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The toxic lead component as well as the expensive and less stable spiro-OMeTAD in perovskite solar cells (PSCs) pose a great deal of 
hindrance to their commercial viability. Herein, a computational approach towards modeling and simulation of all inorganic cesium tin-
germanium triiodide (CsSnGeI3) based perovskite solar cell was proposed and implemented using solar cell capacitance simulator 
(SCAPS–1D) tool. Aluminium doped zinc oxide (ZnO:Al) and Copper Iodide (CuI) were used as electron and hole transport layers (ETL 
and HTL) respectively. The initial device without any optimization gave a power conversion efficiency (PCE) of 24.826%, fill factor (FF) 
of 86.336%, short circuit current density (Jsc) of 26.174 mA/cm2 and open circuit voltage (Voc) of 1.099 V. On varying the aforementioned 
parameters individually while keeping others constant, the optimal values are 1000 nm for absorber thickness, 1014 cm-3 for absorber layer 
defect density, 50 nm for ETL thickness, 1017 cm-3 for ETL doping concentration and 260 K for temperature. Simulating with these 
optimized values results to PCE of 25.459%, Voc of 1.145 V, Jsc of 25.241 mA/cm2, and a FF of 88.060%. These results indicate that the 
CsSnGeI3 is a viable alternative absorbing layer for usage in the design of a high PCE perovskite solar cell device. 
Keywords: Perovskite solar cells, SCAPS–1D, CsSnGeI3, hole transport material, electron transport material 
PACS: 41.20.Cv; 61.43.Bn; 68.55.ag; 68.55.jd; 73.25.+i; 72.80.Tm; 74.62.Dh; 78.20.Bh 
 

1. INTRODUCTION 
Metal halide perovskite solar cells (PSCs) belong to one of the most promising photovoltaic technologies for next-

generation solar cells. The PSC works based on the following principles: (i) excitons generation when photon energy is 
absorbed, (ii) excited electrons being drifted into the conduction band (CB) of the electron transport layer (ETL), 
(iii) holes transferred into the hole transport layer (HTL), and (iv) holes injection into the back-metal electrode [1]. 

The high power conversion efficiency exceeding 25% from its original value of 3.8% and simple fabrication process 
of PSCs have triggered the interest of researchers in the photovoltaic community [2–5]. The remarkable performance of 
PSCs are attributed to high absorption coefficients, a balanced excitons transport, high charge carrier mobilities, long 
carrier diffusion lengths, and direct and tunable band gaps [6, 7]. However, the presence of toxic lead in perovskite 
absorber is considered as one of the significant impediments towards its commercial exploitation. In an attempt to replace 
lead with other less or non-poisonous materials, researchers have considered other divalent metal cations such as tin (Sn2+) 
and germanium (Ge2+), which have an oxidation state of +2 with an outer layer properties similar to that of Pb2+ [8, 9]. 

The radius of Sn2+ (1.35 Å) which is smaller than that of Pb2+ (1.49 Å), has resulted to non-distortion of the 
perovskite nano crystal structure when it is replaced as a divalent cation in lead-based perovskite absorber [10]. 
Furthermore, due to its narrow band gap of 1.3 eV, it allows high theoretical PCE value to be obtained [11]. A study by 
Sabba et al. [12] using CsSnI3, CsSnI2Br, CsSnIBr2 and CsSnBr3 as absorbing materials, an interesting band gap of 
1.27 eV with outstanding optoelectronic properties for CsSnI3 was obtained. High PCEs were obtained with the lead-free 
inorganic absorbing material [13, 14]. But Sn2+ oxidizes to Sn4+ very easily. Therefore, the Sn-based PSCs are susceptible 
to degradation under ambient environment and hence their efficiencies are affected. The formation energy of Sn vacancies 
is very low. The formation energy and the change in oxidation state from Sn2+ to Sn4+ leads to self-doping and also brings 
about a p-type metallic behaviour [15]. Another candidate for the replacement of Pb2+ as a divalent metal cation is Ge2+ 
which has a smaller ionic radius (0.73 Å) than that of Sn2+ and Pb2+. Higher conductivity is shown by Ge-based perovskites 
as compared to the Pb-based perovskites and Sn-based perovskites. Better conductivity and other optoelectronic 
properties are expected when Ge-Sn alloy is used as replacement of Pb. Chen et al [16] reported a perovskite absorbing 
material, CsSnGeI3 by alloying CsSnI3 with Ge (II). The device demonstrated excellent stability in air and it outperformed 
the CsSnI3 and CsGeI3 pristine counterparts, with a PCE of 7%. 

