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Abstract 

    Due to enhanced performance, simplicity in manufacturing, scalability, and versatility, lead-

halide perovskite-based solar cells (HPSCs) have received much attention in the domains of 

energy. Lead is presented in nature as a poisonous substance that causes various issues to 

climate, human health and prevents their further industrialization. Over the past years, there 

has been a noticeable interest in exploring some alternative lead-free perovskites. However, 

owing to some intrinsic losses, the performance that may be achieved from these 

photovoltaics is not up to standards. Thus, for the purpose of efficiency improvement, a 

comprehensive simulation is required to comprehend the cause of these losses. In the current 

research, an investigation into how to employ the promisingly efficient lead-free, all-

inorganic cesium tin-germanium iodide (CsSnGeI3) perovskites as the photoactive layer in 

HPSCs. Results exhibited a high efficiency of 12.95% with a CsSn0.5Ge0.5I3 perovskite thickness 

of 0.6 µm and a bandgap of 1.5 eV at room temperature. High efficiency may be attained by 

using phenyl-C61-butyric acid methyl ester (PCBM) as an electron transport material because 

of its favorable energy-level alignment with the perovskite material. The research further 
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tested the perovskite layer thickness and defect density in depth. The results showed that the 

carrier diffusion lengths have a big effect on how well the HPSC works.  

 

Keywords: Perovskite solar cells; Simulation; PCBM; Diffusion length  

 

1. Introduction 

       Since the achievements of 2009 1, it is widely believed that halide perovskite solar cells 

(HPSCs) could have a significant effect on the progression of next-generation photovoltaics 

(PVs) 2-7. The most efficient HPSCs are based on lead (Pb) perovskites 8-11. Because Pb is 

thought to be very dangerous, the fact that it is in these devices has raised some issues, which 

may slow down or stop the commercialization process 12, 13. As a backup plan, scientists have 

been looking for perovskite-like materials that are less toxic. Pb-free materials have received 

a lot of attention and research, and the first results are promising. However, they have yet 

to approach the stunning performance of APbX3 semiconductors 14-17. Pb-free absorbers for 

photovoltaics should be non-toxic, have narrow energy gaps, high absorption coefficients, 

high mobilities, high charge-carrier diffusion length, and good stability. Some halides (tin, 

germanium), a few double perovskites, and Bi/Sb-based halides with perovskite-like phase 

are only a few examples of the low-toxicity components with perovskite structure that have 

desirable characteristics 18-22. 

      In particular, Sn-based perovskite materials have been attracting a lot of interest since 

they share many of the same features as the other options and have shown the most promise 

in terms of device performance 23-25. The direct bandgaps of these perovskites are 

significantly smaller and more appealing than those of their Pb-based counterparts, ranging 

from around 1.2 to 1.4 eV 26, 27. These perovskites exhibit direct bandgaps between 1.2 and 

1.4 eV, which are significantly smaller and more desirable than their Pb-based counterparts. 

Also, the all-inorganic Pb-free cesium tin triiodide (CsSnI3) perovskite is currently the best 

candidate owing to its enhanced optoelectronic features, making it a potential alternative to 

Pb-based light absorption perovskites 28, 29. Substituting Cs for the organic cation in the 

perovskites has been shown to greatly improve their thermal stability and ambient 

cell performance 30. Its power conversion efficiency (PCE)  over 10% is the highest of any Pb-

free all-inorganic HPSCs 31, 32. Nevertheless, the easy oxidation of tin(II) to tin(IV) and the 

accompanying phase instability in the inorganic halide lead to the fast deterioration of its 

characteristics 33. Recently, Min and colleagues advocated the addition of germanium (Ge) 

to CsSnI3 to develop the exceptionally stable and environmentally friendly CsSnGeI3 hybrid 

perovskite. Thermal evaporation was used to produce all-inorganic CsSn0.5Ge0.5I3 perovskite 

films with an energy gap of 1.5 eV and a relatively long diffusion length (Ln = 963 nm and Lp = 

653 nm), and HPSCs yielded a certified PCE of 7.1%. More remarkably, after 100 hours of 

continuous light exposure, the CsSn0.5Ge0.5I3 devices still maintain 91% of their original 
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performance when exposed to ambient air. CsSnGeI3-based HPSC is the most promising light-

absorbing semiconductor for use in future Pb-free HPSC applications 34. 

