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 This study aims to explore the integration of Bi2S3 as an electron transport 

layer (ETL) in BaSi2-based thin-film solar cells for the enhanced 

performance. Using the globally accepted SCAPS-1D simulation tool, a 

novel device architecture consisting of Al/SnO2:F/Bi2S3/BaSi2/Ni was 

systematically designed and optimized. Key optimization parameters 

include the thicknesses, carrier concentrations, bulk defect densities of 

each layer, interface defects, operating temperature, and the influence of 

series and shunt resistance on overall efficiency. The simulation results 

reveal that a BaSi2 layer with an optimized thickness of 1 µm and a doping 

concentration of 5 x 1019 cm-3, yields noteworthy outcomes. Specifically, 

champion efficiency (𝜂) of 26.56% along with an open-circuit voltage 

(Voc) of 1.00 V, a short-circuit current (Jsc) of 32.74 mA/cm2, and a fill 

factor of 80.65%. These findings highlight the potential of p-BaSi2/n-Bi2S3 

heterojunction solar cells to achieve high efficiency through careful 

optimization of material and device parameters, offering a promising 

approach for next-generation thin-film photovoltaic applications. 
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I. INTRODUCTION 

 

The surge in demand for renewable energy sources 

has positioned photovoltaic technology at the 

forefront of sustainable energy solutions. Solar energy, 

in particular, has garnered significant attention due to 

its potential to provide clean and abundant power. 

Currently, wafer-based silicon solar cells dominate 

the market, capturing approximately 80-90% of the 

global share [1-4]. This prevalence is largely 

attributed to the abundance of silicon on Earth and 

the advanced technologies developed for its 

fabrication. However, despite their widespread use, 

there are inherent limitations associated with silicon 

solar cells that prompt the exploration of alternative 

materials and technologies. 
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In recent years, thin-film solar cell technologies have 

gained substantial attention as promising alternatives 

to conventional wafer-based silicon cells. Thin-film 

materials such as Copper Indium Gallium Selenide 

(CIGS) and Cadmium Telluride (CdTe), have emerged 

as promising contenders in the photovoltaic landscape. 

These materials are particularly appealing due to their 

cost-effective growth procedures and high optical 

absorption capabilities. However, the reliance on rare 

elements like indium (In) and tellurium (Te) in CIGS 

and CdTe poses significant challenges for large-scale 

deployment, particularly at terawatt levels [5]. In 

parallel, silicon based thin-film solar cells have also 

been extensively studied to address the material usage 

concerns of wafer-based silicon cells and to enhance 

efficiency through innovative light-trapping systems 

[6]. Nevertheless, achieving efficiencies exceeding 20% 

remains a formidable challenge [6]. 

 

This quest for improved performance has catalysed 

interest in novel semiconducting materials suitable 

for thin-film photovoltaic applications. Among these 

candidates, barium disilicide (BaSi₂) has emerged as a 

material with considerable potential. Theoretical and 

Experimental studies indicate that orthorhombic 

BaSi2 possesses a band gap of approximately 1.3 eV [7] 

and exhibits high absorption coefficients exceeding 

3×104 cm−1 [8-10]. Recent experimental findings have 

also highlighted BaSi₂'s favourable minority-carrier 

properties, including a diffusion length (L = 10 µm) 

[11] and long minority-carrier lifetimes (τ = 10 µs) 

[12], which are critical for efficient charge transport 

and collection in photovoltaic devices. Furthermore, 

potential variations around grain boundaries (GBs) 

have been shown to enhance carrier collection, 

thereby reducing recombination losses [13]. These 

characteristics suggest that BaSi₂ could serve as a 

viable candidate for next-generation thin-film solar 

cells. 

 

Recent literature underscores the advancements made 

in BaSi₂-based solar cell devices. Experimental 

investigations have reported efficiencies of 9% and 10% 

for p-BaSi₂ on Si(111) substrates and BaSi₂/c-Si 

heterojunction solar cells fabricated via Molecular 

Beam Epitaxy (MBE) [14,15]. Theoretical models have 

projected even higher efficiencies; for instance, n⁺-

BaSi₂/p-BaSi₂ and p⁺-BaSi₂/n-BaSi₂ homojunction solar 

cells have achieved efficiencies of up to 22.5% with a 

2 µm thick absorber layer [16]. Additionally, 

simulations have suggested potential efficiencies 

reaching 28% for double-junction perovskite/BaSi₂ 

structures with absorber thicknesses below 2 μm [17]. 

