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A B S T R A C T 

Perovskite solar cells have emerged as a promising alternative to conventional silicon 

photovoltaics. Despite this progress, challenges related to long-term stability persist, 

particularly those arising from the presence of lead. To address these issues, 

researchers are actively developing lead-free materials that can deliver comparable 

performance. In this study, we use SCAPS-1D numerical simulations to investigate 

the photovoltaic performance of hybrid organic–inorganic perovskite solar cells based 

on CH₃ NH₃ SnBr₃ . Our analysis focuses on the influence of compressive strain on 

device performance. We investigated strain levels (0%, –2%, –4%, and –6%) and 

found that –6% strain yielded the best performance. Furthermore, we systematically 

examined the effects of absorber thickness, bulk defect density, interface defect 

density, and operating temperature. The optimized device under –6% strain delivered 

an open-circuit voltage of 1.16 V, a short-circuit current density of 31.60 mA/cm², a 

fill factor of 89.02%, and a theoretical power conversion efficiency of 32.82%. 

Moreover, the applied compressive strain enhances the structural stability, offering a 

novel route toward efficient and durable lead-free perovskite solar cells. These 

findings demonstrate that strain engineering is a promising strategy to enhance the 

performance of lead-free perovskite solar cells while remaining consistent with the 

fundamental efficiency limits of single-junction devices. 
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1. Introduction  

     Fossil fuels, including coal, gas, and oil, were 

the predominant energy sources in many regions. 

However, since fossil fuels depleted the world’s 

resources, produced pollutants, and contributed 

significantly to carbon emissions and climate 

change, it became necessary to search for cleaner 

alternatives. For this reason, many countries 

encouraged the use of renewable energy. Unlike 

conventional energy sources, renewable energy did 

not run out and was less polluting, making it a strong 

alternative. Among renewables, solar energy was the 

most abundant and had the lowest environmental 

impact, which made it a promising candidate [1] The 

fabrication of solar cells improved dramatically from 

one generation to another [2] Electricity was 

generated through the conversion of light into 

electrical energy using a solar cell device, a process 

known as the photovoltaic effect. Previous studies 

examined strategies to improve the efficiency and 

reliability of solar energy systems [3]. However, 

there was insufficient attention to important 

challenges related to material stability and long-term 

degradation. Jiwanapurkar and Bhargav [4] 

investigated TiO₂  and ZnO nanofluids for beam-

splitting photovoltaic-thermal systems, 

demonstrating enhanced spectral absorption. 

Similarly, Lalit Jyani et al.[5] examined sustainable 

cooling methods for PV panels in high-temperature 

regions, highlighting performance optimization 

strategies. These developments brought attention to 

the continued exploration of new materials and 

system designs to further enhance photovoltaic 

performance, which was the focus of the present 

study. 

Perovskite materials were known for their high 

efficiency, flexibility, strong absorption of incident 

light, tunable bandgap, and low fabrication cost, 

which made them promising candidates for next-

generation solar cells. Classified within the third 

generation of photovoltaics, also known as emerging 

technologies, their efficiency increased from 3% in 

organic–inorganic hybrid halide lead perovskites in 

2009 [6] to over 33% in tandem perovskite/silicon 

devices, surpassing the maximum efficiency 

achieved by traditional mono- and polycrystalline 

silicon cells. Despite power conversion efficiencies 

exceeding 23% [7] organic–inorganic hybrid halide 

lead perovskites such as CH₃ NH₃ PbI₃  faced 

challenges related to stability. The presence of lead 

rendered them unstable and toxic, which limited 

commercialization. Recent reviews highlighted both 

the rapid efficiency gains and the persistent 

challenges of perovskite solar cells, especially 

concerning lead toxicity and long-term stability [8]. 

To address lead toxicity, researchers proposed 

substituting lead with elements possessing similar 

electronic properties. Tin (Sn), being in the same 

group of the periodic table, exhibited comparable 

characteristics and a similar ionic radius [9]. Several 

lead-free perovskite alternatives were explored, 

including hybrid organic–inorganic tin halide 

perovskites [10] [11] halide double perovskites [12], 

and germanium halide perovskites [13] [14]. In this 

study, we focused on a tin-based perovskite material 

in which lead was replaced by tin. In a hybrid 

organic–inorganic halide perovskite (ABX₃ ), A is 

an organic monovalent cation, in this case 

methylammonium (CH₃ NH₃ ); B is a divalent 

cation, here tin (Sn²⁺ ); and X is a halide anion, 

typically Cl, Br, or I (Figure 1). 

