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Abstract 

Perovskite solar cells are an emerging technology in the 

field of photovoltaic cells, they have higher efficiency, 

relatively low production cost, and are more versatile 
than traditional silicon solar cells. In this research, a 

cesium tin–germanium triiodide (CsSnGeI3) perovskite 

solar cell has achieved high power conversion efficiency 
and extreme air stability. In this study, lead-free Cs-

based  perovskite solar cells have been quantitatively 

analyzed to explore the effect of absorber layer 
thickness, defect density of the absorber layer, working 

temperature, series and shunt resistance, acceptor 

doping concentration using a solar cell capacitance 

simulator software. For this perovskite solar cell 
structure, ZnSe is used as a buffer layer, and CsSnGeI3 

is used as an absorber layer. ITO material is used as an 

electron transport layer and Spiro-MeOTAD Transport 
Layer. Gold is used to make the back contact of this 

proposed solar cell. In this simulation, the environment-

friendly perovskite solar cell achieved an efficiency of 

31.22% when the thickness of the buffer and absorber 
layers was 0.06µm and 1.5µm. The designed outputs 

will be efficient for the convenient fabrication of the 

perovskite solar cell. 

Keywords -Renewable Energy, Solar Energy, 

Perovskite solar cell, Eco-friendly 
 

 

1. Introduction 

Today, the world still heavily relies on fossil fuels and 

even continues subsidizing them. Renewable energy is 

derived from natural resources that replenish themselves 

in less than a human lifetime without depleting the 

planet's resources. Transitioning from fossil fuels to 
renewable energy is fundamental for halting 

anthropogenic climate change [1]. The world's energy 

demand is growing fast because of the population 

explosion and technological advancements. It is 
therefore important to go for reliable, cost-effective, and 

everlasting renewable energy sources for future energy 

demand. Solar energy, among other renewable sources 
of energy, is a promising and freely available energy 

source for managing long-term issues in energy crises. 

The solar industry is developing steadily all over the 

world because of the high demand for energy. In 
contrast, the major energy source, fossil fuel, is limited, 

and other sources are expensive [2]. Hybrid organic-

inorganic perovskite solar cells (PSCs) have recently 
emerged as a promising photovoltaic (PV) candidate 

[3,4] . Apart from the solar cell, perovskite materials 

have many applications in other optoelectronic devices, 
such as light-emitting diodes [5,6,7], photodetector [8], 

and photodiode [9]. However, lead toxicity [10,11], 

which has various health and environmental hazards, is 

the major hurdle in commercial applications of 
perovskite solar cells [12]. Alloys of Ge and Sn 

represent promising materials, with an advantageous 

gap for optoelectronic applications and higher stability 
than pure Sn-based perovskite [13]. Elements like Sn, 

Bi, and Ge take over Perovskite solar cells in PSCs [14]. 

Among these tin-based (CsSnI3) candidates, Perovskite 
becomes the most promising [14,15]. However, the self-

oxidation of Sn from Sn2+ to Sn4+ and phase instability 

in the CsSnI3 perovskite prevent further application as a 

solar cell [16]. Recently, Min Chen et al. have reported 
that alloying CsSnI3 with Ge (II) to form a 
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CsSn0.5Ge0.5I3 gives a highly stable and air-tolerant 

perovskite solar cell [17]. 

 

Proper choice of HTMs (Hole Transport Material) is a 
key factor for efficient charge extraction and stability 

and contributes to charge transportation from Perovskite 

to back contact [18,19]. Spiro-MeOTAD is proven to be 
the most suitable for HTL material [20]. HTM for 

testing PSCs due to its facile implementation and high 

performance. Similarly, Spiro-MeOTAD is receiving 

attention in other applications other than solar cells due 
to its desirable properties [21]. ZnSe is an important 

technical optoelectronic semiconductor with a large 2.7 

eV bandgap. ZnSe can be substituted in solar 
photovoltaic cells. Due to its potential applications in 

several optical and electronic devices and as a 

buffer/window material for thin film-heterojunction 
solar cells, it is seen as an important technological 

material [22]. 

