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Abstract — This study presents a systematic numerical simulation to optimize the photovoltaic
performance of n-SnS/p*-SnS/p-SnS homojunction solar cells. By meticulously adjusting device
parameters—including layer thicknessand doping profiles we identified an optimal configuration
that achieves a power conversion efficiency (PCE) of 27.60%. The peak performance metrics,
defined by an open-circuit voltage (Voc) 0f0.938 V, a short-circuit current density (Jsc) of 33.834
mA/cmz, and a fill factor (FF) of 86.95%, are realized with a front-region carrier concentration of
5 x 107 cm™ and a p*-layer carrier concentration of 3 x 10'° cm™ at a thickness of 500 nm.
Furthermore, the sensitivity of the device to minority-carrier lifetime and surface recombination
velocities was investigated to define the critical thresholds for high-efficiency fabrication. These
findings provide a robust design roadmap for the development of sustainable, cost -effective, and

high-performance SnS-based thin-film solar cells.
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I. Introduction

The global imperative to decarbonize energy production
has catalyzed an unprecedented surge in photovoltaic
(PV) research, directed toward identifying cost-effective,
sustainable, and highly efficient semiconductor materials
[1]. Among the plethora of thin-film candidates, tin
monosulfide (SnS) has emerged as a premier material
due to its earth-abundant constituent elements, low
toxicity, and a direct bandgap that is theoretically well-
aligned with the solar spectrum [2]. Despite these
favorable intrinsic  properties, achieving power
conversion efficiencies (PCE) in SnS-based devices that
rival established technologies has been hampered by
significant fabrication challenges, including difficulties
in controlling carrier concentrations and mitigating
interfacial recombination [3].

Historically, SnS research has primarily focused on
heterojunction configurations, often relying on toxc
buffer layers like CdS [4]. However, the shift toward

homojunction architectures offers a promising alternative
to eliminate lattice mismatch and reduce recombination
losses at the absorber/buffer interface [5]. Recent
experimental advancements have demonstrated that
strategic doping can fundamentally alter the electronic
properties of SnS. For instance, bromine (Br) doping has
been successfully employed to control n-type carrier
concentrations, achieving levels of approximately 3.2 x
10 cm?®, which is vital for efficient homojunction
operation [6]. Similarly, the incorporation of secondary
dopants like zinc (Zn) has proven effective in shifting
conductivity from p-type to n-type [7]. Furthermore,
studies on Fe-doped CMTS thin films have shown that
conductivity modulation through doping can improve
cell efficiency from 2.96% to 6.26% [8], while Fluorine-
doped CZTS homojunctions have reached efficiencies of
21.8% by optimizing the p-CZTS layer thickness [9].

To navigate the complexities of thin-film fabrication,
numerical modeling using the SCAPS-1D software has
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become an essential paradigm in photovoltaic design
[10]. This methodology allows researchers to
systematically explore the influence of device
parameters—such as layer thickness, doping density, and
defect concentrations—before embarking on expensive
laboratory experiments [11]. The power of this approach
is evident in the diverse range of materials optimized
through such simulations. For instance, InGaN
homojunctions have been reported with a high PCE of
33.93% [12], while novel P-N interleaved structures
have enhanced their efficiency by 10% [13]. In the realm
of emerging materials, Sb.Ses-based cells have reached
an efficiency of 12.31% [14], and BaSi:-based solar cells
have achieved 33.04% [15]. Furthermore, tandem
configurations have pushed the boundaries of efficiency;
perovskite/SnS tandem cells have achieved 28.92% PCE
[16], and CdTe-FeSi: dual-junction devices have
demonstrated remarkable efficiencies of up to 43.9%
[17].

Beyond absorber optimization, the integration of
specialized functional layers has proven transformative.
The use of a back surface field (BSF) layer, in particular,
has been shown to drastically improve charge collection.
Adding SnS as a BSF layer in CMTS cells improved
efficiency from 25.43% to 31.4% [18], while a similar
integration in Sb.Ses-based cells improved performance
to 24.86% [19]. Other research has explored ultra-thin
device architectures, where npn-SnS homojunctions,
regulated by Sb doping and Sn vacancies, have yielded
photocurrent densities of 3.3 mA cm? [20]. In terms of
heterostructure advancements, TiO./SnS interfaces have
provided open-circuit voltages of 0.66 V [21], while
Sb2Ss/SnS. heterojunctions have achieved efficiencies of
23.32% [22]. Moreover, innovative light-trapping
mechanisms and integrated thermally regenerative
electrochemical devices have further highlighted the
potential for total energy systemenhancement [23].