Furthermore, numerical optimization studies have 

indicated maximum efficiencies of 24.12% and 25.28% 

for BaSi₂ Schottky-junction solar cells under varying 

doping conditions [18]. 

 

Despite these promising results, it is essential to 

recognize that high absorber layer thickness can lead 

to increased recombination losses and elevated series 

resistance within the devices. Thicker layers 

necessitate more material, which not only increases 

the risk of defects but also complicates efficient 

charge transport—factors that can adversely affect 

overall device performance. 

 

To address these challenges, recent research has 

focused on reducing absorber layer thickness while 

maintaining or enhancing efficiency levels. For 

instance, MMA Moon et al. [19] simulated an 

Al/SnO:F/CdS/BaSi₂:B/Cu configuration that yielded a 

theoretical efficiency of 26.32% with an absorber 

layer thickness of just 1.2 μm. However, the use of 

CdS as an electron transport layer (ETL) raises 

environmental concerns due to its toxicity, prompting 

researchers to seek alternative materials that can 

deliver comparable physical and optoelectronic 

properties without the associated risks. 

 

In this context, MF Rahman et al. [20] explored 

configurations utilizing three different wide-bandgap 

S-chalcogenides—Zn(O,S), SnS₂, and WS₂—as ETLs 

in place of CdS. Their findings revealed efficiencies of 
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17%, 17.1%, and 22.2%, respectively; however, these 

performances fell short of expectations largely due to 

unfavourable conduction band offsets (CBOs) of -1.00 

eV (Zn(O,S)), -0.96 eV (SnS₂), and -0.65 eV (WS₂) [20]. 

These large negative CBO values create potential 

barriers that hinder efficient electron transport, 

leading to significant performance losses. 

 

To address these issues effectively, it is imperative to 

identify ETLs that exhibit optimal band alignment 

and facilitate efficient carrier transport within the 

device architecture. In this regard, bismuth sulfide 

(Bi₂S₃) presents itself as a compelling candidate for use 

as an ETL due to its advantageous properties [21]. In 

particular, a high absorption coefficient (> 104 cm−1 

for 𝜆 < 780 nm and exceeding 105 cm−1 for 𝜆 < 500 nm) 

[21], along with its notable electron mobility of 28 

cm2 V−1s−1 [21]. Additionally, Bi₂S₃ is environmentally 

friendly and can be synthesized at low temperatures 

in ambient conditions [21]. 

 

Conventional ETLs such as zinc oxide (ZnO) and 

titanium dioxide (TiO₂) typically require high 

annealing temperatures (>300 °C) to achieve high-

quality thin films [21-23]; however, Bi₂S₃ can be 

synthesized at room temperature through simple 

solution processes [21]. Various deposition 

techniques—such as spray pyrolysis, 

electrodeposition, vacuum thermal evaporation, 

chemical bath deposition, and ionic layer 

adsorption—have been employed to fabricate Bi₂S₃ 

thin films with reported band gap values ranging from 

1.52 eV to 1.9 eV depending on the method used [24]. 

 

In light of these advantages, the present study aims to 

explore the use of Bi₂S₃ as an ETL in BaSi₂-based thin-

film solar cells. Utilizing the globally accepted 

SCAPS-1D simulation tool, we systematically 

designed and optimized a novel device architecture 

consisting of Al/SnO2:F/Bi₂S₃/BaSi₂/Ni. The primary 

objective is to enhance device performance by 

optimizing critical parameters such as layer 

thicknesses, carrier concentrations, bulk defect 

densities in each layer, interface defects, operating 

temperatures, and the influence of series and shunt 

resistance on overall efficiency. 

 

The manuscript is organized as follows: Section 2 

details the proposed device architecture; Section 3 

presents theoretical approach to model the proposed 

solar device architecture; Section 4 presents an in-

depth discussion of the obtained results; finally, 

Section 5 concludes with key insights drawn from this 

research endeavour. 