In this simulation, we introduced a perovskite solar cell 

that has CsSnGeI3 as the absorber layer and ZnSe as a 
buffer layer. For the ETL and HTL layer, ITO and 

Spiro-MeOTAD are used. After performing the 

simulation, a high efficiency of 31.2% was gained. This 
solar cell can be recommended for its high efficiency 

and nontoxic elements. 
 

 

2. Numerical simulation and parameters 

of materials 

The numerical modelling of the devices enables us to 

understand the solar cell dynamics without the need for 

actual manufacturing. It also provides a high-level 

outline of the device's functionality [23]. The one-

dimensional SCAPS was used in this simulation study. 

The continuity equation and Poisson's equation are 
given for the free electrons and holes in the conduction 

and valence bands [24]. Hole and electron continuity 

equations are 
 

 

−
1

𝑞

𝑑𝑗𝑛

𝑑𝑥
−𝑈𝑛 + 𝐺 =

𝑑𝑛

𝑑𝑡
    (1) 

−
1

𝑞

𝑑𝑗𝑝

𝑑𝑥
− 𝑈𝑝 + 𝐺 =

𝑑𝑝

𝑑𝑡
    (2) 

 

Where Jn and Jp are electron and hole current densities 
and G is the generation rate. The Poisson equation is 

 
𝑑2

𝑑𝑥2
𝜓(𝑥) =

𝜃

𝜖0𝜖𝑟
(𝜌(𝑥) − 𝑛(𝑥) + 𝑁𝐷 −𝑁𝐴 + 𝜌𝑝 − 𝜌𝑛)  

(3) 

 
Where ψ is the electrostatic potential, e is the electrical 

charge, εr is the relative, and ε0 is the vacuum 

permittivity, p and n are the concentrations of holes and 
electrons, respectively, NA and ND are the charge 

impurities of the acceptor and donor types, and ρp and 

ρn are the distributions of holes and electrons. SCAPS is 

a very powerful software for performing solar cells, and 
a description of the program and the algorithms it uses 

is found in the literature and its user manual [25,26,27]. 

Figure 1 shows the schematic diagram of the proposed 
perovskite solar cell structure. According to the 

references, the ITO, ZnSe, CsSnGeI3 and Spiro-

MeOTAD thin film parameters used to run our 
numerical simulations are listed in Table 1.   
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Figure 1. Schematic diagram of the proposed perovskite solar cell. 

 

 

The energy band diagram for the suggested perovskite solar cell was extracted using the SCAPS-1D software.  
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure-2 (b) Energy band alignment for different material used in Perovskite solar cell 

 

Figure 2. (a) Energy band diagram of the proposed solar cell 
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The energy band diagram, depicted in Figure 2(a), discusses solar cells optical properties. Figure-2 (b) shows the 

energy band alignment for different material used in Perovskite solar cell 

 

Material Parameter ITO                     ZnSe CsSnGeI3  SpiroMeOTAD                  

Thickness (μm) 0.3 0.06 1.5 0.2 

Eg (eV) 3.5 2.9 1.5 3 

Ea(eV) 4 4.02 3.9 2.2 

𝜀 (relative) 9 10 28 3 

CB(cm−3) 2.2x1018 2.2x1018 3.1x1018 2.2x1018 

VB(cm−3) 1.8x1019 1.8x1019 3.1x1019 1.8x1019 

 µm (cm2/V-s) 20 25 9.74x102 2.1x10-3 

 µp(cm2/V-s) 100 100 2.13x102 2.16x10-3 

 ND (cm−3) 1x1021 1x1018 0 0 

 NA (cm−3) 0 0 1x1019 1x1018 

 

Table 1: Parameters used in SCAPS-1D simulation 

 