The structural and electronic versatility of inorganic
binary materials continues to provide new avenues for
improvement. Advanced theoretical studies, such as
those analyzing the electronic and optical properties of
diamond homojunctions with conductivity peaks of 17
S/m [24], underscore the potential of homojunction
design  principles across different semiconductor
materials.

Despite these advancements, the precise optimization of
pure SnS homojunctions specifically the synergy
between layer thickness and doping profiles—remains
inadequately addressed. The novelty of this study lies in
providing a systematic optimization framework that
uniquely correlates carrier transport dynamics with
structural parameters to maximize device performance.

Our primary objective is to establish a high-efficiency
design roadmap for SnS homojunctions, overcoming
current performance limitations. Through comprehensive
numerical simulation, we demonstrate a superior power
conversion efficiency (PCE) of 27.60%, with a Voc of
0.938 V and Jsc of 33.834 mA/cm. These results set a
new  performance benchmark  for  SnS-based
photovoltaics, providing an actionable design strategy for
the fabrication of highly efficient, cost-effective, and
sustainable thin-film solar cells.

Il. Numerical Methodology

In this article conducted a numerical simulation using the
SCAPS-1D simulation package on a photovoltaic device
structure consisting of n_SnS/ p+_SnS/ p_SnS.as shown
in Figure 1. The material properties for SnS were
obtained from previous research groups, as presented in
Table 1.

To begin with, the simulation was carried out for a
structure of n_SnS/p_SnS, where the n_SnS layer was 1
um thick and the p_SnS layer was 2 um thick, at a
temperature of 300 degrees. And we varied operating
temperature from 280 to 400 K; series resistance (Rs)
from 0 to 7; the doping concentration (NA) from 1e13 to
1E17 Cm3 and the thickness of the p+_SnS absorber
layer from 0 to 4um, in order to investigate the impact of
thickness on the performance of solar cells. The current-
voltage characteristics curve (J-V) was obtained for
different SnS absorber layer thicknesses in the presence
of light. We examined the effect of thickness on
important performance parameters such as the open-
circuit voltage (VOC), short-circuit current density
(JSC), fill-factor (FF), and efficiency. Based on the data
obtained, they determined the optimal absorber layer

thickness[16].
L]

Front contact
n_SnS d=1pm
pt+ SnS d= 0 to 4pm
p_Sa% d=2um
Back contact

Figure 1: Structure of n_SnS/ p+_SnS p_SnSsolar cells
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Table 1:Parameters of SnSused in the simulations

Parameters symbols | Units Values
Band gap Eg eV 1.31
Relative permittivity | ¢ 13
Electron affinity [ eV 4

Hole mobility up Cm*“V's™ [ 130
Electron mobility un Cm*V's™ | 4.3
Effective density of | NC Cm~ 1.18x10°
states

in the conduction band

Effective density of [ NV Cm”’ 4.76x10"
states

in the valence band

I1l. Results and Discussion

II.1. J-V Characteristic Analysis

Figure 2 illustrates the current-voltage (J-V)
characteristics of the n-SnS/p-SnS homojunction solar
cell. The simulation results demonstrate an optimal
device performance with a power conversion efficiency
(PCE) of 25.704%, an open-circuit voltage (Voc) of
0.9054 V, a short-circuit current density (Jsc) of 34.202
mA/cm?, and a fill factor (FF) of 0.82999. These values
represent a significant improvement over the
experimental results reported in previous studies.