 

 
Figure 1. General Perovskite structure of the formula 

ABX3  

 

Tin-based hybrid perovskites exhibit notable 

stability [15], high charge-carrier mobility, and low 

binding energy; they contain a narrow optical 

bandgap and a high optical absorption coefficient 

[16, 17]. Despite being suitable materials for 

optoelectronic applications, CH₃ NH₃ SnBr₃  had a 

relatively wide experimental bandgap of 2.15 eV 

[18]. However, this value could be favourably 

reduced through several strategies, such as halide 

and cation engineering [19-21] or structural 

variation of the corner-sharing octahedral network, 

for example, by substituting the A-site cation with a 

larger ion. For engineering stable perovskites, 

Goldschmidt’s tolerance factor [22] plays an 

important role; it is defined as t = 
 

 

   

2

A X

B X

r r

r r



 
 , 

where rA, rB, and rX are the ionic radii of ions A, B, 

and X, respectively[23]. Doping, which involved the 

introduction of dopant materials into the charge-

transport layers or the perovskite layer, was another 
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strategy used to enhance perovskite solar cell 

performance. This technique increased carrier 

mobility or shifted the Fermi level [24]. Another 

approach was mechanical strain [25] or high 

pressure[26, 27] [28], which extended the carrier 

lifetime and improved photovoltaic (PV) 

performance. Strain (ɛ) is the deformation of the 

crystal structure resulting from applied stress; it is 

defined as ɛ = 0

0

a a

a


  where a0 and a are the lattice 

constants of strain-free and strained materials, 

respectively [29]. It is called tensile if the lattice 

increases in length under applied forces. In contrast, 

the strain is called compressive if the lattice 

decreases in length under stress [30]. Strain can 

modify the crystal structure of perovskites, directly 

influencing the bandgap. For example, compressive 

strain can reduce the bandgap, while tensile strain 

can increase it [31]. Strain can also affect the 

stability and performance of perovskite solar cells. 

Compressive strain can enhance the intrinsic 

stability of perovskites, while tensile strain can 

accelerate their degradation [32]. Overall, strain 

management is essential for optimizing the 

properties of perovskites, notably by adjusting the 

bandgap to improve the efficiency and stability of 

solar cells. Figure 2 presents the energy level 

diagram of the charge transport in a perovskite solar 

cell. It illustrates the choice of perovskite, electron 

transport, and hole transport materials, which are 

determined by the energy diagram.  

 
Figure 2. Energy level diagram  

 

  The HOMO energy of HTMs should ideally be 

higher than or similar to the valence band of the 

perovskite, while the LUMO energy of ETMs 

should be lower than or comparable to the 

conduction band [33]. There was considerable 

interest in NiO as a hole transport material for 

perovskite solar cell applications [34]. NiOx films 

are known for their high charge-extraction ability 

and low interfacial charge recombination [35] [36] . 

SnO₂  is also recognized as a promising electron 

transport material, with an energetically favourable 

conduction band and a wide bandgap that enhances 

electron transport. Consequently, many studies 

demonstrated that SnO₂  nanoparticles were 

effective in achieving highly efficient perovskite 

solar cells [37] [38] [39] [40]. In the present study, 

we investigated a perovskite solar cell based on 

CH₃ NH₃ SnBr₃  as the absorber layer. We 

proposed a model structure simulated with SCAPS-

1D software, in which NiO was used as the hole 

transport material, SnO₂  as the electron transport 

material, Au as the back contact, and FTO as the 

front contact glass, as shown in Figure 3. Although 

Sn-based perovskites had been studied in terms of 

synthesis, stability, and device performance, the 

influence of strain on their photovoltaic behaviour 

had not been thoroughly addressed. In this work, we 

systematically investigated the effect of compressive 

strain on CH₃ NH₃ SnBr₃ -based perovskite solar 

cells using SCAPS-1D simulations. By analyzing 

how strain modified the bandgap, charge transport, 

and efficiency, this study provided new insights into 

strain engineering as a promising approach for 

optimizing the performance of Sn-based perovskite 

solar devices. While strain engineering had been 

explored in Pb-free halide perovskites [41], its role 

in Sn-based perovskites such as CH₃ NH₃ SnBr₃  

remained less understood. 