 

II. Device Architecture 

 

The BaSi₂-based thin-film solar cell, as depicted in 

Figure 1(a), features a multi-layered structure with 

the configuration Al/SnO2:F/Bi₂S₃/BaSi₂/Ni. In this 

design, Fluorine-doped tin oxide (SnO2:F) serves as 

the window layer in this design due to its high 

conductivity and optical transparency, followed by a 

bismuth trisulphide (Bi2S3) layer that functions as the 

electron transport layer (ETL), and finally the 

absorber layer barium disilicide (BaSi2). The Al and Ni 

act as front and rear contacts, respectively. Light is 

illuminated from the SnO2:F side, allowing the 

absorber layer to effectively collect incoming light. 

(a) 
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(b) 

Figure 1 (a) The proposed device architecture (b) 

Band alignment diagram 

 

Figure 1(b), illustrates the band diagram of the 

presented solar cell, crucial for comprehending the 

charge carrier dynamics and energy levels within the 

device. To ensure efficient electron extraction at the 

ETL-absorber interface, a minimum conduction band 

offset (CBO) is desired. The CBO can be calculated 

using the formula [25]: 

 

𝐶𝐵𝑂 =  𝜒𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑟 −  𝜒𝐸𝑇𝐿 

 

According to Table 1, n-Bi2S3 has an electron affinity 

(𝜒) of 3.32 eV, while p-BaSi2 has an electron affinity 

(𝜒) of 3.30 eV. This yields a CBO of -0.02 eV, forming 

a favorable p-n heterojunction that facilitates 

effective electron extraction, as clearly indicated in 

Figure 1(b).  

 

Further, lattice mismatch is another crucial parameter 

which significantly influences charge transport and 

overall device performance. It refers to the difference 

in lattice constants between two interfacing materials, 

which can result in undesirable band alignments and 

the formation of interfacial defects. These defects lead 

to increased carrier recombination, thereby reducing 

the efficiency of the photovoltaic device. Therefore, 

when designing a device, it is essential to consider a 

material which exhibits least lattice mismatch when 

interface. The degree of lattice mismatch (δ) can be 

determined using the following formula [23] 

 

𝛿 = 2 |𝑎𝑠 − 𝑎𝑒| (𝑎𝑠 + 𝑎𝑒)⁄  

 

where 𝑎𝑠 is the lattice constant of the substrate, and 

𝑎𝑒 is the lattice constant of the epitaxial thin film. For 

the Bi₂S₃/BaSi₂ interface, the lattice mismatch is 

calculated to be 4.4%, based on the lattice constants 

of BaSi₂ (11.55 Å) and Bi₂S₃ (11.13 Å). This relatively 

small mismatch facilitates the formation of a stable 

interface, promoting efficient charge transport and 

improved device performance. 

 

The performance of the solar cell was simulated 

under standard test conditions (STC), which include a 

solar irradiance of 100 mW/cm² under AM 1.5G 

spectrum and a working temperature of 300 K. To 

mimic practical conditions, series and shunt 

resistances were set at 0.5 and 105 ohm/cm², 

respectively. 

 

3. Theoretical framework and Modelling: 

SCAPS-1D is a powerful one-dimensional simulation 

tool developed and modernized by the Department of 

Electronics and Information Systems at the University 

of Ghent in Belgium [23, 26-27]. It is widely used to 

analyze and optimize the performance of various 

semiconductor devices.  

 

SCAPS-1D employs a numerical method, typically the 

finite difference method, to iteratively solve the set of 

equations that govern carrier transport, 

recombination, and electrostatic potential within a 

device architecture, thereby offering critical insights 

into device characteristics such as current-voltage (I-

V) curves, spectral response, and efficiency. 

 

Poisson's equation is a fundamental relation in 

electrostatics that connects charges to the 
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electrostatic potential and can be expressed as follows 

[23, 26-27]: 

 

∇2∅ =  −
𝑞

𝜀0𝜀𝑟
 [𝑝 − 𝑛 + 𝑁𝐷

+ − 𝑁𝐴
− + 𝜌𝑝 − 𝜌𝑛]  (1) 

 

Here, each symbol has its unique meaning, for 

instance, 𝜀0 𝑎𝑛𝑑 𝜀𝑟  represent vacuum and relative 

permittivity, ∅ is the electrostatic potential, q is the 

elementary charge, 𝑝 𝑎𝑛𝑑 𝑛 are the concentration of 

holes and free electrons, 𝑁𝐷
+ 𝑎𝑛𝑑 𝑁𝐴

−  denote the 

concentration of ionized donors and acceptors, and 

𝜌𝑝 𝑎𝑛𝑑 𝜌𝑛 are the distribution of holes and electrons. 

