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Abstract
This study optimizes Cu2HgSnS4 (CHTS) solar cells by incorporating a Zn1 − xSnxO buffer 
layer and a SnS back surface field (BSF) layer. A detailed numerical analysis was con-
ducted using Solar Cell Capacitance Simulator (SCAPS) software to enhance photovoltaic 
efficiency. The photovoltaic performance of CHTS-based solar cell CHTS has been evalu-
ated by varying Sn/(Zn + Sn) ratios in the Zn1 − xSnxO layer, and an optimal ratio of x = 0.31 
at the CHTS/ Zn1 − xSnxO interface is identified, potentially exceeding a 17% efficiency 
benchmark. Furthermore, strategies to improve open-circuit voltage (VOC) and overall cell 
performance are investigated, such as modifying the thickness and carrier concentration of 
the SnS BSF layer. Simulations reveal a significant boost in efficiency, with SnS/CHTS/ 
Zn0.69Sn0.31O cells reaching an efficiency of 25.81%, surpassing traditional CHTS/CdS 
cell configurations. Analysis through Capacitance-voltage (C-V) and Mott Schottky plots 
shows that the optimized cells have low capacitance compared to reference cells, em-
phasizing the effectiveness of interface and material optimization in enhancing solar cell 
efficiency. Additionally, impedance spectroscopy analysis highlights the enhanced recom-
bination resistance of the SnS/CHTS/Zn0.69Sn0.31O cells compared to traditional CHTS/
CdS cells. These results offer valuable insights into improving the performance of CHTS-
based solar cells, significantly contributing to developing sustainable energy technologies.
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1  Introduction

The increasing energy demand, combined with the substantial depletion of fossil fuel reser-
voirs, poses a challenge due to its adverse environmental effects and high production costs. 
Extensive research endeavors are ongoing to explore alternative energy sources that are sus-
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tainable, environmentally friendly, and renewable. Solar cell technology emerges as a green 
alternative to fossil fuels for sustainable energy solutions (Wang and Azam 2024; Kumar 
et al. 2023). Thin-film solar cells have gained attention due to their cost-effective produc-
tion, variety of uses, environmental friendliness, improved flexibility and stability, and 
impressive efficiency (Zhang et al. 2020; Wei et al. 2023; Zhu 2023). Choosing the suitable 
material is essential when creating solar cells, as qualities like energy band gap, absorption 
coefficient, exciton binding energy, carrier lifetime, and mobility are vital in determining a 
material’s appropriateness. Metal chalcogenides have emerged as promising candidates for 
efficient and affordable energy production, providing a reliable and long-lasting option for 
photovoltaic (PV) technology. Chalcogenides solar cells have reached remarkable efficien-
cies, such as 23.35% for CIGS (Nakamura et al. 2019), 22.1% for CdTe (Green et al. 2018), 
and 13 ~ 13.8% for CZTSSe and its Ag-based alloys (Gong et al. 2022; Wang et al. 2018; 
Baek et al. 2024). Among them, Cu2ZnSnS4 is noteworthy because of its resemblance to 
chalcopyrite and its significance as a solar cell absorber material in single-junction devices. 
It exhibits a bandgap of 1.5 eV and absorbs light effectively with an absorption coefficient 
of 104 cm− 1 in the optical range from 826 nm to 250 nm. These characteristics meet the best 
conditions for solar cell absorbers, as outlined by the Shockley-Queisser limit (Paul et al. 
2024; Haddout et al. 2019).

Researchers have been exploring alternatives to Zn in Cu2ZnSnS4 due to CuZn antisite 
defects that create a high voltage deficit (Purushotham et al. 2023). These alternatives 
include substituting Zn with ions like Sr, Ba, Fe, and Hg to eliminate the defects (Crovetto 
et al. 2019; Ge et al. 2017; Vanalakar et al. 2018; Vu et al. 2019; Bhattacharya et al. 2022). 
However, these substitutions can impact the bandgap and PV performance. Kukreti et al. 
introduced CHTS as a promising new absorber material to address this challenge. Through 
hybrid density functional theory and macroscopic device simulation, they found that CHTS 
has the potential for over 17% efficiency in solar cells. CHTS presents an exciting alter-
native for single-junction devices due to its robust absorption coefficient of ~ 104 cm− 1 
(Kukreti et al. 2021). The same research group examined Cu2HgSn(S/Se)4 in tandem and 
graded bandgap junction devices. They found that efficiency gains are capped at 17% due 
to saturation in the bottom sub-cell of tandem configurations (Kukreti et al. 2023). Despite 
these advances, there is still room for improvement in CHTS-based solar cells, especially in 
device and interface optimization, to exceed current efficiency benchmarks. Traditionally, 
CHTS solar cells have used CdS as the heterojunction partner layer. However, CdS is not 
ideal for long-term commercial applications due to the toxic nature of Cd and associated 
environmental hazards during production (Jhuma et al. 2019). Additionally, the absorption 
of sunlight beyond the energy bandgap of CdS (2.4 eV) contributes to optical losses in the 
shorter wavelength spectrum, thereby diminishing overall efficiency (Bibi et al. 2024). To 
achieve efficiencies beyond 17% in CHTS solar cells, increasing their VOC by reducing 
recombination losses is essential, suggesting that the full potential of CHTS in thin-film 
solar cells has not yet been completely realized.