The instability caused by organic compounds in PSC has been a major concern for researchers [17, 18]. The vastly 
used state-of-art hole transport material (HTM), Spiro-OMeTAD demonstrates hygroscopic nature, tendency to crystalize, 
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and vulnerability to both moisture and heat, as such must be replaced with a cost-effective and stable HTM having high 
hole mobility with ease of synthesis [19, 20]. 

The ETL influences the PCE of PSCs by blocking holes, thereby minimizing the charge carrier recombination from 
the perovskite active layer and hence, providing the photogenerated electrons a pathway to the electrode [21]. A high 
performing ETL have attributes of high electrical conductivity and high electron mobility which should be comparable to 
those of the perovskite layer. The most commonly used ETLs are metal oxides such as TiO2, ZnO and SnO2, their 
electrical properties can be tailored by doping [22]. The impact of Aluminium (Al) on zinc oxide (ZnO) as ETL in PSCs 
was studied by Alias et al [23]. In their study, only the properties of the ETL and interface were explored and a PCE, up 
to 17.59% was obtained for 1 mol% Al concentration in ZnO. Several properties of PSCs can be studied to give better 
performance as such necessitated this research. 

In the present work, an inorganic, CsSnGeI3-based PSC was studied by utilizing inorganic HTM (CuI) and inorganic 
electron transport materials (ZnO:Al). By optimizing various properties like thickness of the perovskite absorbing layer, 
its defect density, the thickness of the electron transport layer, the doping concentration of the electron transport layer, 
the back-metal contact and temperature, a PCE of 25.459%, with an open circuit voltage of 1.145 V, a short circuit current 
density of 25.241 mA/cm2, and a fill factor of 88.060% were obtained. The present work may be helpful in designing and 
implementing eco-friendly lead free Sn-Ge-alloyed-based PSCs in the future. 
 

2. THEORETICAL METHODS AND DEVICE STRUCTURE 
Device simulation is a powerful tool that gives an insight for understanding the electrical and optical properties of 

solar cells and ultimately providing useful information for design of photovoltaic devices experimentally. In this study, 
we used the SCAPS-1D software version 3.3.10 to carry out our simulation. This software is designed to simulate 
multilayer (up to seven layers) solar cells, in which holes and electrons transport are considered by solving the basic 
semiconductor equations: the Poisson equation and the continuity equation of both charge carriers (holes and electrons) 
under steady-state condition. 

Figure 1. Device structure 

This simulation was carried out in the n-i-p configuration of FTO/ZnO:Al/CsSnGeI3/CuI/Au, which is represented 
in Figure 1. Starting from illumination point, fluorine-doped tin oxide (FTO) is used as a front contact, ETL as ZnO:Al, 
the absorber layer as CsSnGeI3, HTL as CuI, and gold (Au) as the back metal-electrode. The work function of the front 
and counter electrode are 4.4 eV and 5.1 eV, respectively. The simulation was done with A.M. 1.5 spectrum (1000 W/m2) 
light source, the temperature of the simulation was set at 300 K, the frequency at 161 10  Hz, and a scanning voltage of 
0-1.50 V. The details for each layer is as summarized in Table 1. The properties of the defect interface ZnO:Al/CsSnGeI3 
and CsSnGeI3/CuI are shown in Table 2. 
Table 1. Parameters used for simulation of perovskite solar cell structures using SCAPS-1D [19, 23-26] 

Parameters FTO ZnO:Al CsSnGeI3 CuI 
Thickness (μm) 
Band gap energy Eg (eV) 
Electron affinity χ (eV) 
Relative permittivity ϵr 
Effective conduction band density Nc (cm−3) 
Effective valance band density Nv (cm−3) 
Electron thermal velocity (cm/s) 
Hole thermal velocity (cm/s) 
Electron mobility μn (cm2 V−1 s−1) 
Hole mobility μp (cm2 V−1 s−1) 
Donor concentration ND (cm−3) 
Acceptor concentration NA (cm−3) 
Defect density Nt (cm−3) 