—— n-SnS/p-SnS

Vc0=0.9054V

J(mA/Cm?)
5

134.202 (mA/CP)
FF%=82.999
n% =25.704
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Figure 2. Current-voltage characteristics of n_SnS/ p_SnSsolar cells

I11.2.  Optimization of the solar cell

Based on the results obtained in this study, we explored
the effect of varying several parameters on the
performance of a p*-SnS absorber layer in a solar cell.
Specifically, we examined the impact of changes in

operating temperature, series resistance (Rs), doping
concentration (NA), and the thickness of the p*-SnS
absorber layer on the device's efficiency and stability.
We tested a range of values for each parameter, from an
operating temperature of 280 K to 400 K, an Rs of 0 to 7,
an NA ranging from 1x10™ cm® to 1x10"" cm®, and a
thickness of the p*-SnS absorber layer from 0 to 4 pm.
By varying these parameters, we aimed to identify the
optimal conditions for maximizing the device's
performance and achieving greater efficiency in the solar
cell.

I11.2.1. Effects of Operating Temperature on Solar Cell
Structure

The performance of a solar cell is significantly impacted
by its operating temperature, especially for solar panels
installed outdoors where temperatures often exceed 300
K. Increasing temperatures can cause strain, stress,
interfacial defects, and poor interconnectivity between
layers. In our study, we varied the operating temperature
from 280 K to 400 K while keeping other parameters
constant and observed its effects on the key parameters
of the device (Figure 3).

Our simulation results showed that the highest efficiency
of ~28.576% was obtained at a low temperature of 280
K, while an increase in temperature resulted in decreased
efficiency due to decreased hole and electron mobilities
and lower carrier concentration. Although the JSC
slightly increased with increasing temperature due to
more electron-hole pairs being generated, the Voc
decreased as a result of increased interfacial defects,
series resistance, and reduced carrier diffusion length.

I11.2.2. Effect of series resistance (Rs) on solar cell
device

The influence of series resistance (Rs) on the
photovoltaic performance of the n-SnS/p+-SnS/p-SnS
homojunction solar cell is illustrated in
image_8b3c80.png and image_8b3cc2.png. The total
series resistance, which comprises the intrinsic resistance
of the active layer and the metal-semiconductor (Ohmic)
contact resistance, plays a critical role in limiting the
device efficiency.

As shown in image_8b3c80.png, the increase in Rs from

0 to 7 leads to the following observations:

- Impact on Voc and Jsc: The simulation results
indicate that Rs has a negligible effect on the open-
circuit voltage (Voc). However, a continuous
increase in Rs results in a notable reduction in the
short-circuit current density (Jsc).
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- Fill Factor (FF) Degradation: The fill factor exhibits
a decline as Rs increases. This relationship is
governed by the following analytical expression
[25]:

— _p ke
FF = FFyor(1— Ry (1)

Efficiency (n) Trends: The efficiency of the solar cell
shows a decrease with rising Rs values. As defined by
the relation n = (Jsc x Voc x FF) / Pin, the coupled
reduction in both Jsc and FF directly drives the
degradation of the power conversion efficiency. Our
findings suggest that maintaining a low Rs is essential for
high-performance SnS devices, particularly for designs
aiming for an efficiency exceeding 25% [25].
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Figure 2. Effects of operating temperature for of n_SnS/p+_SnY
p_SnSsolar cells
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Figure 3. Effects of series resistances for of n_SnS/p+_SnS p_SnS
solar cells

I11.2.3. Thickness optimization of p-SnS layer:

In this study, a numerical simulation of a photovoltaic
(PV) device with an n-SnS/p-SnS structure was
conducted, varying the thickness of the SnS absorber
layer from O pm to 4 pm. The performance
characteristics resulting from these variations are
illustrated in Figure 5.