Different approaches have been suggested to enhance VOC and overall PV performance, 
including incorporating suitable buffer layers, adjusting band alignment, reducing interface 
defects, and incorporating a BSF layer. Several studies have demonstrated that the interface 
recombination rate in solar cells can be reduced by optimizing the conduction band offset 
(CBO) at the interfaces (Bencherif 2022; Laidouci et al. 2023; Islam and Thakur 2023a, 
b; Moon et al. 2023; Ahmed et al. 2024). Additionally, buffer layer engineering with ultra-
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thin CdS and ZnSnO layers has proven effective for managing the heterojunction interface 
in flexible CZTSSe solar cells (Xian et al. 2023). ZnSnO, a ternary alloy of ZnO with 
SnO, shows potential as a substitute buffer layer in CZTSSe solar cells (Zhang et al. 2023). 
Research conducted by Mukes et al. (Kapilashrami et al. 2012) has demonstrated that higher 
tin concentration significantly affects the material’s band gap, affecting both the valence and 
conduction bands. Experimental research has shown that the ZnSnO layer can substitute 
traditional CdS layers to improve solar cell performance by making strategic adjustments to 
the interface and materials (Hironiwa et al. 2015; Cui et al. 2018; Luo et al. 2022). Back sur-
face recombination hinders the efficiency of solar cells by impeding carrier collection and 
reducing the device’s overall performance (Bibi et al. 2022). Introducing a BSF layer has 
been recognized as an effective strategy to address this issue. The BSF layer creates a rear 
pushing force on the highly doped backside of the cell, guiding minority carriers towards the 
depletion region and passivating the back surface, thereby decreasing rear recombination 
(Benbouzid et al. 2023). Multiple research studies have shown that tin sulfide (SnS) is effec-
tive as a BSF layer in different types of solar cells, including CdTe (Benabbas et al. 2016), 
Cu2MnSnS4 (Isha et al. 2023), and CZTSSe (Gohri et al. 2021). SnS is well-suited for PV 
applications because it has a high absorption coefficient (105 cm− 1) and an optimal bandgap 
(1.30 eV). Moreover, SnS is plentiful and environmentally friendly, making it a desirable 
choice for sustainable solar energy technologies (Kuddus et al. 2021).

This study investigates the impact of variations in buffer layer compositions and the 
integration of a BSF layer on the CHTS solar cell performance. A specific design consist-
ing of Mo/SnS/CHTS/Zn1 − xSnxO/ZnO/AZO layers, with Zn1 − xSnxO as the buffer layer 
and SnS as the BSF layer, was employed to investigate their impact on solar cell efficiency. 
The simulation results showed that adding a Zn0.69Sn0.31O buffer layer enhanced the band 
alignment at the CHTS/Zn0.69Sn0.31O interface, significantly improving device efficiency. 
Significantly, the SnS/CHTS/Zn0.69Sn0.31O configuration exhibited an 8% efficiency boost 
compared to reference CHTS/CdS solar cells, mainly due to a 0.24 V rise in VOC. This study 
emphasizes the possibility of attaining high efficiency in SnS/CHTS/Zn0.69Sn0.31O solar 
cells and provides a basis for future research in enhancing CHTS-based PV technologies.