0.4 
3.5 
4.3 
9 

2.2×1018 
1.8×1019 
1.0×107 
1.0×107 
2.0×101 
1.0×101 
1.0×1018 

0 
1×1015 

0.22 
3.25 
4.0 
9 

2.0×1018 
1.8×1019 
1.0×107 
1.0×107 
3.0×102 
2.5×101 

7.25×1018 
0 

1×1014

1.50 
1.50 
3.9 
28 

3.1×1018 
3.1×1018 
1.0×107 
1.0×107 
9.74×102 
2.13×102 

0 
1×1019 
1×1011 

0.10 
2.98 
2.10 
6.5 

2.8×1019 
1.0×1019 
1.0×107 
1.0×107 

1.69×10-4 
1.69×10-4 

0 
1×1018 
1×1012
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Table 2. Defect parameter values of the interfaces of the device 

Parameters ZnO:Al/CsSnGeI3 
interface 

CsSnGeI3/CuI interface 

Defect type 
Capture cross section for electrons (cm2) 
Capture cross section for holes (cm2) 
Energetic distribution 
Energy level with respect to Ev (eV) 
Characteristic energy (eV) 
Total density (cm−3) 

Neutral 
1×10-15 
1×10-15 
Single 
0.600 

0.1 
1×1011

Neutral 
1×10-18 
1×10-16 
Single 
0.600 

0.1 
1×1012 

 
3. RESULTS AND DISCUSSION 

3.1. Performance study of the initial device, quantum efficiency and energy band profile 
The current-voltage (J-V) characteristics of the initial perovskite solar cell device simulated under illumination is 

shown in Figure 2(a). 

Figure 2. (a) J-V curve of PSC with initial solar cell characteristics, (b) quantum efficiency against wavelength, (c) quantum 
efficiency against photon energy and (d) energy profile band diagram 

Under illumination, a Voc of 1.099 V, Jsc of 26.174 m/Acm2, FF of 86.336%, and PCE of 24.826% were obtained. 
Comparing these solar cell characteristics with simulated work on CsSnGeI3 perovskite obtained by a group of 
researchers [26], comparable Voc (1.00 V) and Jsc (25.75 m/Acm2) were obtained. In our simulation, we obtained 
appreciable values of FF, PCE which are higher than those from their simulated research work. This could be attributed 
to the increase in conductivity of the ETL due to doping and different HTL used. Figure 2b & c shows the quantum 
efficiency against wavelength and photon energy. It is within the range of 300 to 900 nm, which has maximum attained 
value of 98% observed at 360 nm. It sweeps across the visible region which satisfies the device’s requirement. The strong 
absorption at the visible region of the QE curve is a factor that determines the light absorption strength at the various 
wavelengths of light and the cut-off region at 850 nm which certified the band gap of 1.5 eV for CsSnGeI3 [25]. Figure 2d 
shows the energy band diagram of ETL/perovskite/HTL materials in the device structure, with the interface conduction 
and valence band offset at the ZnO:Al/CsSnGeI3 interface of 0.45 eV and 2.17 eV while at the CsSnGeI3/CuI interface, 
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the interface conduction and valence band offset are 1.41 eV and 0.08 eV respectively. These values are beneficial for 
flow of charge careers within the interface and subsequently result to enhanced device performance. 

 
3.2. Effect of the absorbing layer thickness 

The absorbing layer thickness is one of the important parameters having a significant impact on the device’s 
performance. A good choice of this thickness is very essential to determine better device’s performance. In order to study 
its impact on the perovskite solar cell, the CsSnGeI3 layer thickness was varied in the range of 100–1000 nm while keeping 
all other parameters untouched as detailed in Tables 1 and 2. The J-V curve and the quantum efficiency of the performance 
with varied device is shown in Figure 3a & b. The effect of the variation of the absorbing layer thickness on the device 
parameters; Voc, Jsc, FF and PCE are shown in Figures 3c & d. 