The continuity equations for electrons and holes 

under steady-state conditions are given by [23, 26-27]: 

∇ ∙ 𝐽𝑛 = 𝑞[−𝐺𝑛 + 𝑅𝑛]    (2) 

∇ ∙ 𝐽𝑝 = 𝑞 [𝐺𝑝 − 𝑅𝑝]    (3) 

In the above equations, 𝐽𝑛 𝑎𝑛𝑑 𝐽𝑝  refers to the 

electron and hole current density, 𝑅𝑛 𝑎𝑛𝑑 𝑅𝑝 

represent electron and hole net recombination rates 

per unit volume, and 𝐺𝑛 𝑎𝑛𝑑 𝐺𝑝 are electron and hole 

generation rates per unit volume. 

The transportation properties of electrons and holes 

are derived by [23, 26-27]: 

 

𝐽𝑛 =  −
𝜇𝑛𝑛

𝑞
 ∇ ∙ 𝐸𝐹𝑛

    (4) 

𝐽𝑝 =  +
𝜇𝑝𝑝

𝑞
 ∇ ∙ 𝐸𝐹𝑝

    (5) 

 

The symbols 𝜇𝑛 𝑎𝑛𝑑 𝜇𝑝  are for electron and hole 

mobilities. In contrast, 𝐸𝐹𝑛
 𝑎𝑛𝑑 𝐸𝐹𝑝

 are the quasi-

fermi levels for electrons and holes, respectively. 

 

To accurately model a device using SCAPS-1D, it is 

essential to define the device geometry and material 

properties which are outlined in Table. 1 and 2. For 

Bi2S3/BaSi2 interface, neutral defect was considered 

with single energy distribution. The interface defect 

density was varied from 1010 – 1018 cm-2. 

 

Table 1. Input parameters for various layers used in the SCAPS-1D simulation [19, 28, 29] 

Parameters SnO:F Bi2S3 BaSi2 

Thickness (µm) 0.05 0.05* 1* 

Eg (eV) 3.6 1.8 1.3 

χ (eV) 4 3.32 3.30 

εr 9 38 11.17 

Nc (1/cm3) 2.2E+18 1.4E+19 2.6E+19 

Nv (1/cm3) 1.8E+19 7.1E+16 2.0E+19 

Ve (cm/s) 1E+07 1E+07 1E+07 

Vh (cm/s) 1E+07 1E+07 1E+07 

µe (cm2/V s) 100 32 820 

µh (cm2/V s) 25 3 100 

ND (1/cm3) 1E+20 1E+19* 0 

NA (1/cm3) 0 0 5E+19* 

Defect density 

type 

Neutral Single Donor Single Donor 

σe (cm2) 1E-19 1E-19 1E-19 

σh (cm2) 1E-19 1E-19 1E-19 

Energetic 

Distribution 

Single Uniform Uniform 

Nt (1/cm3) 1E+14 1E+14* 1E+14* 



International Journal of Scientific Research in Science, Engineering and Technology | www.ijsrset.com | Vol 11 | Issue 5 

Saksham Mathur Int J Sci Res Sci Eng Technol, September-October-2024, 11 (5) : 293-305 

 

 

 

 
298 

*Variable Parameters 

Table 2 Input parameters for metallic contacts 

Parameters Front contact (Al) Rear Contact (Ni) 

Work function (eV) 4.06 5.35 

SRV of electrons (cm/s) 1E+05 1E+05 

SRV of holes (cm/s) 1E+05 1E+05 

 

III. RESULTS AND DISCUSSION 

 

Figure 2 (a) illustrates the variation in performance 

parameters with BaSi2 thickness. It is noteworthy 

that with an increase in thickness, the open-circuit 

voltage (Voc), short-circuit current density (Jsc), and 

overall efficiency (η) exhibit a downward trend, 

whereas the fill factor (FF) demonstrates an upward 

trend. The fall in Voc is attributed to increased 

recombination rates in thicker absorber layers. 