2  Method and material

2.1  Device structure

Figure 1(a) illustrates the schematic of the simulated CHTS-based solar cell structure as 
described by Sumit Kukreti et al. (Kukreti et al. 2021), which serves as the reference model 
for this study. The structure includes a window layer of ZnO, a buffer layer of CdS, and an 
absorber layer of CHTS. Several modifications have been applied to this baseline structure 
to investigate potential enhancements in device efficiency. Figure 1(b) details the modified 
configuration, where a ZnSnO buffer layer replaces the traditional CdS buffer layer, and SnS 
is added as a BSF layer, indicating a strategic alteration aimed at efficiency improvement. 
The CdS and ZnSnO buffer layers assist in electron transport from the CHTS layer to the 
external circuit. The ZnO window layer transmits light to the absorber layer, preventing 
carrier recombination.
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2.2  Numerical modeling

Simulation has become essential for analyzing and optimizing conventional thin-film solar 
cell design and PV performance over the past few decades. In this study, the Solar Cell 
Capacitance Simulator (SCAPS-1D) developed by the Department of Electronics and Infor-
mation Systems at the University of Gent examines the CHTS-based solar (Burgelman et al. 
2000; Nishat et al. 2021). SCAPS-1D software employs numerical methods to solve one-
dimensional semiconductor equations, such as the current density, Poisson, and continuity 
equations for electrons and holes (Mora-Herrera et al. 2021). The Poisson equation is the 
fundamental step in obtaining a qualitative understanding of electrostatic variables within a 
semiconductor, illustrating the relationship between space charges and electrical potential, 
as shown in Eqs. (1–5).

	
d2

dx2φ (x) =
q

ε 0ε r

(
p (x)− n (x) +ND −NA + ρ p − ρ n

)
� (1)

Here, φ represents the potential, q the electronic charge, ε the permittivity, n and p the densi-
ties of free electrons and holes, respectively, with NA and ND indicating the concentrations 
of ionized donor and acceptor dopants, and ρp, ρn representing the densities of trapped holes 
and electrons.

Current conduction in a material involves two primary mechanisms: electric field-
induced drift and carrier concentration gradient-driven diffusion. These mechanisms are 
described by the drift-diffusion equations for solar cells, as outlined in Eqs. (2) and (3).

Fig. 1  Configuration of CHTS-based solar cell; (a) reference cell featuring a CdS buffer layer, (b) opti-
mized cell design incorporating a ZnSnO buffer layer and SnS back surface field layer
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jn = qDn

dn

dx
+ qµnnE � (2)

	
jp = qDp

dn

dx
+ qµ ppE � (3)

The parameters Dn and Dp denote the diffusion coefficients for electrons and holes, respec-
tively, µn and µp their mobilities, and Jn and Jp the current densities of electrons and holes. 
The continuity equations consider time-dependent changes such as carrier generation, 
recombination, and injection at low levels. These equations account for the effects of drift, 
diffusion, thermal generation, and recombination on carrier concentration changes over 
time. The continuity equations are expressed as:

	
d

dx
jn (x)− q

∂ n (x)

∂ t
− q

∂ pn
∂ t

= G (x)−R (x)� (4)

	
d

dx
jp (x)− q

∂ p (x)

∂ t
− q

∂ np

∂ t
= G (x)− R (x) � (5)

Applying appropriate boundary conditions at interfaces and contacts leads to a system of 
coupled differential equations. Solving these equations reveals critical solar cell metrics like 
the VOC, JSC, FF, and PCE. Furthermore, it facilitates the simulation of I–V, C–V, C–F, and 
EQE measurements. Recombination dynamics in deep bulk levels are described using the 
Shockley-Read-Hall (SRH) formalism, and an extension of the SRH formalism captures 
recombination at interface states.

2.3  Materials properties

The input parameters used in the simulation study are listed in Table 1. Molybdenum (Mo), 
with a work function (Φ) of 5 eV, serves as the back contact, while Aluminum (Al), having 
a work function of 4.28 eV, is used for the front contact (Wang et al. 2021). The surface 
recombination velocity (SRV) for electrons is set at 1 × 105 cm/s; for holes, it is 1 × 107 cm/s 
for the back contact. While the SRV for electrons is set at 1 × 107 cm/s, and for holes, it is 
1 × 105 cm/s for the front contact. The simulation includes critical parameters such as a 
radiative recombination coefficient of 1 × 10− 10 cm3/s and a capture cross-section of 10− 15 
cm2 for the CHTS absorber layer. The simulations were performed under AM1.5G solar 
spectrum conditions, corresponding to a power density of 1000 W/m2 at a standard tem-
perature of 300 K.