The Voc and Jsc rise sharply with corresponding increase in thickness of absorbing layer up to a thickness of 500 nm, 
and rises steadily from 600 to 1000 nm as shown in Figure 3(d). PCE of the device is low when thickness of the absorbing 
layer is too small as shown in Figure 3(c), which is evident to poor absorption of light by the material. As the thickness 
of the absorbing layer increases, the number of photo-generated charge careers increases leading to greater PCE of device, 
due to more photons being absorbed by the material [27].  

Figure 3. (a) J-V curve with varied absorber thickness under illumination, (b) QE curve with respect to wavelength, (c) PCE and 
FF with respect to thickness and (d) Jsc and Voc with respect to varied absorber thickness 

The fill factor decreases rapidly from 100 to 200 nm of absorbing layer thickness, before increasing slightly to a 
peak value of 400 nm of thickness, and finally decreases steadily when the absorbing layer thickness increases beyond 
400 nm. The decrease in the value of FF in relation to absorber layer thickness is due to an increase in series 
resistance [28]. 

Therefore, the optimal thickness of the CsSnGeI3 in our research work was 1000 nm and as such considered for 
further simulation. The device performance at that thickness gave the following metric performance: PCE = 24.122%, 
FF = 86.345%, Jsc = 25.466 mA/cm2, and Voc = 1.097 V. 

The quantum efficiency versus wavelength plot for the device with varied thickness is shown in Figure 3b. The QE 
increases with increasing thickness of CsSnGeI3 from 80% at 100 nm to 99.4% at 1000 nm. The strong QE is due to 
increase in absorption coefficient as the thickness increases [20]. 
 

3.3. Effect of absorbing layer defect density 
The surface and bulk of the absorbing layer are prone to defects which are unavoidably present. In perovskite layers, lattice 

vacancy, interstitial, schottky, and frenkel defects are such defects which can be found as point defects [29]. When PSCs absorb 
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light, the absorbing layer in turn generates photoelectrons, and if the film quality is poor, there will be an increase in defect 
density, leading to quenching losses in absorbing layer which is a determining factor for the Voc of the solar cell [19]. From 
research findings, in lead-free perovskites films, minimal grain boundary length and the carrier recombination occur due to their 
improved quality crystal grains. Long carrier diffusion length is responsible for decrease in further recombination which is 
observed in perovskite films with lesser defects [30, 31]. The Shockley-Read-Hall (SRH) recombination model can be used to 
study the impact of the absorbing layer defect density on the performance of a solar cell [32]. 

The defect density (Nt) of the absorbing layer was varied from 1014 to 1019 cm−3 and its impact on the device 
photovoltaic parameters is explored systematically. The J-V curve and QE for varied Nt is shown in Figures 4a & b. 
Figures 4c & d show the correlation between PCE, FF, Jsc and Voc with Nt. Increase in defect density of the absorbing 
layer, results to decrease in the photovoltaic parameters of the cell. This can be attributed to increase in the carrier 
recombination of the device [19]. From the values of 1016 to 1017 cm−3, slight decrease was observed across all 
photovoltaic parameters. From the values of 1017 to 1018 cm−3 of defect density, a sharp decline across all photovoltaic 
parameters were observed, and finally a drastic fall in the performance of the device from 1018 to 1019 cm−3. The optimized 
value of absorbing layer defect density was chosen as 1014 cm−3 with photovoltaic parameters: Voc of 1.099 V, Jsc of 
26.213 mA/cm2, FF of 86.336%, and PCE of 24.866%. 

Figure 4. (a) J-V curve with varied absorber defect density under illumination, (b) QE curve with respect to wavelength, (c) PCE 
and FF with respect to absorber defect density and (d) Jsc and Voc with respect to varied absorber defect density 

