak
(~70.86 Q cm?) at 112 nm, after which it slightly decreased, a
trend attributed to the increased defect density and recombina-
tion losses at higher HTL thicknesses.>”

4.4 Effect of donor-acceptor densities on HPSC performance

Fig. 6(a) visualizes the distribution of electron and hole con-
centrations alongside donor and acceptor densities, highlight-
ing the influence of doping levels on charge carrier behaviour
within the solar cell structure. In Fig. 6(b), /-V characteristics
for various donor-acceptor (DA) densities, ranging from 1 x
10 em™® to 1 x 10" em?, show that J gradually decreases
with increasing V for all DA values and drops sharply near 0.8 V.
The P-V curve in Fig. 6(c) demonstrates that P initially rises
with V, reaching a peak, and then declines sharply. Higher DA
densities enhance charge carrier generation and suppress
recombination losses, resulting in improved P extraction and
better solar cell performance. Fig. 6(d) indicates that J,. initially
increases from 30.08 mA cm > to 35.33 mA cm™ %, as DA density

Table 4 Designed device 1D (TiO,/SnS/BFO/spiro-OMeTAD) perfor-
mance parameters with varying HTL (spiro-OMeTAD) thickness

Spiro-OMeTAD  J. Efficiency
thickness (nm) (MA cm ?) Ve (V)  Pmax (W) FF (%) (%)

100 31.493 0.954 232.72 77.39 23.272
112.5 31.522 0.955 232.97 77.38 23.297
125 31.546 0.955 233.18 77.36 23.318
137.5 31.565 0.959 233.35 77.03 23.335
150 31.581 0.955 233.48 77.34 23.348
1506 | Energy Adv., 2025, 4,1500-1509

rises from 1 x 10" em ™ to 1 x 10" em® but subsequently
drops t0 29.83 mAcm ™ *at 1 x 10'° em?, likely due to enhanced
recombination at higher doping levels.®° The V,. decreases from
0.96 V to 0.945 V up to 1 x 10'® em ™, then slightly recovers to
~0.954 V, indicating reduced carrier lifetime effects.®® Pp.
steadily increases from 135.13 W to 235.90 W, suggesting that
increasing DA density improves performance until recombina-
tion losses begin to dominate.

Fig. 6(e) presents the variation of FF and efficiency with DA
density ranging from 1 x 10" em > to 1 x 10"° cm 3, showing
an increase in FF from 46.60% at 1 x 10" em ™ to 82.83% at
1 x 10" em™?, while efficiency rises from 13.51% to 23.59%.
These enhancements indicate that higher DA densities facilitate
better charge collection and reduce recombination, resulting in
superior device performance.®’ The output performance para-
meters of the TiO,/SnS/BFO/spiro-OMeTAD HPSC at different
ETL thicknesses are presented in Table 5.

A comparative analysis of SnS and BFO-based solar cells,
incorporating both simulated and experimental data, is sum-
marized in Table 6, highlighting the influence of different ETL
and HTL layers on device performance. The Mo/SnS/CdS/i-ZnO/
AZO/Al structure demonstrated a low PCE of 4.21%, primarily
due to a reduced V,., which indicated pronounced recombina-
tion losses and inefficient charge carrier transport.®” In con-
trast, the NiO-based device exhibited an improved PCE of
8.15%, attributed to enhancement in both the FF (65%) and
Voo, Teflecting superior band alignment and more efficient
charge extraction.”” For the ZnSe/BFO/spiro-OMeTAD configu-
ration (without ITO), a significant improvement was observed,
achieving a V,. of 1.96 V and a PCE of 10.73%.*® Furthermore,
employing ZnO as the ETL with a BFO absorber resulted in
enhanced device performance, indicating favourable band
alignment and reduced recombination pathways.*® Experimental
investigation of SnS-based structures (Mo/SnS/CdS/ZnO) revealed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic representation of the heterojunction solar cell based on the TiO,/SnS/BiFeOs (PVK)/spiro configuration with carrier transport

mechanisms, (b) and (c) J-V and P-V response under varying acceptor densities (DA) in the PVK layer, (d) variation in Jsc, Ve, and Prax, and (e) and (f)

corresponding changes in fill factor and efficiency as a function of DA.