2.4  Establishing the baseline for band alignment: variations in sn content within 
ZnSnO buffer layers

In advancing the efficiency of PV devices, carefully selecting buffer and absorber layers is 
a crucial aspect of solar cell engineering. This study focuses on integrating a ZnSnO buf-
fer layer with variable tin (Sn) content, which notably affects band energy dynamics and 
conduction band offset, both critical factors in device performance. Figure 2(a) illustrates 
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the band alignment of Zn1 − xSnxO, showing the range of bandgap energies varying from 
3.3 eV to 2.2 eV with the inclusion of Sn, according to findings reported in (Kapilashrami 
et al. 2012). The decrease in bandgap observed with higher Sn concentrations in Zn1 − xSnxO 
compositions, relative to the ZnO benchmark, is due to the valence band edge (ΔEv) moving 
to higher energy levels. Moreover, except for SnO, a moderate elevation in the conduction 
band edge (ΔEc) is observed across Zn1 − xSnxO variants. The introduction of Sn modifies 
the ZnSnO layer’s band energy, thereby influencing the CBO at the CHTS/ZnSnO interface, 

Table 1  Materials parameters used in the simulation (Kukreti et al. 2021, 2023; Ahmed et al. 2024; Isha et al. 
2023; Saadat et al. 2019; Jalali et al. 2023)
Parameters CHTS CdS ZnSnO i-ZnO Al: ZnO SnS
Thickness 
(µm)

2.00 0.05 0.05 0.08 0.20 0.10

Bandgap (eV) 1.33 2.42 variable 3.30 3.37 1.30
Electron affin-
ity (eV)

4.30 4.5 variable 4.60 4.60 4.20

Dielectric per-
mittivity (εr )

10.60 9.00 9.000 9.00 9.00 12.50

CB effective 
density of 
states (1/cm3)

2.20× 1018 1.80× 1019 3.00× 1018 2.20× 1018 2.20× 1018 1.18×
1018

VB effective 
density of 
states (1/cm3)

1.80× 1019 2.40× 1018 1.80 × 1019 1.80 ×  1019 1.80× 1019 4.76 
×
1018

Shallow uni-
form acceptor 
density NA (1/
cm3)

1.00 × 1016 0 0 0 0 1.00 
×
1018

Shallow 
uniform donor 
density ND (1/
cm3)

0 1.00× 1017 1.00 × 1017 1.00× 1017 1.00 × 1020 0

Hole thermal 
velocity (cm/s)

1.00× 107 1.00 × 107 1.30 × 107 1.00 × 107 1.00 × 107 1.00 
×
107

Electron ther-
mal velocity 
(cm/s)

1.00× 107 1.00 × 107 2.40 × 107 1.00 × 107 1.00 × 107 1.00 
×
107

Hole mobility 
(cm²/Vs)

3.50×  101 2.50 × 101 4.00 × 101 2.50×  101 2.50 ×  101 1.00 
×
101

Electron 
mobility (cm²/
Vs)

1.00× 102 1.00 × 102 1.60 × 102 1.50 × 102 1.50 × 102 2.50 
×
101

Capture cross 
section elec-
trons (cm²)

1.00× 10−15 1.00 × 10− 15 1.00× 10−15 1.00 × 10− 15 1.00 × 10− 15 1.00 
×
10− 16

Capture cross 
section holes 
(cm²)

1.00×  10− 15 1.00×  10− 13 1.00 ×  10− 13 1.00 ×  10− 15 1.00×  10− 15 1.00×  
10− 16

Defect density 
(1/cm3)

1.00 ×  1014 1.00 ×  1014 1.00 ×  1014 1.00 ×  1014 1.00 ×  1016 1.00 
×  
1014
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as illustrated in Fig. 2(b). These offsets are critical as they affect the charge carrier dynamics 
at the interface, including recombination rates and the effective separation of photogen-
erated electron-hole pairs. A negative CBO manifests as a “cliff,” leading to intensified 
recombination at the CHTS/buffer interface and diminishing the device’s VOC by creating a 
favorable condition for carrier recombination due to the narrowed energy gap between the 
buffer’s conduction band and CHTS’s valence band.

In contrast, a substantial positive CBO greater than 0.3 eV forming a spike shape can 
impede the photogenerated current in CHTS, thus attenuating efficiency (Gloeckler and 
Sites 2005). The variation in Sn content aims to alter the buffer layer’s properties, optimiz-
ing the band alignment with the CHTS absorber. Such alignment is essential for minimizing 
electron flow barriers, thus improving the solar cell’s overall efficiency.