         Apart from the fabrication, Raghvendra and colleagues reported the modelling 

perspective of CsSnGeI3-based HPSCs. At an optimized defect density (Nt) of 1015 cm-3 (Ln = 16 

µm and Lp = 7.4 µm), the device gave a champion PCE of 10.18% 35. Another attempt has been 

made by Neelima and colleagues to enhance the performance of this type of inorganic 

perovskite. The simulated CsSnGeI3 cell showed best performance with an optimum Nt of 1016 

cm-3 (Ln = 5 µm and Lp = 2.3 µm), achieving a PCE of 20.58% 36. Sagar and colleagues optimized 

the Pb-free HPSC with a structure of ITO/titanium oxide (TiO2)/CsSn0.5Ge0.5I3/Spiro-

OMeTAD/Au. The optimized device recorded a PCE of 28.4% by using a low defect density of 

1014 cm-3 (Ln = 50 µm and Lp = 23 µm) 37. As aforementioned in the above discussion, we 

believe that the very high efficiency of the simulated CsSn0.5Ge0.5I3 device is because of the 

overstimulated in the diffusion lengths of photocarriers for the perovskite film, while to the 

best of our knowledge, the diffusion lengths of the CsSnI3 based perovskite film can only be 

approached to 1 µm 38. To predict optimal values for best performance from the 

photovoltaics, a comprehensive study of the interplay between the many factors that impact 

CsSn0.5Ge0.5I3 absorbers is required. Preliminary knowledge of the PV may be accessed 

through modelling. Simulated optimization results will simplify experimental optimization. 

Herein, a numerical study was carried out employing the Solar Cell Capacitance Simulator-1D 

(SCAPS-1D). The CsSnGeI3 perovskite has been modelled using this software. The device 

architecture of F-doped tin oxide (FTO)/PCBM/CsSnGeI3/Spiro-OMeTAD/Au was examined, 

and the findings were investigated and discussed. 

 

2. Simulation details 

      For PV modelling, a one-dimensional SCAPS simulation software was employed. The 

SCPAS program employs Poisson's equation, which defines the relationship between the 

photocarrier and the semiconductor’s electrostatic potential, and continuity equations, which 

represent charge generation and recombination kinetics in materials 39. Solving both 

Poisson's equation and the continuity equation gives us the quantum efficiency (QE) and J-V 

properties 40. Using Poisson's equation and the continuity equation, it is possible to figure out 

the density of electrons and holes 41, 42. The distribution of the electric field E(x) can be calculated 

using Poisson's equation: 

𝑑𝐸

𝑑𝑥
=
𝜌

𝜀
, 𝜌(𝑥) = 𝑞(𝑁𝐷 + 𝑝 − 𝑁𝐴 − 𝑛) 

Drift and diffusion current densities control the transportation properties of charge carriers 

in semiconductor. The following equations describe the drift and diffusion current densities 

for electrons and holes 22, 39. 

𝐽𝑛 = 𝑞𝑛(𝑥)𝜇𝑛𝐸(𝑥) + 𝑞𝐷𝑛
𝑑𝑛

𝑑𝑥
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𝐽𝑝 = 𝑞𝑝(𝑥)𝜇𝑝𝐸(𝑥) − 𝑞𝐷𝑝
𝑑𝑝

𝑑𝑥
 

Where µn and µp are to electron hole mobility, respectively, and Dn, and Dp are electron and 

hole diffusion coefficients respectively. ρ(x), ε, and q refer to space charge distribution, 

dielectric permittivity, and charge of electron, respectively. n(x) and Jn represent the 

concentration and current density of electrons. p(x) and Jp represent the concentration and 

current density of hole.  

      Seven layers, consisting of perovskite absorber, ETL, HTL, and electrodes, can be 

constructed into a HPSC using the SCAPS software. All PV computations in this study are 

performed under AM 1.5G (100 mW/cm2) conditions. Furthermore, J-V parameters at 

different absorber layer thicknesses, operating temperature, series resistance (Rs), shunt 

resistance (Rsh), and total defect density (Nt) have also been explored. Table 1 and Table 2 

provide a brief summary of the simulation's most important input parameters. To begin 

device modelling, we first use UV-vis measurements with to measure the absorbance 

spectrum and bandgap of the perovskite 43, 44, as shown in Figure S1. Then, the CsSnGeI3 

spectrum generated by UV-vis is used along with the default absorption spectra of the other 

layers to perform a full model of the PV device in SCAPS 1D. For the entire analysis, a constant 

AM 1.5G light spectrum was utilized, and the solar cell's operational temperature was 

maintained at 300 K for all studies, with the exception of those examining the impact of 

temperature on HPSC performance. The capture cross sections of an electron and a hole are 

considered to be 10-19 cm2 for all layers, which are supposed to possess a neutral defect type.    