Table 5 Designed device 1D (TiO,/SnS/BFO/spiro-OMeTAD) perfor-
mance parameters with varying donor/acceptor (DA) density

DA density  J Efficiency
(1 em™?) (MAcem ™) Voo (V) Pmax (W)  FF (%) (%)

1 x 10" 30.080 0.963 135.13 46.60 13.51

1 x 10*° 31.340 0.952 155.48 52.06 15.54

1 x 10* 33.560 0.945 181.20 57.08 18.12

1 x 10" 35.330 0.948 212.96 63.52 21.29

1 x 10" 31.490 0.954 232.72 77.38 23.27

1 x 10*° 29.830 0.954 235.90 82.83 23.59

a limited PCE of 4.22%, arising from a low FF (58%) and V.
(0.34 V), again suggesting high recombination activity.”* A TiO,-
based architecture yielded a modest improvement in PCE (5.24%)
due to a higher FF (68%), consistent with improved band align-
ment and more effective charge transport.®* In contrast to these
conventional designs, our proposed novel configuration, TiO,/
SnS/BFO/spiro-OMeTAD, demonstrated superior performance,
achieving a remarkably high FF (82.83%) and J,. of 29.83 mA
em 2, resulting in a record PCE of 23.59%. The dual absorber
system, integrating SnS and BFO, enabled better band alignment

and enhanced charge carrier generation, thereby significantly
improving overall device efficiency. The incorporation of TiO, as
the ETL not only facilitated smoother electron extraction with
reduced recombination compared to traditional ETLs such as
ZnSe and ZnO, but also offered a non-toxic, stable, and envir-
onmentally benign alternative. Collectively, the utilization of TiO,,
SnS, and BFO being lead-free and environmentally sustainable
positions the proposed architecture as a highly promising candi-
date for next-generation, eco-friendly photovoltaic devices. All the
output numeric values are under the upper theoretical limit as
reported by Arturo Morales-Acevedo.®®

5. Conclusion

This study presents the design and simulation of a TiO,/SnS/
BFO/spiro-OMeTAD solar cell using COMSOL Multiphysics,
achieving a peak efficiency of 23.59%. The optimization of
SnS (buffer layer) thickness from 10 nm to 445 nm resulted
in an open-circuit voltage (V,) ranging from 1.057 Vto 0.91V, a
short-circuit current density (J) that was suppressed from
31.876 mA cm ™2 to 30.349 mA cm 2 as the thickness increased,

Table 6 Comparative analysis of the physical parameters of various SnS and BFO-based simulated and experimental device structures for efficient solar

cell design

Cell structures Jse (mA cm™?) Voe (V) FF % Efficiency % Ref.
Mo/SnS/CdS/i-ZnO/AZO/Al (simulation) 19.96 0.34 61.23 4.21 62
NiO/SnS/i/CdS/ZnO/ITO (simulation) 17.00 0.73 65.00 8.15 47
ZnSe/BFO/spiro-OMeTAD (simulation) 8.83 1.96 61.91 10.73 48
ZnO/BFO/spiro-OMeTAD (simulation) 8.99 2.00 65.47 11.87 49
Mo/SnS/CdS/ZnO (experimental) 20.76 0.34 58.00 4.22 63
TiO,/n-SnS/SnS/Ag/SnS/p-SnS/ITO (experimental) 17.13 0.45 68.00 5.24 64
TiO,/SnS/BFO/spiro-OMeTAD (simulation) 29.83 0.95 82.83 23.59 This work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and a decrease in power maximum (Py,,,) from 223.623 W and
208.586 W, with the fill factor (FF) reaching 80.743%. Variation
in ETL thickness from 25 to 150 nm significantly impacted
device performance, with J,. decreasing from 31.493 mA cm >
to 7.610 mA cm ™2, V. slightly declining to 0.904 V, and Py,
reducing from 232.72 W to 57.09 W. The FF peaked at 82.94% at
150 nm, while efficiency peaked at 23.27% at an ETL thickness
of 25 nm before declining. Variation in HTL thickness from
100 nm to 150 nm also influenced efficiency, with V,. between
0.954 V and 0.955 V, J,. ranging from 31.493 mA cm > to
31.581 mA cm >, and the P, increasing from 232.72 W to
233.48 W, while the FF is maximum (77.39%) at 25 nm. Further
optimization of the donor and acceptor densities resulted in a
Jse decrease from 30.08 mA cm™2 to 29.83 mA cm ?, a V.
decrease from 0.963 V to 0.954 V, and Py, increasing from
135.13 W to 235.90 W, while the FF ranged from 46.60% to
82.83%, resulting in an overall efficiency range of 13.51% to
23.59%. Furthermore, the series resistance (R;), shunt resis-
tance (Rgp), and characteristic resistance (R.,) were calculated
using Python software, revealing a maximum Ry, of 616 Q cm?
at an ETL layer thickness of 87 nm. These results highlight SnS
as a highly efficient buffer layer in heterojunction solar cells,
demonstrating its ability to outperform many conventional
lead-free configurations. Future research should focus on opti-
mizing interfacial properties, enhancing material stability, and
exploring alternative transport layers to further improve effi-
ciency and practical applicability.
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