3  Results and discussion

3.1  Verification of CHTS solar cell simulation against literature data

The accuracy of the CHTS solar cell simulation is verified by comparing it with established 
simulation-based data from the literature. SCAPS 1D was used to replicate the results of 
Sumit Kukreti et al. (Kukreti et al. 2021)., utilizing CHTS as the absorber layer. The com-
parison of J-V curves between the current simulation and the Sumit Kukreti et al. (Kukreti 
et al. 2021) simulation is shown in Fig. 3(a). The computational results yielded a PCE of 
10.26%, a Voc of 0.49 V, a fill factor (FF) of 58.30%, and a current density of 35.86 mA/cm², 
all of which are consistent with the simulation results of Sumit Kukreti et al. (Kukreti et al. 
2021). The material properties are presented in Table 1, with the assessment performed at a 
CHTS defect density of 1E16. Additionally, the quantum efficiency curve of the CHTS/CdS 
solar cell was obtained during verification. The quantum efficiency of a solar cell measures 
its effectiveness across different wavelength ranges of sunlight, indicating the cell’s sensi-
tivity to particular wavelengths and its performance across the entire light spectrum (Shoab 

Fig. 2  (a) Energy band alignment of ZnSnO alloys with varying Sn content, (b) variation in conduction 
band offset at the CHTS/ZnSnO interface with different Sn content
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et al. 2024). As shown in Fig. 3(b), the quantum efficiency is highest for the wavelength 
range of 400 nm to 950 nm.

The layer material properties were modified to achieve optimal performance of the refer-
ence solar cell. Table 1 represents the optimized material parameters. The J-V curves and 
energy band diagram of a simulated optimized reference solar cell provide critical insights 
into its performance and underlying physical mechanisms. The optimized reference solar 
cell demonstrates reasonable effectiveness with a VOC of 0.633 V, a JSC of 33.33 mA/cm2, an 
FF of 80.10%, and a PCE of 17.71%, as shown in Fig. 4(a). However, there is potential for 
enhancement, particularly in the PCE and VOC. Based on simulation outcomes, the energy 
band diagram analysis offers a deeper understanding of device performance. Understanding 
the energy level alignment at the donor-acceptor heterojunction is essential for exploring 
the solar cell’s charge generation and recombination dynamics (Li et al. 2046; Zhu et al. 
2024; Bai et al. 2022). As depicted in Fig. 4(b), the simulation reveals that the EC of the 

Fig. 4  Photovoltaics performance of simulated reference cell; (a) J-V curve, and (b) Energy band diagram

 

Fig. 3  (a) Current simulation J-V curve comparison against literature (Kukreti et al. 2021) and (b) Quan-
tum efficiency curve of current simulation
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CHTS absorber layer is positioned higher than that of the CdS layer, resulting in a CBO 
of -0.2 eV that forms a cliff-like barrier. Such a steep CBO can increase the likelihood of 
carrier recombination at the absorber/buffer interface, potentially impacting the device’s 
efficiency (Mora-Herrera et al. 2021; Sekar et al. 2023).

3.2  Enhancing CHTS solar cell efficiency through buffer layer tuning

A Zn1 − xSnxO buffer layer was introduced to address the issue discussed in Sect. 3.1, result-
ing in a more favourable junction at the CHTS/Zn1 − xSnxO interface. The simulation identi-
fied an optimal tin (Sn) content in the Zn1 − xSnxO layer, with x representing the ratio of [Sn] 
to the sum of [Zn] and [Sn], effectively tuning the CBO at the CHTS/ Zn1 − xSnxO junction. 
Based on the experimental and simulation data, the Sn content were set at 0.13, 0.18, 0.20, 
0.31, and 1.0 for the CHTS/ Zn1 − xSnxO heterojunction configuration (Saadat et al. 2019; 
Lee et al. 2018). The influence of varying Sn content within the Zn1 − xSnxO buffer layer on 
the CHTS solar cells’ performance was extensively analyzed, as shown in Fig. 5(a, b). It was 
observed in Fig. 5(a) that the VOC peaked at x = 0.2, corresponding to a high positive CBO 
of 0.25 eV. However, other performance parameters, particularly efficiency, were reduced. 