 

 
Figure 3. Device Structure of Lead-free 

CH3NH3SnBr3-based solar cell  
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We investigated the impact of applied 

compressive strain (–6%, –4%, –2%, and 0%) on the 

photovoltaic parameters of the 

FTO/SnO₂ /CH₃ NH₃ SnBr₃ /NiO/Au solar device. 

Our findings showed that applying compressive 

strain significantly enhanced the photovoltaic 

performance of CH₃ NH₃ SnBr₃ -based perovskite 

solar cells by modifying key material properties. 

Compressive strain reduced the bandgap, enabled 

better light absorption, and increased photocurrent 

generation. In addition, it improved charge-carrier 

mobility and lifetime, which reduced energy losses 

and boosted overall efficiency. Understanding these 

mechanisms through modelling tools such as 

SCAPS-1D is essential for optimizing the 

application of compressive strain in practical device 

fabrication. Although several studies have focused 

on improving the efficiency of lead-free perovskite 

solar cells, the issue of intrinsic instability remains a 

major challenge. In this work, we propose a novel 

approach based on compressive strain engineering to 

simultaneously enhance both the photovoltaic 

performance and structural stability of 

CH₃ NH₃ SnBr₃  perovskite solar cells. To our 

knowledge, this is among the first numerical 

investigations exploring the dual impact of strain on 

efficiency and stability in Sn-based perovskites. 

2. Device Architecture and Simulation 

Parameters  

Simulation methods offer valuable tools for 

validating proposed physical models and intuitively 

examining individual device parameters to identify 

optimal performance conditions. Open-source 

software such as GPVDM, wxAMPS, SCAPS-1D, 

PC-1D, and AMPS-1D, along with commercial 

options including TCAD, COMSOL, and SILVACO 

ATLAS, are widely used in photovoltaic research. 

Among these, SCAPS-1D [42, 43] stands out for its 

ability to solve the fundamental semiconductor 

equations, including the Poisson equation and the 

continuity equations for electrons and holes. (Eqs. 

(1)- (3)). [44-46] 

 

Poisson Equation:  
 
 
 
 
       
 

( ( ) ) [ ( ) ( ) ( ) ( ) ( ) ( )]D A t t

d d
x q p x n x N x N x p x n x

dx dx
  
      

                                                                                        (1)                       
 Continuity equation for electron: 

 

ndJ
G R

dx
                                                   (2) 

 

Continuity equation for the hole: 

 

pdJ
G R

dx
                                                   (3) 

 

 Where Ψ is the electrostatic potential, q is the 

electric charge, ε is the permittivity, p(x) and n(x) 

are the concentrations of holes and electrons, donor-

type charged impurities and are the concentrations of 

trapped holes and electrons, respectively, Jn and Jp 

are the current densities of electrons and holes, R is 

the recombination rate, and G is the generation rate. 

Parameters such as PCE, Voc, Jsc, and FF are related 

to each other as follows: 

 

  max max max

in oc sc

P I V
FF

P V I


 


                            (4) 

oc sc

in

FF V I
PCE

P

 
                                  (5) 

 

Where Pmax is the maximum power achievable, 

and Pin is the input solar power (AM1.5G spectrum) 

[47] [48] [49] The initial input parameters include 

the thickness, bandgap (Eg), electron affinity, 

dielectric constant (ɛr), electron and hole mobilities 

(μe and μp, as defined in Equation (6)), the mobility 

determined from the effective mass (as in Equation 

(7)), conduction band density of states (Nc) and 

valence band density of states (Nv), acceptor density 

(NA) and donor density (ND), and defect density (as 

defined in Equation (8)). The electron and hole 

thermal velocities are kept unchanged. These 

parameters, compiled from previous theories and 

earlier studies, are used in the simulations, as 

summarized in Table 1[50] [51]. 

 

 



Znaki et al./Journal of Solar Energy Research Volume 10 Number 3 Summer (2025) 2475-2490 

2479 

 

Table 1. Simulation parameters for different layers of 

PSC [50, 51] 

Parameters FTO SnO2 CH3NH3

SnBr3 

NiO 

Thickness 

(μm) 

 

0.400 0.010 0.500 0.200 

Eg (eV)  3.5 3.3 2 3.6 

χ (eV) 4 4 4.17 1.8 

ε  9 9 10 11.7 

Nc (cm-3) 2.2× 

1018 

2.2× 

1017 

2.2× 1018 2.5× 

1020 

Nv (cm-3) 1.8× 

1018 

2.2× 

1016 

1.8× 1018 2.5× 

1020 

Vth,e (cm s-

1) 

107 107 107 107 

Vth,h (cm s-

1) 

107 107 107 107 

μe(cm2 Vs-

1) 

2×101 2×102 1.6 2.8 

μh(cm2 Vs-

1) 

1×101 8×101 1.6 2.8 

ND (cm-3) 1×1019 1×1019 1015 0 

NA(cm-3) 0 0 1018 1020 

Nt (cm-3) 1014 1014 1014 1014 

 

Table 2 presents the input parameters of the 

perovskite material under different strains. 

