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Abstract 
This study reports a numerical investigation of a lead-free perovskite solar cell 
towards addressing the limitations of toxicity and stability imposed on 
conventional lead based solar cells. A v 
acancy-ordered double perovskite, Rb2SnBr6, was used as the absorber layer and 
examined by the SCAPS-1D simulation tool. The proposed device structure is 
FTO/TiO2/Rb2SnBr6/CuI/Au where TiO2 and CuI serve as an electron and 
hole transport layer, respectively. Key device parameters such as absorber 
thickness, defect density, ETL thickness, donor density and work temperatures 
have been systematically optimized in order to improve the photovoltaic device 
performance. Using the optimized conditions, the power conversion efficiency of 
the device was found to be 32.66%, an open circuit voltage of 1.154 V, a short 
circuit current density of 31.64 mA/cm2, and a fill factor of 89.44%. These 
results demonstrate the high potential of Rb2SnBr6 as a stable and non-toxic 
absorber material for high efficiency lead-free perovskite solar cells. 
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INTRODUCTION
The ever-growing global electricity demand is caused by both the rapidly growing industry and business and 
technological progress[1]. Currently, fossil fuels (coal, natural gas, petroleum) are used to satisfy the majority 
of electricity demand[2]. However, the continued use of these forms of non-renewable energy will present 
serious problems with respect to global warming and other types of environmental pollution[3]. 
Consequently, developing new forms of renewable energy technologies will be one of science and technology’s 
greatest challenges and will be expensive to implement[4]. Among several sustainable power alternatives 
(wind, hydro, tidal, geothermal, and bioenergy)[5], solar energy has been regarded as the most beneficial due 
to its abundance, accessible nature, and low environmental impact[6]. The rapid  
increase in cell efficiencies, combined with the decreasing cost of solar panel technology has led to a viable 
means of reducing dependence on fossil fuels [4, 7]. However, in order for solar power to compete with 
conventional energy systems, continued improvements are required for power conversion efficiency (PCE), 
long-term stability, and manufacturing costs[8]. The ultimate source of these advances will be based on the 
finding of the new absorbers or the new types of solar cells that are efficient, stable, and environmental 
friendly. 
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 At that, halide perovskite materials have become one of the most remarkable ones with the great 
optoelectronic characteristics, tunable bandgap, large absorption coefficient, and solubility in solutions[9, 
10].  
The first generation of lead-halide-based perovskite solar cells  was proven to perform excellently and attain 
power conversion efficiencies of more than 25%[11]. Although successful, lead-based perovskites have 
inherent toxicity and low chemical stability, making it difficult at a large scale commercialization and very 
serious in environmental issues[12]. All of these disadvantages have prompted researchers to consider lead-
free alternatives that are safer and more stable but would allow preserving the high level of performance of 
the devices[13].  
Among the most promising paths that this search is taking is the development of vacancy-ordered double 
perovskites (A2BX6), with A-site is a monovalent cation (Cs+, Rb+ or K+), B-site is  a tetravalent metal cation 
(Sn4+, Ti4+ or Zr4+), and X being a halide anion (I-, Br- or Cl-,)[14]. The materials are chemically highly tunable, 
highly moisture resistant, inherently lead-free and high structural stable, which is why they are good 
candidates of next-generation photovoltaic and optoelectronic applications [14, 15]. One of these 
compounds, Rb2SnBr6 (rubidium tin(IV) bromide) has stood out as a promising, stable, and non-toxic 
semiconductor in this group with promising optical and electronic properties applicable in solar cell 
applications and other optoelectronic applications[16, 17]. In this article, numerical simulation of a lead-free 
perovskite solar was analyzed with Rb2SnBr6 as a absorber using SCAPS-1D software[18]. The structure of 
device is FTO/TiO2/Rb2SnBr6/CuI/Au. Under this  
design, TiO2 is used as ETL in which it assists in gathering high-energy electrons at the absorber and reducing 
unwanted charge recombination at the interface[19]. Conversely, CuI is used as the layer of hole transport 
(HTL), which directs the lower energy holes to the back contact[20]. With these layers fixed, we examined the 
effect of a variety of factors on overall device efficiency. We analyzed the variation in the performance of solar 
cell by changing absorber thickness, its defect density, ETL thickness, donor density of ETL, and operating 
temperature. The main objective of this study to discover the appropriate layer sizes and material 
characteristics that could enhance the power conversion efficiency (PCE) also makes the device easy and 
affordable. The findings of the present work can be fruitfully used to develop stable, non-toxic, and 
ecologically friendly perovskite solar cells that will be able to work under various conditions. 
 