 

3. Result and Discussion 

3.1. Impact of Absorber layer thickness 

The impact of the absorber layer's thickness and band 

gap is shown in Figure 3(a) for solar cell performance 

metrics such as efficiency, fill factor, open circuit 
voltage, and short circuit current. One of the essential 

factors in improving solar cells' efficiency is the 

absorber layer's thickness [28,29]. All parameters of the 
solar cell are increased with the absorber layer or 

CsSnGeI3 thickness. Here, thickness is varied from 0.5 

µm to 3 µm. Figure 3(a) shows the effect of absorber 
layer variation on solar cell parameters. Efficiency 

increases from 28.46% to 31.35%. This might be caused 

by the fact that as the absorber layer becomes thicker, 

more short-wavelength photons are absorbed, which 
increases the photo generation of more free carriers [30]. 

Jsc increases from 25.42 to 28.64 mA/cm2. Jsc increases 

with the increasing thickness, which is attributed to the 

generation of more electron-hole pairs in the perovskite, 
leading to an efficiency enhancement. But Voc decreased 

from 1.25 to 1.22V, which is almost negligible. The 

decrease in Voc with the thickness is attributed to the 
increment in the dark saturation current, which increases 

the recombination of the charge carriers [31]. That can 

be explained by the dependency of open-circuit voltage 
on the photo-generated current and dark saturation 

current, which is written as [32] 

 
 

𝑉𝑂𝐶 =
𝑘𝑇

𝑞
ln(1 +

𝐽𝑠𝑐

𝐽0
)    (4) 

Where kT/q is the thermal voltage, Jsc is the photo-
generated current density, and J0 is the saturation current 

density.  
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Figure 3(a): Effect of absorber layer thickness on solar performance parameter. 

 

Quantum efficiency is the ratio of carriers captured by 

the solar cell to photons incident on the solar cell at a 

given energy [33]. The quantum efficiency curve of the 
proposed perovskite solar cell is shown in Figure 3(b) 

on the thickness of the absorber layer ranges from 

0.5µm to 3µm. Figure 3(c) shows that the current 

density-voltage curve decreases with the increase of 
absorber layer thickness. 

 

 

 
Figure 3(b): Effect of absorber layer thickness on quantum efficiency. 

 

Figure 3(b) shows that the Quantum Efficiency rises at longer wavelengths when the absorber layer thickness 
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increases. This is because, inside the absorber layer, 

photons cannot generate sufficient electron-hole pairs 

[34]. 

 

 
Figure 3(c): Effect of absorber layer thickness on current density-voltage. 

 

3.2. Effect of defect density of the absorber layer 

The defects in the solar cell’s material play a very 

important role. The defects create an intermediate 

energy level between the conduction band and valance 

band and work as a recombination center [35, 36]. 
Figure 4 shows the effect of absorber layer defect 

density on the parameters of solar cells. The defect is 

varied from 2.4x1013 to 2.4x1017 cm-3. Voc decreases 

from 1.27 to 1.07V, Jsc 28.26 to 21.33 (mA/cm2), FF 

89.19% to 86.77%, and efficiency from 32.03% to 
22.78%. Thus, increasing the defects in the material will 

increase the recombination [37]. The defect reduces the 

diffusion length and lifetime of the charge carrier, thus 
reducing the collection probability of the generated 

carrier by the junction [38]. 
 

 
Fig 4(a): Effect of defect density of absorber layer on solar performance parameter. 

Figure 4(b) demonstrates the influence of defect density 

in the absorber layer on the quantum efficiency of 

perovskite solar cells, which has been investigated by 

changing defect density from 2.45ⅹ1013 to 2.45ⅹ1017.  
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Fig 4(b): Effect of defect density of absorber layer on quantum efficiency. 