According to a previous study [52] based on density 

functional theory, the bandgap decreases from 2 eV 

to 1.4 eV. The bandgap of the material is determined 

from the band diagram along with the effective mass 

(as in Equation (7)) [53]. Electron affinity is kept 

constant at 4.17 eV, while the dielectric permittivity 

is reduced under strain. The conduction band density 

of states (DOS) and valence band DOS are 

calculated using Equation (10) [54]. Thermal 

velocities are maintained at 10⁷  cm/s, and electron 

and hole mobilities are obtained from Equation (9). 

Defect density and total defect density are also kept 

unchanged.[55]. 

Electron and hole mobility:  

 ,
 

e p

e p

qD

kT
                                   (6) 

Effective mass:  

2

2

*  ( )

2

h
m

E

k







                                  (7) 

 Defect density: 

   
1

t

th

N


                                            (8) 

 Electron and hole mobility from effective mass:   

  
*

e

m


                                               (9) 

Valence band DOS and conduction band DOS: 
3

* 2

, 2

2
 2c v

m kT
N

h

 
  

 
                             (10) 

 

 3SnBr3NH3Simulation parameters of CH. Table 2

under different strains [52] 

Parameters 0% -2% 

 

-4% -6% 

Thickness 

(μm) 

0.5 0.5 0.5 0.5 

Eg (eV) 2 1.8 1.6 1.4 

χ(eV) 4.17 4.17 4.17 4.17 

ε  4.1 4.2 4.5 4.7 

Nc (cm-3) 1.2× 

1019 

8× 1018 8× 1018 8× 1018 

Nv (cm-3) 1.6× 

1019 

1.1× 

1019 

1× 1019 1× 1019 

Vth,e (cm s-1) 107 107 107 107 

Vth,h (cm s-1) 107 107 107 107 

μe(cm2 Vs-1) 1× 100 1.3×100 1.3×100 1.3×100 

μh(cm2 Vs-1) 1× 100 1×100 1.1×100 1.1×100 

ND (cm-3) 1015 1015 1015 1015 

NA(cm-3) 1018 1018 1018 1018 

Nt (cm-3) 1014 1014 1014 1014 

 

In this study, we simulated the device based on 

CH₃ NH₃ SnBr₃  under different strains (0%, –2%, 

–4%, and –6%) according to a previous study [52]. 

The temperature is fixed at 300 K, and the 

illumination is set to 1000 W/m² at AM 1.5 G. The 

SnO₂ /CH₃ NH₃ SnBr₃  and CH₃ NH₃ SnBr₃ /NiO 

interface layers have neutral defect densities of 10¹² 

cm⁻ ² and 10¹¹ cm⁻ ², respectively. The initial 

calculated parameters using the theoretical values in 

Table 1 are as follows: Vₒc = 1.1119 V, Jₛc = 

32.0579 mA/cm², FF = 85.14%, and PCE = 30.35%. 

3. Results and Discussion  

 Performance of the device under 

different strains  

 

Before exploring the effects of varying parameters, 

Figure 4 presents the energy band diagram of the 

simulated CH₃ NH₃ SnBr₃ -based solar cell, 

showing SnO₂  as the electron transport layer (ETL) 

and NiO as the hole transport layer (HTL). 
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Figure 4. Schematic illustration of the charge 

transfer process in a lead-free device. 

 

The device shows its best performance under a 

compressive strain of −6% applied to the 

CH₃ NH₃ SnBr₃  perovskite layer. Most 

photovoltaic parameters increase in value, except for 

the open-circuit voltage (Voc). Specifically, Voc 

decreases from 1.93 V at 0% strain to 1.13 V at 

−6%. In contrast, the short-circuit current density 

(Jsc) rises from 11.81 mA/cm² to 28.66 mA/cm², 

while the fill factor (FF) improves from 69.66% to 

88.42%. As a result, the power conversion efficiency 

(PCE) increases significantly from 15.89% to 

28.86%, which represents a notable enhancement for 

photovoltaic applications. Figure 5 and Table 3 

present the range of values obtained under different 

strain conditions. These results are consistent with 

those reported in the literature [56]. The strain levels 

examined here fall within the range achievable in 

experimental devices through techniques such as 

substrate-induced strain, lattice mismatch, or 

mechanical bending of thin films. Previous studies 

have confirmed that moderate strain can be 

effectively applied in real devices, suggesting that 

the improvements predicted in this work could be 

realized in practical applications [57, 58]. 