The simulation demonstrated the following impacts on

device performance:

e Performance Metrics: As the thickness of the
absorber layer increased, the short-circuit current
density (Jsc) exhibited a notable variation, while the
open-circuit voltage (Moc) remained nearly constant
throughout the range.

e Optimal Thickness: Based on the simulation results,
the optimal thickness for the SnS absorber layer was
identified as 0.5 pum.

e Efficiency Trends: The efficiency of the solar cell
increased initially with the increase in absorber layer
thickness; however, beyond the 0.5 pum threshold, it
began to decrease. This decline is attributed to an
increase in carrier recombination, which results in
fewer electrons contributing to the overall power
conversion efficiency of the solar cell.
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Figure 5. Impact of p-SnS Absorber Layer Thickness on Solar Cell
Performance

111.2.4. Effect of the doping concentration (NA)on solar
cell device

It seems that the equation (1) was not provided in the
text, but the efficiency of a solar cell can be expressed as
the product of the short circuit current density (Jsc), the
open circuit voltage (Voc), and the fill factor (FF), as
shown equation (3) below [25]:

JscVoc FF
n==r ©)

The fill factor is a measure of the quality of the solar cell
and is defined as the ratio of the maximum power point
to the product of the open circuit voltage and short circuit
current density, as shown equation (4) below [25]:

Pin

Pmax

FF = 4
JscVoc ( )

Where Pmax is the maximum power point of the solar
cell. The carrier concentrations, particularly the doping
concentration in the p-type region, have significant
effects on the short circuit current density (Jsc) and open
circuit voltage (Voc) of the solar cell. An increase in the
doping concentration (Ni) in the p-type region results in a
decrease in Jsc, while Voc increases with an increase in

Ni (as shown in Fig. 6). Voc can be determined by
equations (2) and (3), which indicate that an increase in
Ni leads to an increase in Voc [25].
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I11.2.5. Effect of Minority-Carrier Lifetime and Surface
Recombination Velocities

The relationship between solar cell performance

parameters (n, Voc, Jsc, and FF), minority-carrier

lifetime, and surface recombination velocities is

illustrated in Figure 7. The findings regarding these

parameters are as follows:

- Sensitivity to Lifetime: The performance of the solar
cell is highly sensitive to the minority-carrier

lifetime; as this lifetime decreases, device
performance declines.

- Recombination Mechanisms: The reduction in
performance is attributed to an increase in

film and a
minority-carrier

recombination  within the thin
simultaneous decrease in the
diffusion length.

- Efficiency Impact: Efficiency is observed to
decrease from 25.268% to 5.106% when the
minority-carrier lifetime drops from 8 x 107 s to 1 x
10™ s, at a surface recombination velocity of 2 x10°
*cms.

- Performance Improvement: To enhance the solar
cell's performance, it is essential to increase the
minority-carrier lifetime, which can be accomplished
by improving the crystal quality of the SnS thin film.

- Surface  Recombination:  Increasing  surface
recombination  velocities leads to  higher
recombination at the surface, thereby reducing the
solar cell's performance.

- Constraint: When the minority-carrier lifetime is
extremely short (< 0.1 ns), the performance of the
solar cell is no longer sensitive to surface
recombination velocities.
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I11.2.6. Optimum performance of SnS homojunction

solar cell

The performance of a p*-SnS homojunction solar cell can
be optimized by improving its efficiency (n), open-circuit
voltage (Voc), short-circuit current density (Jsc), and fill
factor (FF). The optimal performance characteristics, as
illustrated in Figure 8, are achieved with the following
parameters:

Efficiency: 27.6009%.

Open-Circuit Voltage (Voc): 0.938 V.

Short-Circuit Current Density (Jsc): 33.843 mA/cne.
Fill Factor (FF): 0.869545.

Minority Electron Lifetime: 0.8 ps.

The optimization of the device performance is achieved
through the following considerations:

Doping Concentration: Varying the doping
concentration of the p*-SnS absorber layer
significantly impacts device performance, with an
optimal concentration of approximately 3 x 10'® cm®
yielding the highest efficiency.

Absorber Thickness: The thickness of the p*-SnS
absorber layer is varied to optimize light absorption
and carrier collection, with an optimal thickness of
approximately 500 nm.

Performance Trade-offs: Thicker layers result in
lower open-circuit voltages due to increased carrier
recombination, while thinner layers lead to lower
short-circuit current densities due to insufficient

light absorption.