Methodology 
SCAPS-1D (Solar Cell Capacitance Simulator), a one-dimensional simulation program developed at the 
University of Gent[21] was employed  to conduct  the numerical analysis of the proposed lead-free perovskite 
solar cell[22]. This software finds a wide usage in investigating the thin-film photovoltaic devices because it 
can predict the behavior of the devices in varying operation conditions. The photovoltaic parameters that are 
important like Voc, Jsc, FF, PCE, and quantum efficiency can be calculated using SCAPS-1D [22-24].  
The equations used to simulate the device structure are the self-consistent Poisson, electron continuity 
equation and holes continuity equation, which are all fundamental equations of semiconductor[25].  
Poisson’s equation is 
 
 

𝒅

𝒅𝒙
(−ɛ(𝒙)

𝒅𝝍

𝒅𝒙
 ) = 𝒒[ 𝒑(𝒙) − 𝒏(𝒙) + 𝑵𝑫

+(𝒙) − 𝑵𝑨
−(𝒙) + 𝒑𝒕(𝒙) − 𝒏𝒕(𝒙) ]      (1) 

 
Ψ is electrostatic potential, p and n are respective hole and electron ɛ is relative permittivity. 𝑁𝐴 Acceptor 
density and  𝑁𝑑  is donor density [25, 26]  
The carrier continuity equation is represented as  
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−
𝛛𝐣𝐩

𝛛𝐱
+ 𝐆 − 𝐔𝐩(𝐧, 𝐩) = 𝟎                     (2) 

−
𝛛𝐣𝐧

𝛛𝐱
+ 𝐆 − 𝐔𝐧(𝐧, 𝐩) = 𝟎                     (3) 

                          
Jp and Jn hole and electron current density, G is carrier generation rate, 𝑈𝑝(𝑛, 𝑝)  and 𝑈𝑛(𝑛, 𝑝) are the hole 
and electron recombination rates respectively[27]. 
 

Carrier current density 

  jp = qnUpE − qDp
∂p

∂x
                         (4) 

jn = qnUnE − qDn
∂n

∂x
                        (5) 

 
𝐷𝑝 and 𝐷𝑛 are diffusion coefficient and 𝑈𝑝 and  𝑈𝑛 are carrier mobility [28]. 
 
The structure used to simulate solar cell is FTO/TiO2/Rb2SnBr6/CuI/Au. The structure of the schematic 
device and the alignment of the energy bands are presented in  

Figure 1(a) and  

Figure 1(b), respectively. The reported literature and experimentally confirmed studies provided material 
parameters of band gap, electron affinity, dielectric constant, carrier mobility, density of defects and effective 
density of states of each layer [29-32]. Error! Reference source not found. show these parameters that we 
employed in SCAPS-1D. Systematical variation of absorber layer thickness was carried out to study its 
influence on the performance of the device and, ETL was optimized to reduce recombination and series 
resistance losses[28].  
The AM 1.5G illumination with a power density of 1000 W/m2 was used for simulation, which is typical test 
conditions. It was first adjusted to  300 K  operating temperature which was then monitored to assess thermal 
stability [23]

 
 

Figure 1 (a) Schematics diagram of simulated PSC , (b) Energy band diagram of PSCs 
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Table 1. Input parameters used in the simulation 

  
Table 2.The values of defect density within the layers and interface of the device [30-32] 
 

 
Effect of absorber thickness 
The absorbing layer thickness is an important structural parameter that has a great impact on the overall 
perovskite solar cell performance. In order to study this effect, the absorber of Rb2SnBr6 was made with a 
range of 100-2000 nm with all other parameters of the device held constant as presented in Error! Reference 
source not found.. The parameters of the devices (VOC, JSC, FF, and PCE) grow quickly until about 1000 nm 

Parameters  FTO 
[29] 

TiO2 

[30] 
CuI 
[31] 