Fig. 5  Photovoltaic parameters of CHTS/Zn1 − xSnxO solar cells with different tin content: (a) VOC, (b) 
JSC, (c) FF, (d) PCE

 

1 3

Page 9 of 19   1608 



B. Bibi et al.

The high positive CBO at the buffer/absorber interface can enhance VOC by reducing recom-
bination losses, but it can also decrease the fill factor by increasing series resistance and 
hindering electron transport due to the formation of a strong barrier (Yadav et al. 2024). 
Figure 5(b) shows that the maximum JSC was achieved with an x value of 0.31, indicating an 
optimal bandgap of the buffer layer that minimizes optical losses. Figure 5(c) demonstrates 
that the maximum value of FF is achieved at x = 0.31, attributed to reduced resistance losses, 
encompassing shunt and series resistances (Bagade et al. 2023). The findings suggest that 
the solar cell exhibits the highest efficiency at an x value of 0.31, demonstrating the benefi-
cial impact of adjusting the composition of the Zn1 − xSnxO buffer layer on enhancing solar 
cell efficiency.

Figure  6(a) presents the J-V characteristics of the optimized heterostructure, consist-
ing of Mo/CHTS/Zn0.69Sn0.31O/ZnO/AZO/Al, where a significant increase in the JSC from 
33.24 mA/cm² to 33.40 mA/cm² is observed. The FF also increases from 80 to 82%, result-
ing in an overall device efficiency increase from 17.59 to 18.12%. The enhanced perfor-
mance is attributed to the optimal CHTS/Zn0.69Sn0.31O interface, facilitating better band 
alignment, reduced recombination rates, and decreased optical loss due to Eg expansion 
in the buffer layer compared to the optimized reference cell. The depicted band alignment 
at the CHTS/ Zn0.69Sn0.31O interface, detailed in Fig. 6(b), features a minimal spike-like 
CBO of + 0.05 eV or presents an almost flat band scenario. The strategic formation of a 
spike structure at the interface acts as a barrier to mitigate interface recombination, thereby 
increasing the cell’s efficiency (Lin et al. 2023). These insights affirm the ability to fine-tune 
the conduction band offset of CZTSSe/Zn1 − xSnxO by carefully adjusting the Sn/(Zn + Sn) 
ratio. The alignment of energy bands at the heterojunction interface is a critical factor in the 
material selection, especially when replacing toxic CdS buffer layers. Further enhancements 
to the optimized CHTS/Zn0.69Sn0.31O solar cell design are explored by introducing a SnS 
BSF layer in subsequent analyses.

Fig. 6  Photovoltaic performance of CHTS/Zn0.69Sn0.31O solar cell; (a) J-V curve, and (b) Energy band 
diagram
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3.3  Optimization of thickness and carrier concentration of SnS back surface field 
layer

The efficacy of BSF layers in boosting the performance of solar cells has been recognized 
within the PV research community for decades. The BSF layer introduces an additional 
built-in electric field, oriented in the same direction as that generated by the p-n junction, 
thus facilitating an increase in the solar cell’s VOC (Mondal et al. 2023; Verma et al. 2021). 
Additionally, the BSF layer supplements the built-in electric field and is pivotal in dimin-
ishing the diffusivity and conductivity of minority carriers (electrons) near the back con-
tact (Karade et al. 2022). Figure 7(a, b) illustrates the PV performance of a SnS/CHTS/
Zn0.69Sn0.31O solar cell, examining the influence of the SnS BSF layer’s thickness at a 
constant acceptor concentration of 1 × 1018 cm− 3. As shown in Fig. 7(a), the J-V charac-
teristics underscore the significant influence of the BSF layer’s thickness on the device’s 
performance metrics. Notably, both the JSC and VOC experience substantial increases from 
33.62 mA/cm2 to 34.82 mA/cm2 and from 0.78 V to 0.87 V, respectively, as the thickness 
of the BSF layer is increased, reaching a saturation point for thicknesses beyond 0.1 μm. 
The observed enhancement in JSC and VOC with increased BSF layer thickness indicates a 
reduced recombination rate of photogenerated carriers within the cell’s active region (Islam 
et al. 2023). However, as the SnS BSF layer thickness increases, there is a decrease in the 
FF due to increased series resistance and decreased electric field strength (Islam and Thakur 
2023a, b). Despite these challenges, the overall PCE exhibits a positive trend with increased 
SnS BSF layer thickness as shown in Fig. 7(b).