Thicker absorber layers increase the path length for 

carriers generated deeper in the material, resulting in 

increased recombination prior to collection. This 

elevates the dark saturation current (J0), which in 

turn reduces Voc according to the equation [25]: 

 

𝑉𝑜𝑐 =  
𝑘𝑇

𝑞
 ln (

𝐽𝑠𝑐

𝐽0
+ 1)     (6) 

 

Jsc is determined by the number of photogenerated 

carriers and their effective collection at contacts. As 

the thickness of the BaSi₂ layer increases, the 

probability of recombination within the absorber 

layer also increases. This leads to a reduction in the 

number of charge carriers reaching the electrodes, 

thereby decreasing Jsc. The FF experiences a marginal 

enhancement in charge collection efficiency due to a 

reduction in series resistance, but it remains 

dominated by recombination losses affecting Voc and 

Jsc. Consequently, the overall efficiency diminishes 

with increased thickness, as enhanced recombination 

outweighs the benefits of light absorption and reduces 

the number of carriers reaching the contacts. 

 

 
Figure 2 Variation of performance parameters of solar 

cell with respect to (a) BaSi2 Thickness (b) BaSi2 

doping density and (c) Basi2 defect density 

 

Figure 2 (b) shows the variation in performance 

parameters corresponding to the doping density of 

BaSi2. The results obtained indicate that with an 

increase in doping density, the Voc shows an 

increasing trend. This enhancement can be ascribed 

to the reduction in recombination losses occurring 

within the absorber layer. Higher doping densities 

result in an increase in the quasi-Fermi level splitting, 

thus enhancing the Voc. Jsc shows a slight increase 

with higher doping density. This can be elucidated by 

the improved electric field within the depletion 

region, which enhances the separation and collection 

of photogenerated carriers. However, the increase is 

not as prominent as that observed in Voc, suggesting 

that variables such as optical absorption and carrier 

mobility also exert a considerable influence on Jsc. 

The FF shows a notable increase with higher doping 

levels. This improvement is due to the reduction in 

series resistance and the increase in shunt resistance 

as the doping density increases. Higher doping levels 
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improve the conductivity of the absorber layer, 

reducing series resistance, and enhancing overall 

device performance. This results in an improved 

quality of the IV curve, which in turn leads to a 

higher FF. η displays a significant increase with 

increasing doping density. This is a direct 

consequence of the combined improvements in Voc, 

Jsc, and FF. As higher doping enhances the electric 

field, reduces recombination, and improves carrier 

collection, the efficiency of the solar cell increases. 

 

Figure 2 (c) represents the variation in performance 

parameters corresponding to the defect density of 

BaSi2. From the figure, it is evident that Voc 

experiences a gradual decline as defect density 

increases. These defects create trap states that capture 

charge carriers, thereby reducing the potential barrier 

necessary for the carriers to contribute to the current. 

This reduced energy barrier directly results in a lower 

Voc, as the defect states promote recombination and 

decrease the voltage at which current generation 

stops.  Jsc exhibits a consistent trend at lower defect 

densities, but it begins to decrease as the defect 

density surpasses ~1017 cm⁻³. The reduction in Jsc is 

due to the increased probability of recombination 

occurring prior to the collection of charge carriers. As 

the defect density increases, more carriers recombine 

non-radiatively, thereby reducing the current. 

Similarly, FF remains nearly constant till defect 

density 1018 cm⁻³ beyond this threshold, it 

experiences a pronounced decline. Higher defect 

densities increase the series resistance and decrease 

the shunt resistance of the solar cells. These defects 

serve as recombination centers and traps, obstructing 

the movement of charge carriers and amplifying 

resistive losses, thus leading to a reduction in the FF. 

Lastly, the efficiency (η) mirrors the trend observed 

in Jsc and FF. It remains relatively stable at lower 

defect densities but decreases significantly beyond 

1016 cm⁻³.  This trend can be attributed to the 

introduction of non-radiative recombination 

pathways at higher defect densities, which shorten 

the lifetime of charge carriers and diminish the 

overall collection efficiency. According to the 

Shockley-Read-Hall (SRH) recombination theory, the 

recombination rate increases with defect density, 

leading to shorter charge carrier lifetimes and reduced 

carrier collection efficiency. As a result, higher defect 

densities cause a significant degradation in 

performance, as reflected in the decline of Voc, Jsc, 

FF, and η. 