Rb2Snbr6 
  [32] 

Thickness (nm)  50 50 200  850 
Eg (eV)  3.6 3.26 3.1  1.4 
ꭓ (eV)  4 4.26 2.1  4.23 
ɛr  9 32 6.5  16.70 
Nc (1/cm3)       2.2 ×1018 1.0×1019 2.8×1019  1.0×1018 

Nv (1/cm3)  1.8 ×1019 1.0 ×1019 1.0×1019  1.0×1021 

μn (cm2/V.s)  100 20 100  42 

μp (cm2/V.s)  25 10 43.9 310 

ND (1/cm3)                  1.0×1018 1.0×1017 0  0 

NA (1/cm3)  0 0 1.0×1018  1.0×1020 

Nt (1/cm3) 1.0×1014 1.0×1015 1.0×1015 1.0×1013 

Parameters  ETL HTL Rb2SnBr6 HTL/Rb2SnBr
6 

Rb2SnBr6/ET
L 

Defect Type  Neutral    -     -      -     - 

Capture cross section 
For  σn,  σp   (cm−2) 
 

1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−19 1.0×10−19 

Energetic distribution Single Single Single Single Single 

Energy level with respect 
 to Ev (eV) 

0.6 0.6 0.6 0.6 0.6 

Characteristic energy(eV) 0.1 0.1 0.1 0.1 0.1 

 Nt (cm−3) 1×1015 1×1015 1×1013 1×1010 1×1010 
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absorber thickness, and then the growth is slow, showing a saturation curve Figure 2. The increase in 
performance up to 1000nm is primarily attributed to the increased photon absorption and the density of 
photogenerated carriers in the absorber[18]. More than this thickness, the further enhancement is of no value 
since the substance has already swept up the majority of the incident photons, and then no more carriers are 
produced significantly. So, the most appropriate absorber thickness in this paper was identified as 1000 nm 
and it was chosen to be used in additional simulation of the device. 
With an optimal thickness, Rb2SnBr6-based perovskite solar cell achieved a Voc of 1.1530 V, a Jsc of 
31.63mA/cm2, and a FF of 89.42%, a PCE of 32.61% indicating that the ideal combination of carrier 
extraction and light absorption was at 1000 nm.    
 

                                                                                     
      

Figure 2. Effect of absorber layer thickness on PSC device 
 
Effect of absorber Defect density 
The stability of photovoltaic devices depends on the defect density of the absorber layer that also plays a great 
role in the overall effectiveness of the device. To make the photovoltaic (PV) output parameters constant, it 
is importance to control the quantity of the defects in the absorber layer. Generation and recombination of 
electron-hole pairs are directly affected by defect density, which has an impact on the perovskite solar cells 
(PSCs) efficiency [33, 34]. Defect density is largely dependent on the quality of structure of absorber layer; 
low material quality leads to increase in the quantity of defects. Subsequently, more defect  
density is associated with higher charge carrier recombination that eventually leads to the decrease in device 
efficiency[35]. 
The reason why the diffusion length of charge carriers is closely related to the recombination rate is that the 
bulk defect density of the PSC also dictates the diffusion length of charge carriers. Shockley-Read-Hall (SRH)-
recombination-mechanism dominates the perovskite solar cells[23].The trap-assisted SRH recombination 
model can thus be used to assess the diffusion length. The SRH recombination rate is expressed by Equations 
(6) and (7)[36] 
 
 

𝐑𝐒𝐑𝐇 =
𝐧𝐩−𝐧

𝐢𝟐

[𝛑(𝐩+𝐧+
𝟐𝐧𝐢𝐜𝐨𝐬𝐡(𝐄𝐢−𝐄𝐭)

𝐤𝐓
)]

              (8) 

𝛕 =
𝟏

[𝛔×𝐍𝐭×𝐕𝐭𝐡]
                                     (9) 
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Where, τ denotes the charge carrier lifetime, σ represents the capture cross-section, (Nt) is perovskite absorber 
film defect density, and (Vth) is charge carriers thermal velocity. The diffusion length L = √Dτ   where D 
refers the diffusion coefficient [37].  
The dependence of the Voc on defect density is  
described by Equation (10) 
 
 