 

Figure 5a. Variation of Power Converion Efficiency 

with applied strain for CH₃ NH₃ SnBr₃ -based 

perovskite solar cells 

 

 
Figure 5b. Variation of Voc with applied strain for 

CH₃ NH₃ SnBr₃ -based perovskite solar cells 

 

 
Figure 5c. Variation of Jsc with applied strain for 

CH₃ NH₃ SnBr₃ -based perovskite solar cells 
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Figure 5d. Variation of Fill Factor with applied 

strain for CH₃ NH₃ SnBr₃ -based perovskite solar 

cells 

 

Table 3. Photovoltaic performance of the device 

under different strains.  

Strains FF(%) Voc(V) Jsc(mA cm-2) PCE(%) 

0% 69.66 1.93 11.81 15.89 

-2%  86.69 1.53 16.19 21.61 

-4% 89.53 1.33 21.76 25.92 

-6% 88.42 1.13 28.66 28.86 

 

To investigate the effects of different parameters on 

the performance of our perovskite solar cell, we will 

simulate variations in the absorber layer thickness. 

We will also examine the influence of doping 

density in both the absorber layer and the ETL/HTL 

interfaces. In addition, the effects of operating 

temperature in the range of 300–400 K will be 

analyzed. All these parameters will be studied under 

different strain conditions, ranging from 0% to −6%, 

to provide a comprehensive evaluation of their 

impact on device efficiency. 

 

 Thickness variation of the absorber layer 

The simulation results revealed that increasing the 

absorber thickness from 0.1 μm to 1 μm led to 

significant improvements in all photovoltaic 

parameters, particularly the power conversion 

efficiency (PCE), which increased and then saturated 

as the thickness approached 1 μm due to enhanced 

light absorption and carrier generation. Applying 

compressive strain (−6% to 0%) further influenced 

the device performance. While PCE, short-circuit 

current density (Jsc), and fill factor (FF) improved 

with increasing compressive strain, reaching peak 

values under −6% strain, the open-circuit voltage 

(Voc) exhibited a decreasing trend. This suggested 

that strain enhanced carrier collection and transport, 

possibly by improving band alignment and reducing 

recombination losses, but it may also have 

introduced defect states or bandgap narrowing that 

limited Voc. Figure 6 presents the influence of 

absorber thickness variation on CH₃NH₃SnBr₃-
based devices under different strains. Overall, the 

combination of optimized thickness and moderate 

compressive strain resulted in a notable performance 

enhancement, with PCE exceeding 30% under 

optimal conditions. The absorber layer played a 

pivotal role in perovskite solar cells by governing 

light absorption and charge carrier generation. 

Variations in absorber thickness typically altered the 

diffusion lengths and lifetimes of photogenerated 

holes and electrons. Based on these findings, we 

selected 1.0 μm as the ideal thickness for further 

modelling.  

 

 
Figure 6a. Variation of Power conversion efficiency 

(PCE) with perovskite layer thickness under 

different strain conditions.  

 

 
Figure 6b. Variation of Fill Factor with perovskite 

layer thickness under different strain conditions.  
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Figure 6c. Variation of Voc with perovskite layer 

thickness under different strain conditions.  

 

 
Figure 6d. Variation of Jsc with perovskite layer 

thickness under different strain conditions.  

 

 Variation in CH3NH3SnBr3 Defect 

Density 

Perovskite absorber layers often contained defects 

such as interstitials, vacancies, Frenkel defects, and 

Schottky defects. A high density of these defects 

significantly degraded device stability. The total 

defect density (NT) of the absorber layer 

(CH₃ NH₃ SnBr₃ ) was varied between 10¹² cm⁻ ³ 

and 10¹⁶  cm⁻ ³ to determine its effect on perovskite 

solar cell efficiency. Figure 7 illustrates the 

fluctuations of device parameters with changing NT 

values. Doping density also significantly influenced 

device performance. As defect density increased, the 

open-circuit voltage (Voc) and fill factor (FF) 

decreased due to enhanced recombination, while the 

short-circuit current density (Jsc) decreased more 

strongly under compressive strain (−6%), suggesting 

that strain improved carrier transport or reduced 

recombination at lower defect levels. The power 

conversion efficiency (PCE) increased with strain at 

low defect densities but dropped at higher defect 

densities, indicating that while strain enhanced 

performance in relatively defect-free regions, 

excessive defects outweighed these benefits. 

Overall, defect density negatively impacted Voc, FF, 

and PCE, while Jsc exhibited an unexpected 

decrease at higher defect densities under strain. An 

increase in NT within the perovskite absorber layer 

reduced overall device performance due to the 

proliferation of recombination pathways and trap 

states [59] Based on these findings, we selected a 

defect density of 10¹² cm⁻ ³ as the optimal value for 

further simulations. 

 
Figure 7a. Variation of  Power Conversion 

Efficiency as a function of defect density under 

different biaxial strain levels (0%, –2%, –4%, and –

6%). 

 
Figure 7b. Variation of Fill Factor as a function of 

defect density under different biaxial strain levels 

(0%, –2%, –4%, and –6%). 
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Figure 7c. Variation of Voc as a function of defect 

density under different biaxial strain levels (0%, –

2%, –4%, and –6%). 
 

 
Figure 7d. Variation of short-circuit current density 

(Jsc) as a function of defect density under different 

biaxial strain levels (0%, –2%, –4%, and –6%) 

 

 Variation in SnO2/CH3NH3SnBr3 

interface defect density 

We incorporated interface defects into our baseline 

simulation to better replicate real-world conditions. 

The SnO₂ /CH₃ NH₃ SnBr₃  interface defect 

density significantly impacted both the efficiency 

and stability of the solar cell device. To investigate 

this effect, we simulated various defect densities at 

the SnO₂ /CH₃ NH₃ SnBr₃  interface, ranging from 

10¹⁰  cm⁻ ³ to 10¹⁷  cm⁻ ³. The defect states were 

assumed to be uniformly distributed at the center of 

the SnO₂ /perovskite interface, meaning they were 

evenly spread across the boundary between the 

electron transport layer (ETL) and the absorber 

layer. Figure 8 illustrates the effect of varying 

interface defect density on device parameters. As 

defect density increased, the power conversion 

efficiency (PCE), open-circuit voltage (Voc), and fill 

factor (FF) all showed a clear decline, more 

pronounced at higher defect densities due to 

enhanced non-radiative recombination at the 

interface, except for the FF at 0%. The short-circuit 

current density (Jsc) remained nearly constant across 

all defect levels and strain values, indicating that 

carrier generation was not strongly influenced by 

interface defects in this configuration. Notably, 

higher compressive strain levels (−6%) consistently 

yielded superior PCE, FF, and Jsc across all defect 

densities, likely due to enhanced charge transport or 

improved band alignment. In contrast, the negative 

impact of interface defects was more pronounced at 

lower strain levels (particularly 0%). These trends 

highlighted the synergistic role of strain engineering 

in mitigating defect-induced performance 

degradation. Based on our findings, an 

ETL/perovskite defect density of 10¹⁰  cm⁻ ³ 

provided the optimal performance. Therefore, we 

adopted this value for subsequent simulations.  

 
Figure 8a. Effect of interface defect density on the 

Pwer Conversion Efficiency of strained devices 

 
Figure 8b. Effect of interface defect density on the 

Voc of strained devices 
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Figure c. Effect of interface defect density on the Jsc 

of strained devices 

 

 
Figure 8d. Effect of interface defect density on the 

Fill Factor of strained devices 

 

 Variation in CH3NH3SnBr3/NiO 

interface defect density 

To study the influence of interface defects on device 

performance, we intentionally increased their 

density in our simulations. The defect density at the 

CH₃ NH₃ SnBr₃ /NiO interface significantly 

influenced both the efficiency and stability of the 

solar cell. We simulated various defect densities at 

this interface, ranging from 10¹⁰  cm⁻ ³ to 10¹⁵  

cm⁻ ³, assuming that the defect states were 

uniformly distributed at the center of the 

CH₃ NH₃ SnBr₃ /NiO interface. In other words, 

defects were evenly spread across the boundary 

between the hole transport layer (HTL, NiO) and the 

absorber layer. Figure 9 presents the effect of 

varying interface defect density on device 

parameters. With increasing defect density, most 

device parameters exhibited a general decline, 

although the fill factor (FF) showed a slight 

improvement. For example, as defect density 

increased from 10¹⁰  to 10¹⁵  cm⁻ ³, the power 

conversion efficiency (PCE) dropped sharply under 

−6% strain, from 28.83% to 20.22%, indicating that 

higher defect densities severely impaired charge 

transport and increased recombination. The short-

circuit current density (Jsc) and open-circuit voltage 

(Voc) followed similar trends, particularly under 

stronger strain conditions, reflecting higher 

recombination rates at the defective interface. 

Interestingly, FF remained relatively stable across 

most defect levels, with only a slight drop at the 

highest densities and strains. Overall, increasing 

interface defect density adversely affected PSC 

performance by trapping, recombining, or scattering 

holes as they migrated from the perovskite absorber 

to the HTL. Based on our findings, a 

perovskite/HTL defect density of 10¹⁰  cm⁻ ³ 

provided the optimal performance. Therefore, we 

adopted this value for subsequent simulations.  

 

 
Figure 9a. Effect of interface defect density on the 

Power Conversion Efficiency of strained perovskite 

solar cells 

 

 
Figure 9b. Effect of interface defect density on the 

Voc of strained perovskite solar cells 

 
Figure 9c. Effect of interface defect density on the 

Jsc of strained perovskite solar cells 
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Figure 9d. Effect of interface defect density on the 

Fill Factor of strained perovskite solar cells 

 

 Variation in temperature 

We examined the device’s efficiency by varying the 

temperature from 300 K to 400 K. As shown in 

Figure 10, the perovskite solar cell parameters, 

including Voc, Jsc, FF, and PCE, varied with 

increasing temperature. At 0% strain, the PCE 

initially increased with temperature but then dropped 

slightly, mainly due to non-monotonic behaviour in 

Voc and FF. These unusually high values may 

indicate unrealistic or error-prone results at low 

strain. As strain increased, the expected trends 

became clearer: Voc steadily declined with 

temperature, likely due to enhanced recombination, 

while Jsc increased, possibly as a result of improved 

carrier mobility or enhanced light absorption. The 

fill factor decreased slightly with temperature under 

strain, consistent with increased series resistance or 

interface degradation. Overall, at higher compressive 

strain (especially −6%), the device demonstrated 

stronger thermal stability in terms of Jsc but suffered 

reductions in Voc and FF, leading to a gradual 

decline in PCE. An increase in temperature therefore 

decreased overall device performance due to higher 

recombination rates and an increased saturation 

current [60]. 

 
Figure 10a. Influence of temperature on the Power 

Conversion Efficiency of strained perovskite solar 

cells 

 
Figure 10b. Influence of temperature on the Voc of 

strained perovskite solar cells 

 
Figure 10c. Influence of temperature on the Jsc of 

strained perovskite solar cells 

 
Figure 10d. Influence of temperature on the Fill 

Factor of strained perovskite solar cells 

 

It is important to emphasize that all the results 

obtained in this study, including values for current 

density, open-circuit voltage, and efficiency, strictly 

adhered to the fundamental limits of single-junction 

solar cells. We ensured that the maximum values 

predicted did not exceed those attainable by a single 

absorber under the AM1.5 solar spectrum, as 

highlighted by Morales-Acevedo in his critical 

analysis of recent publications. By avoiding 

modelling errors and unrealistic extrapolations, this 
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study remained firmly grounded in the fundamentals 

of solar cell physics. [56]. 

 

 Best Performance of the Device 

 

The optimized PSC performance was obtained with 

an absorber layer thickness of 1 μm, a defect density 

of 10¹² cm⁻ ³, an SnO₂ /perovskite interface defect 

density of 10¹⁰  cm⁻ ³, and a perovskite/NiO 

interface defect density of 10¹⁰  cm⁻ ³. Table 4 

presents the optimal PSC efficiency under different 

strain conditions. The highest power conversion 

efficiency, achieved at −6% strain, was 32.82%, 

which exceeded the values reported in previous 

studies. This result is highly promising for the 

application of lead-free perovskites and further 

demonstrates the importance of strain engineering in 

enhancing the efficiency of perovskite-based 

devices.  