 
3.4. Effect of ETL thickness 

The thickness of ETL can greatly affect the performance of solar devices [33]. The function of the ETL is tasked 
with blocking holes, extraction and transporting the photo-electrons in the absorbing layer and prevention of the charge 
carrier recombination of holes and electrons in the front electrode in the absorbing layer [34]. This parameter is very 
important for device optimization in order to enhance the performance of PSCs. The thickness of ETL was varied from 
50 to 500 nm and the resulting variation in device photovoltaic parameters is shown in Figures 5a-d. Figures 5a & b show 
the J-V plot and QE curve with varied ETL thickness while Figures 5c & d show the correlation of photovoltaic parameters 
with ETL thickness. It is observed that as the thickness of ETL increases, the performance of the device for simulated 
PSCs decreases. Steady decrease was observed through the Voc, Jsc, and PCE of the device, as the thickness of the ETL 
increases. However, the FF increases steadily as there was increment in the ETL thickness. Optimal values were observed 
at the thickness value of 50 nm with Voc of 1.099 V, Jsc of 26.190 mA/cm2, FF of 86.336%, and PCE of 24.841%. The 
optimal value was used for further simulation. 
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Figure 5. (a) J-V curve with varied ETL thickness under illumination, (b) QE curve with respect to wavelength, (c) PCE and FF 
with respect to ETL thickness and (d) Jsc and Voc with respect to varied thickness 

The chances of recombination are increased as the thickness of the ETL is increased, for the fact that charges take 
longer route of travel for diffusion to occur, leading to reduction in the PCE of the device. The efficiency decrease at a 
certain rate with corresponding increment in the ETL thickness, is apparently due to an increase in recombination [35,36]. 
Selecting the thickness from 50 to 500 nm results to spectral overlap in the QE versus Wavelength curve which is 
attributed to unchanged optical absorption efficiency within the selected values of thickness as shown in Figure 5b. 

 
3.5. Effect of ETL doping concentration 

Current generation is enhanced as electrons are being accelerated as a result of doping concentration of the ETL. 
The charge carrier conductivity is enhanced as there is an effective suppression of the ETL/absorber interface defects due 
to the introduction of n-type Al dopant in the ZnO ETL to replace the Zn2+. The introduction of a donor level at 120 meV 
below the conduction band can lead to an appropriate band alignment, and an increase in the free carrier 
concentrations [37]. 

The doping concentration was varied from 1011 to 1019 cm-3 for the ETL. Figures 6a & b show the J-V behaviour 
and QE properties of the simulated device with varied ETL doping concentration while Figures 6c & d show the variation 
of performance parameters with doping concentration of ETL. There was a decrease in the Voc, PCE and FF of the device 
as the doping concentration increased; steady decrease was observed in the Voc before a rapid decrease was observed from 
1018 to 1019 cm-3. The PCE of the device experiences an increase from the values of 1015 to 1017 cm-3, before following a 
declining path. The FF of the device experiences an increase from the values of 1013 to 1016 cm-3, before following a 
declining path. The Jsc of the device experiences an increase from the values of 1015 to 1017 cm-3. The optimized values 
of photovoltaic parameters were chosen at a Voc of 1.149 V, Jsc of 25.922 mA/cm2, FF of 88.260%, and PCE of 26.280% 
for an ETL doping concentration of 1017 cm-3. There was spectral overlap at the QE plot which shows an unchanged 
optical absorption within the selected doping concentration values. 

 
3.6. Effect of back-metal contact work functions on the device 

The back-metal contact is deposited over the perovskite absorber or HTM, for holes collection from the external 
circuit. The formation of an ohmic contact is vital to facilitate proper majority charge carrier collection (holes via the 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

5

10

15

20

25

30

C
ur

re
nt

 d
en

si
ty

 (m
A/

cm
2 )

Voltage (V)

 0.05 µm
 0.10 µm
 0.15 µm
 0.20 µm
 0.25 µm
 0.30 µm
 0.35 µm
 0.40 µm
 0.45 µm
 0.50 µm

(a)

300 400 500 600 700 800 900 1000
0

20

40

60

80

100

Q
E 

(%
)

Wavelength (nm)

 0.05 µm
 0.10 µm
 0.15 µm
 0.20 µm
 0.25 µm
 0.30 µm
 0.35 µm
 0.40 µm
 0.45 µm
 0.50 µm

(b)

0.0 0.1 0.2 0.3 0.4 0.5

86.3355

86.3360

86.3365

86.3370

86.3375

Thickness (µm)

FF
 (%

)

(c)

24.79

24.80

24.81

24.82

24.83

24.84

24.85
PC

E 
(%

)

0.0 0.1 0.2 0.3 0.4 0.5
1.09856

1.09857

1.09858

1.09859

1.09860

1.09861

1.09862

1.09863

1.09864

Thickness (µm)

Vo
lta

ge
 (V

)

(d)

26.13

26.14

26.15

26.16

26.17

26.18

26.19

C
ur

re
nt

 d
en

si
ty

 (m
A/

cm
2 )



131
Numerical Study of 25.459% Alloyed Inorganic Lead-Free Perovskite...          EEJP. 4 (2022)

back-metal contact). The work function of different back-metal contacts was studied to understand their effect on the 
performance of the device. The back-metal contact work functions studied were; Carbon (C) of 5.00 eV, Gold (Au) of 
5.1 eV, Palladium (Pd) of 5.30 eV, and Platinum (Pt) of 5.65 eV.  

  

Figure 6. (a) J-V curve with varied doping concentration under illumination, (b) QE curve with respect to wavelength, (c) PCE and 
FF with respect to doping concentration and (d) Jsc and Voc with respect to doping concentration 

The impact of the back-metal contact work functions on the performance of the device is shown in Figures 7a-d with 
Figure 7a showing the J-V curve, 7b showing the QE and 7c & d showing the performance correlation with metal back 
contacts. As observed, when the back-metal work functions increased from 5.00 to 5.65 eV, there were no changes 
observed in the Jsc and Voc values. The FF values increased from 86.277 to 86.344%, and PCE from 24.809 to 24.828%. 

From the results obtained, it can be seen that, as the back-metal work functions increases, there is efficiency 
enhancement improving the performance of the device in turn. For this device, it can be concluded that a high PCE can 
be achieved when the back-metal work function is not less than 5.1 eV. The optimized values of photovoltaic parameters 
were chosen at a Voc of 1.097 V, Jsc of 26.174 mA/cm2, FF of 86.344%, and PCE of 24.828% for the back-metal contact 
of Pt with a work function of 5.65 eV for this device. There was spectral overlap at the QE plot which shows an unchanged 
optical absorption within the selected back-metal contact. 

 
3.7. Effect of temperature on the device 

Solar cells are generally installed outdoors, and the temperature will increase due to continuous solar radiation even 
higher than normal room temperature of 300 K. Therefore, it is necessary to understand the performance of the device 
with these variations in temperature. The device was varied from an operating temperature of 260 to 350 K subjected to 
constant illumination. The effect of temperature on the J-V curve is shown in Figure 8a. The correlation between the PCE, 
FF, Jsc and Voc with temperature is shown in Figures 8b & c. From observation, as the temperature increases from 260 to 
350 K, the Voc decreases linearly from 1.150 to 1.034 V, the FF decreases steadily from 87.926 to 84.093%, and PCE 
decreases from 25.172 to 23.942%. However, the Jsc of the device increases steadily with temperature increase from 
24.897 to 27.538 mA/cm2.  
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Figure 7. (a) J-V curve with different metal contact under illumination, (b) QE curve with respect to wavelength with different 
metal contact, (c) PCE and FF with respect to metal contact and (d) Jsc and Voc with respect to metal contact 

Figure 8. (a) J-V curve with varied temperature under illumination, (b) PCE and FF with respect to temperature and (c) Jsc and Voc 
with respect to temperature 
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The behavior exhibited by the Jsc is due to the metastable nature of the device at higher temperatures [38]. The 
electrons absorb enough photons and hence recombines with positive charge carriers that have been already generated, 
becoming a site for recombination, leading to an unstable state [38]. The decrease in Voc is attributed to the increase in 
defects as the temperature of the device increases. Change in the resistance of the device occurs as the temperature 
increases which affects electron and hole mobilities, and the carrier concentration leading to a decrease in PCE. 
 

3.8 Performance study of the initial and optimized device 
The J-V characteristics of the initial and optimized perovskite solar cell device simulated under illumination is shown in 
Figure 9. Under illuminated condition, the performance of the optimal PSC is as follows: Voc = 1.145 V, 
Jsc = 25.241 mA/cm2, FF = 88.060% and PCE = 25.459%. Upon comparing with the initial device, an appreciable 
improvement of ~4.20%, ~2.00% and ~2.56% in Voc, FF and PCE respectively were observed. 

 
Figure 9. Initial and optimized of J-V curves the device 

 
4. Conclusion 

In this paper, the numerical investigation of lead-free CsSnGeI3-based perovskite solar cell was performed using 
SCAPS-1D simulation software. The device performance was studied to achieve better efficiency with respect to (i) effect 
of the absorbing layer thickness, (ii) effect of absorbing layer defect density, (iii) effect of ETL thickness, (iv) effect of 
ETL doping concentration, (v) effect of back-metal contact work functions and (vi) effect of temperature on the device. 
Our study revealed that better photovoltaic parameters were obtained when the optimal values of the absorbing layer 
thickness was 1000 nm, the absorbing layer defect density was 1014 cm−3, the ETL thickness was 50 nm, the ETL doping 
concentration was 1017 cm-3 and the best performing back-metal contact was Pt with a work function of 5.65 eV. Also, 
the CsSnGeI3-based perovskite solar cells are very sensitive to temperature with an optimized value of 260 K. There was 
significant degradation of PV parameters as the temperature of the device increases, adversely affecting material 
conductivity. The optimized device (FTO/ZnO:Al/CsSnGeI3/CuI/Pt) gives PCE of 25.459%, Voc of 1.145 V, Jsc of 
25.241 mA/cm2, and fill factor of  88.060%. A 2.56% improvement in PCE and 4.20% improvement in Voc were obtained 
over the initial device. This numerical simulation paves better understanding on the choice of parameters leading to a 
high performing PSCs, stability enhancement and characterization. 
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ЧИСЕЛЬНЕ ДОСЛІДЖЕННЯ 25,459% ЛЕГОВАНОГО НЕОРГАНІЧНОГО БЕЗСВИНЦЕВОГО СОНЯЧНОГО 
ЕЛЕМЕНТА НА ОСНОВІ ПЕРОВСКІТУ CsSnGeI3 ШЛЯХОМ СИМУЛЯЦІЇ ПРИСТРОЮ 

Мухаммед О. Абдулмалікa, Елі Данладіb, Ріта С. Обасіc, Філібус М. Гюкd, 
Френсіс У. Саліфуa, Сулейман Магаджie, Анселем С. Егбугаf, Даніель Томасd 
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Токсичний свинцевий компонент, а також дорогий і менш стабільний spiro-OMeTAD у перовскітних сонячних елементах 
(PSC) створюють велику перешкоду для їх комерційної життєздатності. У цьому дослідженні було запропоновано та 
реалізовано обчислювальний підхід до моделювання та симуляції всіх неорганічних перовскітних сонячних елементів на 
основі цезію олова-германію (CsSnGeI3) за допомогою інструменту імітатора ємності сонячних елементів (SCAPS–1D). 
Допований алюмінієм оксид цинку (ZnO:Al) і йодид міді (CuI) використовувалися як транспортні шари електронів і дірок 
(ETL і HTL) відповідно. Початковий пристрій без будь-якої оптимізації дав ефективність перетворення потужності (PCE) 
24,826%, коефіцієнт заповнення (FF) 86,336%, щільність струму короткого замикання (Jsc) 26,174 мА/см2 і напругу холостого 
ходу (Voc) 1,099 В. При зміні вищезазначених параметрів індивідуально, зберігаючи інші незмінними, оптимальні значення 
становлять 1000 нм для товщини поглинача, 1014 см-3 для щільності дефектів шару поглинача, 50 нм для товщини ETL, 
1017 см-3 для концентрації легування ETL і 260 K для температури . Моделювання з цими оптимізованими значеннями 
призводить до PCE 25,459%, Voc 1,145 В, Jsc 25,241 мА/см2 і FF 88,060%. Ці результати вказують на те, що CsSnGeI3 є 
життєздатним альтернативним поглинаючим шаром для використання в конструкції перовскітного сонячного елемента з 
високим PCE. 
Ключові слова: перовскітні сонячні елементи, SCAPS–1D, CsSnGeI3, дірковий транспортний матеріал, електротранспортний 
матеріал 