 𝐕𝐨𝐜 =
𝐤𝐓

𝐪
𝐈𝐧 (

𝐉𝐬𝐜

𝐉𝐨
+ 𝟏)                     (11) 

 
The best defect density was determined by the performance of the PSCs where the absorber layer defect 
density was varied to a maximum of 1012cm-3 to 1017 cm-3.Figure 3 demonstrates that the photovoltaic 
parameters are all on the decline with the rise in the defect density. The Voc decreases from 1.15 to 1.01 V 
and the Jsc decreases from 31.6 to 20.6 mA/cm2 showing that the recombination increases significantly at 
elevated Nt. The FF drops marginally, 89.4% to 88.2% and the PCE drops drastically from 32.7% to 18.6%. 
The PCE and FF almost does not vary in the low-defect region (1012-1014 cm-3) but at a higher level PCE and 
FF  decrease beyond 1015 cm-3 owing to high recombination. J-V characteristics for different defect densities 
are given in Figure 4.  According to the results, the optimum defect density that maximizes efficiency of the 
device was found to be 1012 cm-3. This is the optimal value of the device, and it has been demonstrated that 
to ensure efficient operation of the perovskite solar cell, the number of trap states in the Rb2SnBr6 layer must 
be minimized.  

 
Figure 3. Dependence of absorber layer defect density on Voc, Jsc, FF, PCE 
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Figure 4. Comparison of J-V curves for different defect density. 

 
 
 
Effect of ETL thickness 
One important factor in the perovskite solar cells is the electron transport layer (ETL) thickness which 
determines the charge extraction and hole blocking, and interfacial recombination inhibition[38]. To 
determine this effect, the thickness of the ETL was varied within a range of 20-200 nm, and all the other 
parameters of the devices were kept the same. As Per Figure 5, the simulated data reveal that as the ETL 
thickness increases, there is a small yet steady increase in Voc which can be explained by interfacial 
recombination essentially being decreased and the electrostatic field at the interface between the ETL and the 
absorber being stabilized. The Jsc however decreases with increasing thickness. The main cause of this decrease 
is the longer pathway of transport and the increased series resistance in the thicker ETLs that prevent easy 
extraction of electrons[39]. At moderate thickness values, there are also witnessed a slight increase in fill factor 
(FF) that can probably be attributed to the low leakage and increased carrier selectivity. Despite this, the total 
PCE reduces continuously above a given thickness as the loss of Jsc predominates over the minor increases 
of Voc and FF. The device is most effectively manifested under ETL thickness of 50 nm, which yields a Voc 
of 1.15 V, Jsc of 31.6mA/cm2, FF of 89.4% and PCE of 32.7%. Thus a thickness of 50 nm is decided as 
optimum thickness of ETL to enhance maximum efficiency of device in such structure.  
 
Effect of ETL Donor density 
The donor concentration of the electron transport layer (ETL) is one of the most critical parameters that 
affect the charge transportation and electrification formation and recombination processes in perovskite solar 
cells. The donor density of ETL was changed in the range of 1014 to 1020 cm-3 but the parameters of other 
devices remained constant in order to analyze its influence[37]. 
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Figure 5.  Effect of ETL thickness on Voc, Jsc, FF, PCE 

 
The corresponding variations in the photovoltaic parameters are presented in Figure 6. As observed from the 
result Voc will be almost the same at the donor density of 1014 to 1017 cm-3 suggests that the junction formation 
and the charge extraction is stable and efficient in this density. A marginal decrease in Voc is noticed beyond 
1017cm-3 which become more evident at 1020cm-3. This behavior is explained by the fact that it increases carrier 
recombination losses at high levels of doping [40]. 
Similarly, short-circuit current density (Jsc) showed a constant tendency until a donor concentration of 1017cm-

3 which indicates that generation and collection of carriers is not significantly influenced at moderate levels 
of doping. After this value, there is a gradual loss in Jsc which can be attributed to an enhancement of the 
impurity scattering and slower carrier movement in the ETL at higher donor densities. The fill factor (FF) 
and PCE both show the constant value at the range of 1014 to 1017 cm-3  after that there is slight decline at the 
1019cm-3 and then there is also slight increment in the FF and PCE[41].  
These observations are further supported by the J-V characteristics in Figure 7 which show that the curves of 
donor densities coincide with each other showing a stable operation of the devices. Thus, a donor density of 
1015 cm-3 is chosen as it is the most balanced and stable device performance and excessive doping has an 
adverse influence on the charge transport and the total efficiency. 