 

From Figure 4(b), it can be observed that when the 

defect density is 2.45ⅹ1013, the quantum efficiency is 

about 100% in the range of wavelengths from 380 to 830 
nm. When the defect density 2.45ⅹ1017 quantum 

efficiency is about 95% lower, the defect density affects 

the recombination of the photo-generated electron-hole 
pairs in the absorber layer. After the simulation, the 

optimum defect was gained at 2.45x1014. 

 
Figure 4(c) shows the effect of defect density in the 

absorber layer on the current density-voltage of the 

proposed perovskite solar cell. From Figure 4 (c), the 

device performance relied heavily on the absorber 
defect density. With increasing defect density, the 

recombination rate also increases, reducing the power 

conversion efficiency. The higher defect densities of the 
two interfaces bring more traps and recombination 

centers and deteriorate the  

performance of cells. [39].  

 
Fig 4(c): Effect of defect density of absorber layer on current density-voltage. 

3.3. Effect of the operating temperature 

The operating temperature always plays a vital role in 

the performance of a device. It has been reported that 

temperature augmentation increases strain and stress in 
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structures. It results in increased interfacial defects, 

disorder, and poor interconnectivity between layers. 

Figure 5(a) shows the effect of temperature on the 

proposed perovskite solar cell. The simulation operating 
temperature was varied from 250K to 450K by keeping 

all other parameters constant. In Figure 5(a), as 

temperature increases, efficiency drops from 32.71% to 

25.19%. Similarly, FF was 89.88% to 84.34%, and Voc 

was 1.28 to 1.05V. But it is observed that Jsc slightly 

increases. This is due to the energy band gap reduction 

and to more electron-hole pairs generation. In addition, 
when the device is running at a higher temperature, the 

bandgap gets smaller, which may lead to more 

excitation recombination and less efficiency [40] 
 

 
Figure 5(a): Effect of temperature on solar performance parameter 

 

It's also observed that in Figure 5(b), the quantum 

efficiency doesn't change significantly. Figure 5(c) 

shows that the current density-voltage on the 

temperature of the proposed perovskite solar cell [41]. 
 

 
Figure 5(b): Effect of temperature on quantum efficiency. 
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Figure 5(c): Effect of temperature on current density-voltage. 

 

3.4. Effect of series resistance 

The series resistance (Rs) significantly affects the 

operation of the proposed solar cell [42].  Figure 6(a) 

shows the effect of series resistance on the performance 
parameter of solar cell. 

 

 
Figure 6 (a) Effect of series resistance on proposed solar cell on solar performance parameter 

 

 

 In this simulation series, resistance is varied from 0 to 

4 Ω. Shunt resistance was fixed at 1x107 Ω. Figure 6(a) 

shows the effect of resistance on Voc, Jsc, FF, and 
efficiency. Efficiency decreased from 31.22% to 

28.22%. The efficiency of the devices deteriorates 

rapidly as the Rs rises. These findings are consistent 

with those reported in other studies [43,44].  
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Figure 6 (b) Effect of series resistance on proposed solar cell on quantum efficiency. 

 

The quantum efficiency doesn’t vary with the variation 
of series resistance, as shown in Figure 6(b).    Current 

density- voltage curve is decreased, as shown in Figure 
6(c) [45].  
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Figure 6 (c) Effect of series resistance on proposed solar cell on current density-voltage. 
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3.5. Effect of shunt resistance 

The power losses caused by the higher shunt resistance 

(Rsh) are typically due to manufacturing defects. Low 
shunt resistance causes power losses in solar cells by 

providing an alternate current path for the light-

generated current. [46,47]. Figure 7 shows the effect of 
shunt resistance where series resistance was fixed at 

0.5Ωm. Shunt resistance was varied from 1x102 to 1x108 
Ωm. It is noticeable that in Figure 7(a), all the 

parameters increased as the shunt resistance increased. 