 

Table 1. Input characteristics of FTO, ETL, CsSn0.5Ge0.5I3, and HTL layers. 

Material Spiro-OMeTAD CsSn0.5Ge0.5I3 PCBM FTO CuI CuSCN Cu2O 

Thickness (µm) 0.2 0.6 (varied) 0.05 0.2 0.2 0.2 0.2 

Bandgap (eV) 2.9 1.5 2 3.2 2.98 3.5 3.5 

χ (eV) 2.2 3.9 4 4 2.1 1.8 4.0 

εr 3 28 3.9 9 6.5 10 7.11 

CB effective density of 
states (1/cm3) 

2.8 x 1018 1 x1019 1.17 x1019 2.2 x1018 1022 1022 2.2 ×1018 

VB effective density of 
states (1/cm3) 

1.8 x1019 1 x1019 1.12 x1019 1.8 x1019 1022 1022 1.8×1019 

Electron thermal 
velocity (cm/s)  

1 x107 1 x107 1 x107 1 x107 1 x107 1 x107 1 x107 

Hole thermal velocity 
(cm/s) 

1 x107 1 x107 1 x107 1 x107 1 x107 1 x107 1 x107 

µe (cm²/Vs) 1 x10-4 974 2 x10-2 20 1.7 ×10−4 1 ×10−4 20 

µh (cm²/Vs) 1 x10-4 213 2 x10-2 10 1.7 ×10−4 1 ×10−4 10 

ND (1/cm3) _ _ 1 x1016 2 x1019 -  -  - 

NA (1/cm3) 1.3 x1018 1 x1019 _ _ 2 × 1018 2 × 1018 1018 

 Nt (1/cm3) 1 x1014 
2.75 x1017 

(varied) 
1 x1015 1 x1015 109 109 1015 
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Reference  39 45 46 47 48 49 50 

 

Table 2. Interface parameters of FTO/PCBM/CsSn0.5Ge0.5I3/Spiro-OMeTAD/Au cell. 
Interface Spiro-OMeTAD/CsSn0.5Ge0.5I3 PCBM/CsSn0.5Ge0.5I3 

Defects type Neutral Neutral 
Capture cross-section for 

electron (cm2) 
1 × 10−19 1 × 10−19 

Capture cross-section for hole 
(cm2) 

1 × 10−19 1 × 10−19 

Energetic distributions single single 
Defects energy level Et up the maximum Ev up the maximum Ev 

Reference for defect energy level 
Et 

0.06 0.06 

Total  density (integrated over all 
energies) (1/cm2) 

1 × 1010 1 × 1010 

  

3. Results and discussion  

        Figure 1a depicts a schematic of the planar heterojunction structure employed for 

numerical modelling of HPSC. In this computation, FTO with a work function of 4 eV is 

considered as the front electrode, PCBM as the ETL, Spiro-OMeTAD as the hole transport layer 

(HTL), CsPbSnGeI3 composite perovskite is obtained as the light harvester film, and Au as the 

back electrode. Figure 1b-c shows the band diagram for the computed HPSC structure at 

equilibrium. There is a mismatch of approximately 0.3 eV between the highest occupied 

molecular orbitals (HOMO) of the HTL and the CsSnGeI3 layer. The mismatch should become 

low enough for holes to smoothly transit from the perovskite to the HTL 51, as well as a 0.1 eV 

potential barrier between the lowest unoccupied molecular orbital (LUMO) and the 

conduction band of the ETL. For optimal HPSC performance, the LUMO of the ETL should be 

equal to or slightly greater than that of the perovskite material, but this was not the case in 

the experimental device. Compared to MASnI3-based HPSC, CsSnGeI3-based HPSC exhibits a 

rapid electron transport rate 37. Figure 1d demonstrates the absorption coefficients of all 

layers utilized in this simulation work. The perovskite layer has the highest absorbance in the 

visible range of incident light, which is beneficial for this type of optoelectronic device.       
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Figure 1. (a) Schematic layout of the HPSC architecture. (b) