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Abstract:  
 

This work involves the numerical simulation of the photovoltaic performance of a single 

perovskite solar cell based on the Cu2O/CsSn(I1-xBrx)3/SnO2 structure, utilizing a lead-

free inorganic perovskite absorber layer CsSn(I1-xBrx)3 with variable bromine content 

represented by the ratio x. The study aims to evaluate performance fluctuations due to 

misfit deformation effects at the interface between the SnO2 electron transport layer 

(ETL) and the absorber on photovoltaic parameters. The simulation model incorporates 

variations in the physical parameters of the device layers dependent on the ratio x. This 

enables the calculation of bandgap energy fluctuations according to strain theory and 

assesses the resultant impact on photovoltaic parameters due to strain at the 

SnO2/CsSn(I1-xBrx)3 interface. Performance results are presented as a function of bromine 

composition x, considering both the presence and absence of deformation effects. The 

study clearly demonstrates the significant impact of misfit deformation on bandgap 

energy fluctuation, emphasizing the need to optimize bromine content to balance 

deformation effects and achieve optimal performance. Specifically, the results show a 

maximum efficiency of 19.72% at x=0.56 for the undeformed structure, and 19.30% at 

x=0.50 for the deformed structure. This study refines simulation results and underscores 

the critical role of deformation engineering in modulating energy gaps. 

 

1. Introduction 
 

Remarkable progress in photovoltaic technology 

over recent decades has enabled the development of 

a wide range of high-performance conversion 

systems [1]. Various technologies in this field, from 

the oldest to the most recent, have all benefited from 

advances in scientific research, including 

experimentation, manufacturing, simulation [2], and 

the development of new materials [3]. Systems 

based on organic-inorganic perovskite materials like 

MAPbI3 and FAPbI3 have revolutionized 

photovoltaic conversion [4], showcasing rapid 

development and achieving competitive efficiencies 

that have quickly approached those of long-

dominant silicon technology. Significant research 

efforts have been dedicated to developing solar cells 

based on perovskite absorbers, leading to efficiency 

improvements from 3.9% to 25.5% within a short 

timeframe [5], with the latest record at 26.8% [6]. 

However, concerns about the toxicity and instability 

of perovskites have prompted studies into lead-free 

and inorganic alternatives [7-10]. While numerous 

studies have explored the optical and electronic 

properties of perovskite thin films and solar cells 

across various compositions [11], little attention has 

been given to the physical deformations occurring 

during the epitaxial deposition of the absorber layer 

and their implications on electronic properties, such 

as bandgap energy, which are crucial for device 

performance. This study focuses on a single solar 

cell structure utilizing a lead-free, inorganic 

perovskite absorber, CsSn(I1-xBrx)3, where x 

represents varying bromine content. Cu2O and SnO2 

were chosen as hole transport layer (HTL) and 

electron transport layer (ETL) materials, t the 

respectively, consistent with prior research [12-13]. 
Photovoltaic performance was evaluated as a 

function of x using a detailed model that accounts for 

variations in the physical parameters of the absorber 

with bromine content. The impact of misfit strain a 

CsSn(I1-xBrx)3/SnO2 interface during epitaxial 

growth on the properties of the ETL layer was 

considered. The fluctuation in the absorber bandgap 
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energy due to this strain and its influence on device 

performance were assessed using deformation 

theory. Results for the strained structure, accounting 

for misfit strain at the interface, were compared with 

those for the unstrained structure, which neglects 

such effects, to confirm bandgap energy fluctuations 

and emphasize the need for precise adjustment, 

which is crucial for optimizing photovoltaic 

parameters. 

2. Device Architecture and Simulation Model 

Figure 1 (a) shows the structure of the device 

studied, which concerns a single solar cell based on 

the perovskite absorber material CsSn(I1-xBrx)3 with 

a composition that varies with the bromine content, 

in addition to being ecological due to the absence of 

lead and inorganic because it contains Cs instead of 

MA as in its MAPbI3 counterpart, so that it shows 

better stability.  

The structure follows the configuration Au / Cu2O / 

CsSn(I1-xBrx)3 /  SnO2 / FTO. The FTO was used as 

a transparent layer that facilitates the extraction of 

electrons from the junction, with a work function of 

4.1 eV. Based on our research and previous work, 

the thickness of this layer was set at 200 nm. The 

Cu2O and SnO2 layers that surround the absorber 

layer are hole and electron transport layers HTL and 

ETL that play an important role in the optimal 

operation of the device [14]. These layers must be 

selected with particular care because their physical 

properties must satisfy their transport role and also 

help to maintain favorable surface conditions and 

appropriate energy barriers as shown in figure 1 (b), 

their thicknesses were optimized in our previous 

work and set at 100nm and 50nm respectively. 

Increasing the bromine content in the absorber 

composition alters several physical properties of the 

material, including the bandgap energy. The 

bandgap energy ranges from 1.3 eV, corresponding 

to the pure iodine component, to 1.75 eV, 

corresponding to the pure bromine component. This 

variation is represented by equation 1, where the 

bromine content is denoted by the fraction (x). 

The following equations represent the variation of 

key parameters: electron affinity, dielectric constant, 

acceptor density, defect density, and lattice 

parameter. 

𝐸𝑔(𝑥) = 1.3(1 − 𝑥) + 1.75𝑥 − 0.3𝑥(1 − 𝑥)        (1)                                                                                                           

𝜒(𝑥) = 4.38(1 − 𝑥) + 4.07𝑥 − 0.29𝑥(1 − 𝑥)     (2)                                                                                                  

𝜀𝑟(𝑥) = 9.93(1 − 𝑥) + 6.76𝑥                               (3)                                                                                                                                            

 

Figure 1. (a) Schematic representation of the structure. 

(b) Energy Band Structure. 

𝑁𝑎(𝑥) = 1018(1 − 𝑥) + 1016𝑥                             (4) 

𝑁𝑡(𝑥) = 1015(1 − 𝑥) + 1016𝑥                            (5) 

 𝑎(𝑥) = 6.292(1 − 𝑥) + 5.901𝑥                          (6)        

The photocurrent density is dependent on the solar 

spectrum F(λ) and the external quantum efficiency 

EQE(λ) as described by equation 7. 

𝐽𝑝ℎ = 𝑞 ∫ 𝐹(𝜆). 𝐸𝑄𝐸(𝜆) 𝑑𝜆
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
                          (7)        

In this context, q denotes the elementary charge of 

an electron, F(λ) represents the wavelength-

dependent solar irradiance spectrum, and λmin and 

λmax are the minimum and maximum wavelengths, 

respectively.  

The current-voltage characteristic [15] has been 

calculated using equation 8. 

𝐽 = 𝐽𝑝ℎ − (𝐽0 + 𝐽𝑠). (𝑒
𝑞.(𝑉−𝐽𝑅𝑠)

2𝑘𝑇 − 1 ) −
𝑉−𝐽.𝑅𝑠

𝑅𝑠ℎ
        (8)                                                                                                       

Where J0 is the recombination reverse dark current 

density, which depends on density of carriers, and 

lifetimes and diffusion coefficients. 
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𝐽0  =  𝑞. (
√𝐷𝑝

√𝜏𝑝
.

𝑛𝑖
2

𝑁𝐷
+

√𝐷𝑛

√𝜏𝑛
.

𝑛𝑖
2

𝑁𝐴
)                                      (9)     

Js represents the recombination current density at the 

interface [16], which is related to the carrier 

recombination rate at the interface as well as the 

shifts in the conduction and valence bands, ΔEc and 

ΔEv, respectively, as described below [17]. 

 

𝛥𝐸𝑐 = 𝜒𝐸𝑇𝐿 − 𝜒𝑃𝑉𝐾                                                   (10) 

𝛥𝐸𝑣 = (𝜒𝐻𝑇𝐿 + 𝐸𝑔𝐻𝑇𝐿) − (𝜒𝑃𝑉𝐾 + 𝐸𝑔𝑃𝑉𝐾)        (11) 

The photovoltaic parameters are calculated using 

formulas that are widely employed in the literature. 

These parameters include the efficiency, which is 

expressed by equation 12. 

𝜂 =  
𝐽𝑠𝑐.𝑉𝑜𝑐

𝑃𝑖
                                                                (12)    

Jsc and Voc represent the short-circuit current density 

and open-circuit voltage, respectively. In this study, 

we investigate the impact of the biaxial strain 

generated at the interface between the electron 

transport layer ETL material and the perovskite 

absorber, on the device performance. The misfit 

strain considered arises from the difference in lattice 

parameters between the CsSn(I1-xBrx)3 perovskite 

absorber and the SnO2 ETL in the epitaxial direction. 

This strain is described by the following relationship 

[18]:   

𝜀 = 𝜀𝑥𝑥 = 𝜀𝑦𝑦 =
𝑎𝑃𝑉𝐾−𝑎𝐸𝑇𝐿

𝑎𝐸𝑇𝐿
                                      (13) 

aETL and aPVK represent the lattice constants of ETL 

and perovskite absorber respectively. 

In the z-oriented axis, the strain is expressed as: 

𝜀𝑧𝑧 =  −2
𝐶12

𝐶11
. 𝜀                                                                (14) 

C11 and C12 are the elastic stiffness constants of 

the strained layer. According to strain theory 

[19], the misfit strain induces fluctuations in the 

energy band edges, which in turn modify the 

bandgap energy of the absorber. The shift in the 

conduction band edge is given by: 

𝛿𝐸𝑐 = 𝑎𝑐 . ( 𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧)                         (15) 

 

And the valence bands are shifted by : 

𝛿𝐸𝑙ℎ = 𝑎𝑣 . ( 𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧) −
𝑏

2
. (𝜀𝑥𝑥 + 𝜀𝑦𝑦 

−2𝜀𝑧𝑧)                                                            (16) 

𝛿𝐸ℎℎ = 𝑎𝑣 . ( 𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧) +
𝑏

2
. (𝜀𝑥𝑥 + 𝜀𝑦𝑦 

−2𝜀𝑧𝑧)                                                            (17) 

 

ac and av are the conduction-band and valence-band 

hydrostatic deformation potentials, and b is the 

valence-band shear deformation potential. 

For tensile misfit strain, the energy of the bandgap 

undergoes the fluctuation expressed by the equation 

18, while that deformed by compressive strain, is 

given by equation 19. 

𝐸𝑔(𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑) = {
𝐸𝑔0 + 𝛿𝐸𝑐 −  𝛿𝐸𝑙ℎ          (18)

𝐸𝑔0 + 𝛿𝐸𝑐 −  𝛿𝐸ℎℎ         (19)
 

 The input simulation data for the different material 

layers used in the device were meticulously selected 

from the literature [20-22], ensuring accurate 

representation of the materials' properties. 

 

3. Methodology 

This work is organized as follows. The first step is 

to describe the structure under study. Next, a detailed 

simulation model is presented, which accounts for 

the variation in photovoltaic parameters as a function 

of the increase in bromine content in the absorber, 

represented by the ratio x, and the impact of the 

misfit strain on the energy band edges of the 

absorber and the performance of the device. This is 

followed by the calculation stage, where the 

photovoltaic parameters are evaluated as a function 

of x, both in the absence of strain and under the 

influence of the misfit strain. The results are then 

presented and discussed to highlight the effect of the 

strain. Based on the adjusted results, the optimal x 

value for achieving the best conversion efficiency in 

the strained structure is determined. 

3.1 Effects of the Introduction of Bromine on the 

Perovskite Absorber 

The introduction of bromine into the absorber crystal 

causes a variation in the volume of its unit cell due 

to the change in the lattice constant [23]. Although 

the structure of the material remains cubic regardless 

of the bromine content, the lattice parameter 

decreases from 6.25 Å to 5.85 Å as the bromine ratio 

x increases from 0 to 1, as shown in figure 2 a.The 

different lattice parameters of the CsSn(I1-xBrx)3 

absorber and the SnO2 electron transport layer 

generate a misfit strain at the interface between the 

two layers, which also varies as a function of x. 

Figure 2 b illustrates that this strain increases from -

0.23 to -0.18 as x increases, but remains negative 

throughout the range of x, indicating a compressive 

nature of the strain. This compressive strain 

demonstrates that the absorber is always subjected to 

compressive deformation to align with the SnO2 

layer. As a result of the misfit strain, the conduction 

and valence band edges of the CsSn(I1-xBrx)3 

material experience shifts that modify the bandgap 

energy. 
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Figure 2. Variation as a function of x of (a) Lattice 

constant of CsSn(I1-xBrx)3 and (b) Misfit strain at CsSn(I1-

xBrx)3 /SnO2 interface. 

 

3.2 Band Edge Shifs and Bandgap Adjustments 

The band edge displacements were calculated as a 

function of x, taking into account the compressive 

nature of the strain, according to equations 15, 16, 

and 17. The adjusted bandgap energy is represented 

in figure.3 and compared with that of the unstrained 

structure, which neglects the effects of misfit strain. 

The figure shows that as x increases from 0 to 1, the 

bandgap energy of the strained  CsSn(I1-xBrx)3 

absorber varies from 1.3 eV to 1.82 eV, whereas the 

bandgap energy of the unstrained structure varies 

from 1.3 eV to 1.75 eV. This indicates that the 

presence of misfit strain between the absorber and 

the ETL results in an increased bandgap energy of 

the absorber. 

The figure also illustrates that the separation 

between the curves representing the strained and 

unstrained structures widens as x increases. This 

widening indicates that the effect of the misfit strain 

on the bandgap energy becomes more pronounced 

with higher bromine content. Consequently, all  

Figure 3. Bandgap energy of CsSn(I1-xBrx)3 as a function 

of x-ratio. 

 

Figure 4.(a)  Conduction band offset at CsSn(I1-xBrx)3 / 

SnO2 interface as function of x. (b) Valence band offset at 

Cu2O / CsSn(I1-xBrx)3 interface as function of x-ratio. 
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photovoltaic parameters are expected to fluctuate 

due to the strain, as they are intrinsically related to 

the bandgap energy of the absorber.The conduction 

and valence band edges at the absorber boundaries 

with the adjacent ETL and HTL layers will also 

experience changes due to the displacement of the 

band edges, as demonstrated in figure 4. Figure 4 (a) 

shows that when strain is neglected, the conduction 

band offset CBO is negative, indicating that the 

energy barrier is cliff-like and increases from -0.07 

eV to 0 eV as x changes from 0 to 0.1. When x 

increases from 0.1 to 1, the CBO becomes positive, 

which means the energy barrier takes the form of a 

spike and rises to 0.4 eV. In this case, the conduction 

band shift is favorable across the entire range of x. 

However, when strain is considered, the CBO 

increases from 0.34 eV to 0.64 eV, remaining 

positive as x varies from 0 to 1. This indicates that 

the energy barrier in this scenario is also spike-like, 

with a favorable effect only between x = 0 and x = 

0.35. A similar behavior is observed for the variation 

of the valence band offset VBO as a function of x. 

When strain is neglected, the VBO decreases from 

0.42 eV to 0.29 eV. In contrast, when strain is taken 

into account, the VBO becomes more significant, 

decreasing from 0.76 eV to 0.47 eV. 

3.3 Impact of Misfit Strain on Photovoltaic 

Parameters 

The photovoltaic parameters of the device are 

influenced by fluctuations in the band gap energy 

due to misfit strain at the front interface. Figure 5 

illustrates the variation in the cell's electrical 

parameters as a function of x in two scenarios: 

considering the strain and neglecting the strain 

between the absorber and the ETL layer. All the 

figures confirm the fluctuation of the photovoltaic 

parameters due to misfit strain. The behavior of the 

open-circuit voltage and the fill factor in figure 5(b) 

and (c) mirrors that of the bandgap energy shown in 

figure 3. Concerning the photocurrent density and 

conversion efficiency shown in figure 5(a) and 

figure 5(d), the difference between the strained and 

unstrained cases is negligible at low bromine 

contents but becomes noticeable above x = 0.15. 

Figure 5(a) and figure (d) also illustrate that 

photocurrent density and conversion efficiency 

initially increase with x, reach a maximum, and then 

decrease. This is attributed to the increasing trap 

defect density as bromine, which has a larger volume 

than iodine, is introduced into the absorber’s 

composition, causing structural disorder. A 

maximum efficiency of 19.72% is observed at x = 

0.56 for the unstrained structure, and 19.3% at a 

slightly lower bromine content, x = 0.5, for the 

strained structure. The corresponding voltage-

current characteristics for the unstrained case at x = 

0.56 and the strained case at x = 0.56 are shown in 

figure 6. 

4. Simulation Results and Analysis of 

Performance Compared to Similar 

Structures 

The numerical results for the photovoltaic 

parameters are summarized in table 1. and compared 

with those from perovskite solar cell structures that 

use similar absorbers, with or without lead. When  

Figure 5. Photovoltaic performance of strained and 

unstrained CsSn(I₁₋ₓBrₓ)₃/SnO₂-based solar cells as a 

function of the x-ratio. 
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  Figure 6. J-V characteristics of unconstrained and 

constrained device structures. 

compared to the lead-based inorganic or hybrid 

perovskite structures reported in [24-25], which have 

a comparable bandgap to that of the studied 

absorber, the photovoltaic parameters are found to 

be very similar.However, while the conversion 

efficiency of the simulated structure is favorable, it 

is slightly less than that of the reported structures, 

regardless of strain conditions. 

Nevertheless, the simulated structure’s advantages 

include being fully inorganic, offering greater 

stability compared to structures with organic or 

hybrid absorbers, and being lead-free, which ensures 

it is non-toxic. 

5. Conclusion 

 
In this work, we studied the performance of a single 

solar cell based on the perovskite absorber material  

Table1. Simulation Results 

Structure Br/Br+I Eg (eV) Jph (mA/cm²) Voc (V) FF (%) PCE (%) 

Unstrained CsSn(I1-xBrx)3 0.56 1.48 22.00 1.10 77.3 19.71 

Strained CsSn(I1-xBrx)3 0.50 1.50 21.00 1.11 77.5 19.31 

MAPb(I1-xBrx)3 Cell [24] / 1.61 20.65 1.18 86.5 21.21 

CsPb(I1-xBrx)3 Cell-Sim [25] /  21.61 1.25 78.13 21.18 

CsPb(I1-xBrx)3 Cell-exp [25] / 1.65 20.70 1.25 86.5 21.14 

 

 

configured as SnO₂  / CsSn(I₁ ₋ ₓBrₓ)₃  / Cu₂ O. 

The absorber material is a lead-free, inorganic 

perovskite with a variable composition determined 

by the bromine content, represented by the x-ratio. 

The electron and hole transport layers, SnO₂  and 

Cu₂ O, were carefully selected based on prior 

research. Our simulation model incorporates the 

variation of physical parameters of the perovskite 

absorber as a function of composition, allowing for 

the calculation of J-V characteristics and 

photovoltaic parameters with these variations. 

The study also addresses the impact of misfit strain 

due to the lattice mismatch between the absorber and 

the ETL layer at the front interface on the fluctuation 

of energy band edges. We introduced strain theory 

calculations into the simulation model to account for 

the shifts in conduction and valence band energies. 

By comparing the photovoltaic parameters of the 

structure under both strained and unstrained 

conditions, we demonstrated the importance of 

considering misfit strain for accurately determining 

the optimal bromine content to achieve maximum 

efficiency. The results revealed a maximum 

efficiency of 19.72% at x = 0.56 for the unstrained 

structure and 19.30% at x = 0.50 for the strained 

structure. This study offers valuable insights, 

highlighting that misfit strain can be a useful tool for 

tuning the bandgap energy in addition to adjusting 

the composition for improved solar cell 

performance. Solar cell is well studied in past and 

reported some results [26-29]. 
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