30 — —— n_SnS/p+_SnS/p_SnS

Vc0=0.938V
uE 1=33.834 (MAICm)
122E FF%=86.9545
10 F n% =27.6009

J(mA/Cm?)
5
T

1 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 09 10

v(V)

Figure 8. Current-voltage characteristics of n_SnS/p+_SnS¥ n_SnS

solar cells
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111.3. Interpretation and Discussion

The comparative analysis presented in the Table 1
highlights the performance standing of our proposed n-
SnS/p*-SnS/p-SnS homojunction solar cell within the
broader photovoltaic landscape. Our optimization
framework achieved a superior Power Conversion

Efficiency (PCE) of 27.60%, a result that signifies a

substantial performance improvement over previously

reported SnS homojunction studies.

Several key insights emerge from this comparison:

- Performance Benchmarking: While alternative high-
efficiency architectures such as InGaN-based cells or
tandem configurations report higher absolute
efficiency values, our homojunction device achieves
competitive performance metrics specifically a Voc
of 0.938 V and Jsc of 33.843 mA/cn? using a single-
material approach.

- Methodological Superiority: The high efficiency
attained in our work is a direct consequence of the
systematic calibration of carrier concentrations and
layer thicknesses. In contrast, many existing studies
are limited to the investigation of isolated
parameters, such as the effect of specific dopants
like Zinc or Iron, or the integration of secondary
layers like BSF.

- Strategic Advantage: By optimizing the doping
concentration to 3 10'°® cm?® and the p*-layer
thickness to 500 nm, our model effectively mitigates
the carrier recombination losses that typically hinder
the performance of pure SnS homojunctions. This
demonstrates that advanced structural engineering
can bypass the need for complex, often toxc,
heterojunction  buffers, providing a more
environmentally friendly and cost-effective pathway
for thin-film PV fabrication.

Tablel. Research Focus and Performance

Study /| Structure /| PCE Key Contribution /
Reference Material (%) Focus
This Work n-SnSp*-SnSp- | 27.60 | Systematic
SnS Homojunction
Optimization
Shuo Lin et | SnS 25.27 | Comparative numerical
al. Homojunction analysis
Iguchi et al. SnS Single | N/A n-typecontrol via Br-
[6] Crystals doping
Sreeja et al. [ SnS Thin Films | 6.26 Effect of Zn-doping on
[7] conductivity
Yousefizadet | F-doped CZTS | 21.80 | p-layer thickness
al. optimization
Ishaetal. [9] [ CMTS / 1S | 31.40 | BSF layer performance
BSF enhancement
Jubu et al. | InGaN PPN 33.93 | Electrical
[12] characteristics analysis

IVV. Conclusion

This study presented a comprehensive three-dimensional
numerical investigation of laminar nanofluid flow and
heat transfer in rectangular microchannels subjected to
uniform wall heat flux conditions. The analysis focused
on evaluating the coupled effects of Reynolds number,
hydraulic diameter, and aspect ratio on flow behavior,
thermal performance, and pressure drop characteristics.

By systematically examining these parameters, the

present work provides useful insight into the fundamental

thermal-hydraulic mechanisms governing nanofluid-
based microchannel cooling and offers guidance for
optimized microchannel heat sink design.

The main findings of this study can be summarized as

follows:

- Reynolds number was identified as the dominant
parameter governing convective heat transfer
enhancement, with increasing Reynolds number
significantly improving the average Nusselt number
due to thinning of the thermal boundary layer and
enhanced axial convection.

- Hydraulic diameter exerted a strong influence on
both thermal and hydraulic performance, where
smaller hydraulic diameters enhanced heat transfer
because of increased surface-area-to-volume ratio
but resulted in substantially higher pressure drop.

- Aspect ratio affected velocity redistribution and
thermal boundary layer development, particularly
near the longer channel walls; however, increasing
aspect ratio alone did not guarantee improved heat
transfer under laminar flow conditions.

- A clear thermal-hydraulic trade-off was observed,
indicating that configurations yielding the highest
Nusselt numbers were not necessarily optimal when
pressure drop penalties were considered.

- Optimal performance was achieved for moderate
values of hydraulic diameter and aspect ratio, where
heat transfer enhancement and pumping power
requirements were balanced effectively.

The findings of this study provide quantitative design
guidance for the development of efficient rectangular
microchannel heat sinks using nanofluids in advanced
electronic cooling and thermal energy management
applications.
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