 

Table 4. Photovoltaic parameters of the optimized 

structure under different strains 

Strains FF(%) Voc(V) Jsc(mA cm-2) PCE(%) 

0% 89.19 1.34 10.98 13.18 

-2%  88.81 1.29 14.95 17.15 

-4% 88.85 1.22 20.60 22.40 

-6% 89.02 1.16 31.60 32.82 
 

4. Conclusions  

In this study, we modelled a regular n–i–p 

structured device with the perovskite layer 

CH₃ NH₃ SnBr₃ , varying absorber layer thickness, 

doping density, CH₃ NH₃ SnBr₃ /NiO interface 

defect density, SnO₂ /CH₃ NH₃ SnBr₃  interface 

defect density, and operating temperature. The 

photovoltaic parameters were extracted under 0%, 

−2%, −4%, and −6% compressive strain using the 

SCAPS-1D software. Under optimized conditions, 

an absorber thickness of 1 μm, absorber defect 

density of 10¹² cm⁻ ³, SnO₂ /perovskite interface 

defect density of 10¹⁰  cm⁻ ³, and perovskite/NiO 

interface defect density of 10¹⁰  cm⁻ ³, the 

maximum efficiency reached 32.82% at −6% strain 

for the FTO/SnO₂ /CH₃ NH₃ SnBr₃ /NiO/Au lead-

free structure (Voc = 1.16 V, Jsc = 31.60 mA/cm², 

FF = 89.02%). In contrast, the same device at 0% 

strain exhibited a PCE of only 13.18% (Voc = 1.34 

V, Jsc = 10.98 mA/cm², FF = 89.19%). 

Our analysis showed that temperature strongly 

influences device performance, with efficiency 

parameters gradually declining as temperature 

increases, while perovskite thickness played a 

relatively minor role. The device configuration was 

stable at 300 K, confirming favourable baseline 

operation. 

The key novelty of this work lies in 

systematically demonstrating, for the first time, how 

compressive strain engineering can dramatically 

enhance the performance of lead-free 

CH₃ NH₃ SnBr₃  perovskite solar cells. Efficiencies 

as high as 32.82% were predicted, far exceeding 

those of unstrained devices, while remaining within 

experimentally achievable strain ranges. These 

findings suggest that strain engineering can serve as 

an effective design parameter for advancing next-

generation, lead-free perovskite photovoltaics. 

This study was limited to theoretical modelling, 

and the predicted enhancements may differ in 

practice due to defects, interface effects, or strain 

relaxation during fabrication. Future research should 

therefore focus on experimental validation of strain 

engineering strategies, optimization of deposition 

techniques to achieve stable strain, and assessment 

of their impact on long-term stability and scalability. 

Beyond performance enhancement, our results 

reveal that compressive strain can improve the 

structural stability of CH₃ NH₃ SnBr₃  by reducing 

defect densities and suppressing nonradiative 

recombination pathways. This dual improvement in 

efficiency and stability highlights the novelty and 

potential of strain engineering for future lead-free 

perovskite solar cell designs. Importantly, all results 

in this work respect the physical limits of single-

junction devices, as outlined by Morales-Acevedo, 

ensuring the scientific credibility of our results. 
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Analysis of Microelectronic and 

Photonic Structures – 1 

Dimensional 

χ Electron affinity (eV) 

ε Dielectric constant 

ETM Electron Transport Material 
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FF Fill Factor 

FTO Fluorine-doped Tin Oxide 

GPVDM 
General Purpose Photovoltaic 

Device Model 

HOMO 
Highest Occupied Molecular 

Orbital 

HTM Hole Transport Material 

Isc Short-Circuit Current (mA/cm²) 

Jn Electron current density 

Jp Hole current density 

LUMO 
Lowest Unoccupied Molecular 

Orbital 

μe 
Electron mobility (cm² V⁻ ¹ 

s⁻ ¹) 

μh Hole mobility (cm² V⁻ ¹ s⁻ ¹) 

NA Acceptor concentration (cm⁻ ³) 

Nc 
Effective Density of States in 

the Conduction Band (cm⁻ ³) 

ND Donor concentration (cm⁻ ³) 

Nt Trap density (cm⁻ ³) 

Nv 
Effective Density of States in 

the Valence Band (cm⁻ ³) 

PCE Power Conversion Efficiency 

PC-1D 
Personal Computer One-

Dimensional 

SCAPS-1D 
Solar Cell Capacitance 

Simulator – 1 Dimensional 

TCAD 
Technology Computer-Aided 

Design 

Voc Open-circuit voltage (V) 

Vth,e 
Thermal velocity of electrons 

(cm s⁻ ¹) 

Vth,h 
Thermal velocity of holes (cm 

s⁻ ¹) 

wxAMPS 

Windows Extended Analysis of 

Microelectronic and Photonic 

Structures 
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