Figure 7(c) illustrates the variation in quantum efficiency as a function of light wave-
length for different thicknesses of the SnS BSF layer. Quantum efficiency measures the ratio 

Fig. 7  Effect of the thickness of the SnS BSF layer on the photovoltaic parameters of CHTS/Zn0.69Sn0.31O 
solar cell; (a) J-V curve, and (b) FF and PCE (c) Quantum efficiency curve
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of charge carriers generated by incident light to the number of photons incident on the solar 
cell (Jahan et al. 2024). Initially, quantum efficiency increases with the SnS BSF layer’s 
thickness, reaching an optimal point beyond which further increases in thickness result in no 
significant change. As shown in the inset of Fig. 6c, quantum efficiency increases when the 
thickness is augmented from 0.02 μm to 0.1 μm. However, beyond this point, the quantum 
efficiency plateaus indicate that additional thickness increases do not substantially enhance 
the photocurrent.

Figure 8 illustrates the significant impact of the SnS BSF layer acceptor concentration 
on the PV parameters of SnS/CHTS/Zn0.69Sn0.31O heterostructure solar cells. The carrier 
concentration within the BSF layer plays an essential role in determining the magnitude 
and distribution of the electric field, which in turn affects the device’s efficiency. Increasing 
the BSF layer’s acceptor concentration enhances the electric field, improving carrier collec-
tion and overall device performance (Mohanty 2021). The J-V curves in Fig. 8(a) show the 
effects of various acceptor concentrations. The VOC increases from 0.72 V to 0.87 V as the 
SnS acceptor concentration rises from 1 × 1015 cm− 3 to 1 × 1018 cm− 3.

Additionally, there is a slight increase in the JSC from 33.49 mA/cm2 to 34.82 mA/cm2. 
Figure 8(b) explores the impact of the acceptor concentration of the SnS BSF layer on the 
FF and PCE. It is noticed that the FF improves significantly from 82.51 to 84.74% when the 
acceptor concentration is increased from 1 × 1015 cm− 3 to 1 × 1018 cm− 3. Correspondingly, 
the PCE also improves from 19.80 to 25.81% with the increase in acceptor concentration. 
The higher acceptor concentration in the BSF layer reduces the reverse saturation current, 
improving the device’s performance (Dakua et al. 2024).

3.4  Capacitance–voltage and Mott–schottky characteristic of solar cell

The capacitance-voltage (C-V) characteristics play a critical role in understanding the fun-
damental aspects of solar cells. The C-V curve, closely linked to the built-in voltage (Vbi), 
offers insights into the solar cells’ loss mechanisms. This analysis is demonstrated by com-
paring C-V characteristic curves and Mott-Schottky plots between a reference CHTS/CdS 
and optimized SnS/CHTS/Zn0.69Sn0.31O solar cells, as presented in Fig. 9(a, b). The capaci-
tance of a p-n junction changes with applied voltage, affecting the depletion region’s width 
at the material interface. With an increase in voltage, the depletion region narrows, leading 

Fig. 8  Effect of different SnS BSF layer acceptor concentrations on the photovoltaic parameters CHTS/
Zn0.69Sn0.31O solar cell; (a) J-V curve, and (b) FF and PCE
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to a rise in capacitance (Jili et al. 2023). The Mott-Schottky plot is essential for determining 
the Vbi, which is crucial for directing photogenerated carriers toward their respective ter-
minals, enhancing the solar cell’s efficiency. The Mott-Schottky formula is giver by (Wang 
et al. 2019):

	

1

C2
=

2ε r,pNA + ε r,nND )(Vbi − V )

qA2ε 0ε r,pε r,nNAND
� (6)

C represents capacitance, A is the area, ε the permittivity of free space, q is the electron 
charge, NA and ND are the acceptor and donor concentration, Vbi is the built-in potential, and 
V is the applied voltage.

Equation (6) illustrates that an increase in capacitance inversely affects the Vbi. However, 
a higher Vbi is beneficial as it lowers the recombination rate, improving the solar device’s 
efficiency. The analysis of simulated C-V characteristics for the reference and optimized 
cells, as shown in Fig. 9(a), reveals that the reference cell exhibits higher capacitance. Fig-
ure 9(b) illustrates the inverse relationship between V and the capacitance squared (C2). The 
Vbi can be determined by extrapolating the 1/C2 V plot, which correlates with the depletion 
region’s width. The intersection of the extrapolated reference and optimized solar cell graph 
with the voltage axis typically represents the Vbi in the devices. By comparing the opti-
mized SnS/CHTS/ Zn0.69Sn0.31O configuration to the CHTS/CdS structure, which has a Vbi 
of 0.67 V, the optimized configuration has a superior Vbi of 0.88 V, indicating an enhance-
ment in the VOC.