 

Figure 3 (a) presents the variation of performance 

parameters as a function of Bi2S3 thickness. The 

decline in Voc with increasing Bi₂S₃ thickness can be 

attributed to inadequate charge transport and 

increased recombination losses.  As the thickness 

increases, the resistance within the ETL rises, which 

impedes efficient electron extraction. The decrease in 

Jsc with increasing Bi₂S₃ thickness is closely linked to 

optical and electrical losses. A thicker ETL can act as a 

barrier to the efficient collection of photogenerated 

electrons, increasing the probability of recombination 

before they reach the external circuit. Furthermore, 

Thicker ETLs may block or scatter some of the 

incident light, reducing the amount of light reaching 

the absorber layer and thus limiting the generation of 

electron-hole pairs. Consequently, fewer charge 

carriers contribute to the photocurrent, leading to a 

reduction in Jsc. The initial increase in FF with a 

slight increase in Bi₂S₃ thickness can be attributed to 

improved charge separation and transport within the 

device, particularly if the thin ETL layer was 

previously insufficient for optimal electron extraction. 

A slightly thicker layer may improve the interface 

between the absorber and the ETL, reducing the 

series resistance and improving the alignment of 

energy levels. Nevertheless, the fill factor reaches a 

plateau when the thickness reaches a certain level, as 

further increases do not provide any additional 

benefits. Beyond this point, the effects of increased 

resistive losses due to the longer electron diffusion 

lengths and potential recombination become 

dominant, preventing further improvement in the fill 
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factor. As the thickness of the Bi₂S₃ layer increases, 

the distance that electrons must travel before being 

collected at the contact also increases. This leads to 

higher resistive losses due to increased series 

resistance, as electrons encounter more scattering 

events. Moreover, thicker ETL layers can also result 

in an increased likelihood of recombination before 

the charges are collected, thereby reducing the 

number of photogenerated carriers that contribute to 

the photocurrent. Consequently, the efficiency 

decreases as a result of diminished charge extraction 

efficiency and enhanced recombination.  

 

Figure 3 (b) illustrates the variation of performance 

parameters as a function of Bi2S3 donor densities. The 

Voc initially exhibits a slight rise as the shallow donor 

density (ND) increases, after which it stabilizes. This 

behaviour can be attributed to the increase in 

electron concentration in the conduction band as ND 

increases, which in turn raises the Fermi level and 

leads to the observed increase in Voc. Jsc is largely 

constant up to a certain donor density (~1017 cm-3), 

after which it declines noticeably as ND continues to 

rise. At lower ND, the constant Jsc can be explained by 

enhanced carrier generation and collection efficiency, 

as more free electrons are available to contribute to 

the photocurrent. However, beyond a critical doping 

level, recombination losses—especially Auger 

recombination—become more pronounced, leading to 

fewer collected charge carriers. This reduction in Jsc 

at higher ND occurs as the depletion region narrows 

and increased recombination diminishes current 

collection. Meanwhile, the FF exhibits an upward 

trend as ND increases.  This is mostly owing to 

improved conductivity in the Bi2S3 layer, resulting 

from the higher concentration of free carriers 

(electrons) provided by the shallow donor states. The 

reduction in series resistance enhances the FF, 

compensating for the narrower depletion region. As a 

result, even at higher doping levels, the FF remains 

positively affected by the reduced resistive losses. 

Overall, the efficiency remains relatively constant, 

with a slight increase as ND increases. This suggests 

that while doping density plays a role in influencing 

individual parameters like Voc, Jsc, and FF, its effect 

on the overall efficiency is limited within the 

analysed range. 

 

 

Figure 1 Variation of performance parameters of solar 

cell with respect to (a) Bi2S3 Thickness (b) Bi2S3 

doping density and (c) Bi2S3 defect density 

Figure 3 (c) display the variation of performance 

parameters as a function of Bi2S3 defect densities. At 

lower defect densities, the Voc remains relatively flat 

and it even exhibits a slight increase at higher defect 

densities. At lower defect densities, the 

recombination rates are low, and the quasi-Fermi 

level splitting remains unaffected, leading to stable 

Voc values. As defect density increases, more 

recombination centers are introduced, and one would 

expect Voc to decrease due to increased losses. 