Efficiency rises from 18.62% to 30.85%. Similarly, FF, 

Voc, and Jsc increased from 54.33% to 88.33%, 1.21 to 
1.23V, 28.11 to 28.25 mA/cm2. However, it is observed 

that the parameters became constant from 1x106 to 

1x108Ωm.  
 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 7(a): Effect of shunt resistance on solar performance parameter 

 

Figure 7(b) shows the effect of shunt resistance on 
quantum efficiency It is also noticed that the quantum 

efficiency doesn’t change remarkably. [47]. As shunt 

resistance increases, the current density-voltage curve is 
improved, as shown in Figure 7(c).  

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 7(b): Effect of shunt resistance on quantum efficiency. 
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Figure 7(c): Effect of shunt resistance on current density-voltage 

 

 

3.6. Effect of acceptor doping concentration 

The efficiency of a solar cell is significantly affected by 

the amount of doping used. Doping can be categorized 
as either n-type or p-type, depending on the dopants 

used. Thus, improving efficiency relies on setting the 

appropriate value of NA [48]. Doping concentration 
levels can be adjusted experimentally in many different 

ways [49]. Here, NA is varied from 1x1017 to 1x1020 cm-

3. Figure 8 shows the effect of NA on the proposed solar 
cell. Table 2 shows the effect of shallow concentration 

on the proposed cell. Following acceptor doping, holes, 

and electrons will invariably behave as majority and 

minority carriers, respectively. Thus, at particular 
doping of the acceptor atom, the number of hole 

majority carriers increases, which increases the FF of 

the device [50]. The increase in VOC of the device is due 
to the recombination of carriers, which also leads to a 

gain in power conversion efficiency (ɳ). The equation 
can also explain the increase in Voc increasing the 

acceptor density (NA) 

 

𝑉𝑂𝐶 =
𝐸𝑔

𝑞
−

𝑘𝑇

𝑞
𝑙𝑛 [

𝑞𝐷𝑒𝑁𝑐𝑁𝑣

𝐽𝑆𝐶𝑁𝐴𝐿𝑛
]   (5) 

 
Where k denotes the Boltzmann constant, Eg denotes 

the bandgap energy, T denotes absolute temperature in 

Kelvin (K), De is the diffusion current of e−, and NC and 
NV represent the density of states of conduction and 

valence band, respectively. NA stands for doping 

acceptor density, Jsc for short circuit current density, 

and Ln denotes electron diffusion length [51]. 
 

For this reason, the JV curve in Figure 8(b) is also 

improved. There’s a negligible change in quantum 
efficiency, as shown in Figure 8(c). 
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Figure 8(a): Effect of acceptor doping concentration on solar performance parameter 

 

 

There’s a negligible change in quantum efficiency, as 
shown in Figure 8(b).For this reason, the J-V curve in 

Figure 8(c) is also improved.  

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 8(b): Effect of acceptor doping concentration on quantum efficiency. 
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4. Conclusion  

In this research, we have proposed an eco-friendly 
perovskite solar cell structure 

(ITO/ZnSe/CsSnGeI3/Spiro-MeOTAD/Au). The 

suggested perovskite solar cell achieves an efficiency of 
31.23%. During the simulation, the variation of 

thickness and defect for the absorber layer is 0.5 to 3μm, 

2.45×1013 to 2.45×1017cm-3. Temperature is varied from 

250K to 450K. The variation for series and shunt 
resistance is 0 to 4 Ω/cm2 and 1x102 to 1x108 Ω/cm2. 

After completing the whole simulation, the optimum 

thickness for CsSnGeI3 is 1.5μm. For the best 
performance of solar cells, 300K was obtained. The 

main aim of the current work is to enhance the thickness 

of the absorber to obtain the highest efficiency and other 
output metrics. This perovskite solar cell can be highly 

recommended for its high efficiency and lead-free. So, 

the current work of detailed analysis of the Perovskite 

solar cell device provides a better understanding of the 
possible fabrication of cost-effective and highly 

efficient. 
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