3.5  Nyquist plots of solar cell

Impedance spectroscopy is a pivotal technique extensively utilized in the solar cell domain. 
The comparative analysis of Nyquist plots for reference CHTS/CdS and optimized SnS/
CHTS/Zn0.69Sn0.31O heterostructures, facilitated through SCAPS-1D simulation, delves 
into the junction quality within solar cells, offering an intricate evaluation of their charac-
teristics. The simulations, depicted in Fig. 10(a, b), involve applying a minor AC voltage 
fluctuation across a spectrum of frequencies at a predetermined DC bias voltage, enabling 

Fig. 9  Comparison of the optimized solar cell; (a) capacitance-voltage curves and (b) Mott-Schottky 
curve with reference cell
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the calculation of impedance (Z) at each frequency from the resultant AC response. The 
real (Z ́) and imaginary (Z ́ ́) impedance components are obtained, depicted on a Nyquist 
plot with Z ́ along the x-axis and -Z ́ ́ on the y-axis. An equivalent circuit model, detailed in 
the inset of Fig. 10(a), is adapted to fit the simulated data points, enabling the extraction of 
series resistance (RS) and recombination resistance (Rrec) values from the plot. Rrec signifies 
the cell’s charge recombination resistance, inversely related to its recombination rate.

Conversely, RS denotes the cell’s series resistance, which includes the cell’s intrinsic 
resistance and the resistance in the electrical contact. The analysis reveals that the optimized 
SnS/CHTS/ Zn0.69Sn0.31O solar cell exhibits a notably larger semicircle diameter, indica-
tive of a superior Rrec and, consequently, a diminished recombination rate relative to the 
reference CHTS/CdS solar cell. A heightened RS value on a Nyquist plot signals increased 
resistance within the circuit, potentially curtailing the cell’s overall efficiency. The values of 
RS and Rrec are shown by the plot intersections with the x-axis at low and high frequencies, 
respectively (Ishaq et al. 2018). The SnS/CHTS/Zn0.69Sn0.31O cell’s superior recombina-
tion resistance underscores a more efficient p-n junction, illustrating its capability to reduce 
electron capture by defect traps and minimize interface recombination, thereby boosting 
efficiency.

3.6  Optimized CHTS-based solar cell

The optimal parameters were determined by selecting the optimal buffer layer and deter-
mining the best conditions for the thickness and carrier concentration of the BSF layer. As 
shown in Fig. 11(a, b), the J-V and quantum efficiency curves of the optimized SnS/CHTS/
Zn0.69Sn0.31O solar cell configuration significantly improve compared to the optimized 
CHTS/CdS reference cell configuration. Table 2 summarizes the electrical parameters of 
the optimized SnS/CHTS/Zn0.69Sn0.31O cell solar cell and the reference CHTS/CdS solar 
cell, highlighting the benefits of the proposed cell design in improving efficiency through 
optimized electrical properties.

Fig. 10  Simulated Nyquist curves; (a) reference cell, (b) optimized solar cell
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4  Conclusion

This study presents the development and performance evaluation of SnS/CHTS/ZnSnO 
heterojunction solar cells intending to achieve high efficiency. The study highlights the 
advantages of a (Zn, Sn)O buffer layer over traditional CdS, particularly in band alignment 
tuning. By adjusting the Sn content in the Zn1 − xSnxO (x = 0.31) buffer layer, an optimized 
solar cell with a maximum efficiency of 18.12% was developed. Implementing a highly 
doped thin p+-SnS BSF in the CHTS/Zn0.69Sn0.31O solar device significantly enhances the 
efficiency by up to 25.81% and VOC by approximately 0.874 V. Advanced simulation analy-
ses, employing both Mott-Schottky and impedance spectroscopy, provided compelling evi-
dence that replacing the conventional CdS buffer with a Zn0.69Sn0.31O layer and the addition 
of SnS as a BSF layer not only elevates the built-in potential but also effectively reduces 
recombination at the junction, leading to a notable improvement in overall cell performance. 
Ultimately, this research introduces an innovative SnS/CHTS/Zn0.69Sn0.31O solar cell con-
figuration that achieves an unprecedented efficiency of 25.81%, substantially surpassing the 
benchmark efficiency of about 17% for the reference CHTS/CdS solar cell. Such advance-
ments highlight the potential of this new solar cell configuration in enhancing the efficiency 
and sustainability of solar energy technologies, marking a pivotal step forward in renewable 
energy research.
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