 

 
Figure 6. Effect of Donor density of ETL (TiO2) on Voc, Jsc, FF, PCE 
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Figure 7. Comparison of J-V curves for different donor density. 

 
Effect of Temperature  
The operating temperature has a relatively less or more influence on the photovoltaic behavior of the 
perovskite solar cells, especially in the conditions that occur under the sun where the solar cells are 
continuously exposed to thermal conditions [40]. To examine this effect, the performance of the device was 
examined within the temperature range of 250-500 K, and the change in the primary photovoltaic parameters 
was plotted in Figure 8. 
At 250K to 300K, there is a sharp rise in the short-circuit current density (Jsc) because carrier transport is 
enhanced and trapping is also minimized. At temperatures above 300 K, Jsc adopts an almost saturated 
behavior with very slight extreme variation meaning that increase in temperature does not provide significant 
increase in current generation due to competing recombination mechanisms. In contrast, Open-circuit 
voltage (Voc) declines continuously with temperature, primarily because of the decreased band-gap and 
increased defect-assisted recombination[42]. Also, the fill factor (FF) is constantly reducing, and this shows 
an increase of resistive losses at high temperatures. The PCE rises and attains a peak value of 300 K. 
Nevertheless, PCE slowly decreases at temperature over 300 K, despite the fact that Jsc changes slightly[43]. 
This behavior is also verified by the J-V characteristics in Figure 9 which exhibit low voltage output and poor 
curve shape at high temperatures. Comprehensively, the findings show that 300 K has been the best operating 
temperature of the device although temperatures above it cause losses in efficiency primarily because of 
voltage and fill factor losses. 
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Figure 8. Variation of Voc, Jsc, FF, PCE with respect to Temperature. 

 
Figure 9. J-V curve with varied temperature 

 
Performance of energy band diagram 
Cliff and spike geometry at the electron transport layer (ETL)/absorber interface is a major determinant of 
performance of a solar cell. The effects of these Band Offsets are on charge transport and recombination. An 
offset in the negative conduction band (CBO) that is referred to as a cliff structure, enables electron back-
transfer that can lead to an increase in interfacial recombination. Conversely, a small positive CBO creates a 
spike-like barrier which inhibits recombination yet enhances effective extraction of electrons, hence the 
enhancement of the efficiency of the device [44]. The band diagrams of the solar cell structures are given in 
Fig. 10                          

 
Figure 10. Energy band diagram of optimized solar cell 

 
Performance of optimized device  
Fig.11 indicates J-V characteristic curve of optimized solar cell using FTO/TiO2/Rb2SnBr6/CuI/Au cell 
structure. In the optimized structure, the donor density of the electron transport layer (TiO₂) is set to 10¹⁵ 
cm⁻³. The absorber layer thickness is optimized to 1000 nm, and its defect density is fixed at 10¹² cm-3 to 
suppress non-radiative recombination. Under these optimized conditions, the device has Voc of 1.1540 V, Jsc 
of 31.64 mA/cm², a fill factor (FF) of 89.44 %, and a high power conversion efficiency (PCE) of 32.66 %. 
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Figure 11. J-V characteristic curve for optimized device with FTO/TiO2/Rb2SnBr6/CUI/Au structure 

 
Conclusion 
In conclusion, a lead-free perovskite solar cell using Rb2SnBr6 as an absorber layer was numerically studied 
and optimized using the numerical SCAPS-1D simulator. Key device parameters such as absorber and ETL 
thickness, defect density, donor density and operating temperature were systematically analyzed to improve 
the photovoltaic performance. Through careful optimization, the power conversion efficiency of the device 
reached 32.66%. These findings confirm the fact that the material properties and the arrangement of the 
layers that are used have to be strictly controlled to achieve the optimal performance of lead-free perovskite 
solar cells. 
Overall, this study holds great promise for the potential of Rb2SnBr6 as a stable, environmental friendly 
absorber material, and it also gives useful guidance for the design and creation of efficient sustainable 
Perovskite photovoltaic devices. 
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