However, in this case, the slight increase in Voc at 

higher defect densities may be explained by the shift 

in the built-in potential across the junction, which 

can occur as a result of changes in the carrier 

concentration profile due to increased doping or 

compensation by defects. The short-circuit current 

density remains stable over a broad range of defect 

densities but starts to decrease at very high defect 

densities. In the low to mid-range of defect densities, 

there is minimal impact on photogenerated carriers, 

and most of the carriers are still collected effectively, 

keeping Jsc nearly constant. However, as defect 

density increases significantly, the recombination rate 

increases in the bulk and at the junction, leading to a 
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loss of photogenerated carriers before they can be 

collected, thus reducing Jsc. η and FF remain nearly 

constant at lower defect densities (10¹² to 10¹⁷ cm⁻³). 

At these densities, the defects introduce a small 

number of recombination centers, implying that their 

influence on carrier recombination is limited. The 

charge carriers generated in the absorber can still be 

effectively collected, resulting in stable values for 

both efficiency and fill factor. However, as the defect 

density exceeds a critical threshold (around 10¹⁷ cm⁻³), 

efficiency decreases in tandem with the FF since 

efficiency is a function of both FF and the other 

parameters. The sharp decline in efficiency and FF at 

higher defect densities can be attributed to the 

increased non-radiative recombination, which causes 

a significant loss in the photogenerated current. 

 

Figure 2 Variation of performance parameters of solar 

cell with respect to Bi2S3/BaSi2 Interface defect 

density 

Figure 4 shows the variation of performance 

parameters as a function of interface defect densities 

at Bi2S3/BaSi2 interface. The monotonous decrease in 

Voc with increasing Nt can be explained by the 

increased recombination at defects, which reduces the 

effective built-in potential of the solar cell. Higher 

defect densities diminish the separation of charge 

carriers, thus lowering the maximum voltage 

achievable when no current flows. At low defect 

densities, electron-hole pair production remains 

effective, resulting in roughly constant Jsc values. 

However, as defect density increases, the sharp 

decline in Jsc occurs due to enhanced recombination 

of carriers before they can contribute to the current, 

leading to a significant reduction in the available 

current. The initial slight decrease in FF followed by a 

sharper decline as defect density increases indicates 

that while the device operates efficiently at low 

defect levels, the increase in defects leads to increased 

recombination losses and reduced voltage. This 

impacts the maximum power output, causing FF to 

drop more significantly at higher defect densities. The 

decline in efficiency with increasing interface defect 

density (Nt) can be attributed to increased 

recombination of charge carriers at defects. Higher 

defect densities create more sites for non-radiative 

recombination, reducing the number of charge 

carriers that contribute to the current, thus lowering 

efficiency. 

Figure 5 (a) depicts the variation of performance 

parameters as a function of series resistance. It is 

evident from the figure that series resistance has a 

limited effect on open-circuit voltage because no 

current flows in this condition.  However, there is a 

minor drop due to reduced carrier collection 

efficiency and recombination effects caused by the 

increased 𝑅𝑠. Jsc remains mostly constant, but it 

decreases slightly as Rs increases as Rs increases due 

to the non-ideal behaviors of the solar cell under 

operational conditions, such as increased 

recombination rates that could occur due to increased 

voltage drop across the resistance. Rs causes power 

loss in the form of heat, which reduces the overall 

power output. As Rs increases, more power is 

dissipated within the cell, leading to a sharp decline 

in both efficiency and fill factor. The higher 𝑅𝑠 

reduces the maximum power point, causing a 

significant drop in these parameters. 
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Figure 3 Variation of performance parameters of solar 

cell with respect to (a) Series Resistance (b) Shunt 

Resistance and (c) Temperature 

 

Figure 5 (b) shows the variation of performance 

parameters as a function of shunt resistance. It is 

evident from the figure that at low Rsh, significant 

leakage currents flow through the shunt path, leading 

to power losses and a lower Voc. As Rsh increases, 

these leakage currents decrease, allowing Voc to rise 

rapidly. Beyond a certain value, the leakage becomes 

negligible, causing Voc to plateau since further 

increases in Rsh no longer influence the junction 

potential. 

 

Jsc experiences only a minor increase with rising Rsh 

because low Rsh causes current loss through shunt 

pathways, which reduces Jsc marginally.  As Rsh 

increases, these losses diminish, but the current 

through the main path is already maximized, leading 

to minimal change at higher Rsh values. The FF and 

efficiency follow similar trends, with a sharp increase 

at low Rsh as shunt losses decrease. As Rsh continues 

to rise, FF and efficiency plateau when leakage 

becomes insignificant. Beyond this threshold, further 

increases in Rsh have minimal impact, as other factors 

like series resistance and material properties dominate. 

 

Figure 5 (c) shows the variation of performance 

parameters as a function of temperature. The figure 

illustrates that Voc decreases as the temperature rises. 

This behaviour is consistent with the well-established 

link between Voc and temperature described by 

equation (6). As temperature rises, the reverse 

saturation current J0 grows exponentially, resulting in 

a drop in Voc. This trend is typical for most solar cells 

since increasing temperature increases recombination 

rates, lowering the effective carrier concentration 

available for voltage generation. Besides 

recombination, another factor influencing Voc is the 

temperature dependency of the bandgap, which 

normally decreases with rising temperature, 

contributing to the drop of Voc.  The drop in Voc at 

higher temperatures, as seen in the graph, is therefore 

expected. Jsc remains nearly constant with 

temperature. This consistency is explained by the fact 

that temperature changes may cause minor variations 

in photon absorption and carrier mobilities. In other 

words, the light absorption and generation of 

electron-hole pairs in the BaSi₂ layer are relatively 

unaffected by temperature in the range studied. Thus, 

temperature-induced recombination effects have a 

smaller effect on Jsc. The FF shows a relatively weak, 

but observable, temperature dependence. The FF is 

influenced by both series resistance and 

recombination mechanisms in the device. Initially, 

there is a small dip observed in FF, followed by an 

increase, and then it remains almost constant at 

higher temperatures. The small dip in FF at lower 

temperatures can indeed be due to increased series 

resistance as carrier mobility is reduced at these 

temperatures. As the temperature increases, the 

carrier mobility improves due to thermal excitation, 

resulting in lower resistive losses, which may explain 

the improvement in FF.  However, as temperatures 

rise further, increased recombination effects start to 

balance out any mobility gains, leading to the nearly 

constant FF observed at higher temperatures. The 

efficiency shows a non-linear behaviour as a function 

of temperature, initially increasing with temperature 

up to a peak value and then decreasing beyond a 

specific threshold. At lower temperatures, the rise in 

efficiency is due to improvements in Voc and FF, as 

seen in their respective graphs. However, at a certain 

 5 (a) 
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temperature (~325 K in this case), the efficiency 

begins to drop, perhaps due to the reduction in Voc. 

This drop in Voc is directly linked to the thermal 

excitation of charge carriers and increased 

recombination. 

 

 

Table 3 Comparative of Solar Cell Performance – Previously Reported Configurations vs. Proposed 

Configuration 

Sr. 

No. 
Device Structure Voc (V) Jsc (mA/cm2) FF (%) ɳ (%) Ref. 

1 p-BaSi2/n-c-Si 0.44 37.00 59.70 9.80 14 

2 p-BaSi2/n-Si 0.54 32.80 51.90 9.25 20 

3 FTO/Zn (O, S)/BaSi2/Ni 0.60 34.40 81.96 17.00 20 

4 FTO/SnS2/BaSi2/Ni 0.62 34.45 82.07 17.10 20 

5 FTO/WS2/BaSi2/Ni 0.76 35.23 82.40 22.20 20 

6 Al/SnO:F/CdS/BaSi2/Cu 1.06 34.23 72.14 26.32 19 

7 Al/SnO:F/Bi2S3/BaSi2/Ni 1.00 32.74 80.65 26.56 *PW 

       *PW indicates present work 

 

IV. CONCLUSION 

 

The present manuscript effectively demonstrates the 

suitability of Bi2S3 as an electron transport layer (ETL) 

in BaSi2-based thin-film solar cells. With a low lattice 

mismatch of 4.4% and a conduction band offset (CBO) 

of -0.02 eV with BaSi2, Bi2S3 promotes favourable 

band alignment, facilitating efficient charge carrier 

transport and enhancing device performance. The 

proposed novel solar design is further evaluated using 

the globally recognized SCAPS-1D tool, optimizing 

various physical and parasitic parameters to achieve 

optimal performance. The resulting performance 

metrics, as shown in Table 3, exhibit notable 

improvements compared to recent theoretical and 

experimental reports on similar solar cell 

configurations. Overall, this research enhances the 

understanding of optimizing p-BaSi2/n-Bi2S3 

heterojunction solar cells, thereby expanding their 

potential applications in future photovoltaic and 

optoelectronic technologies. 
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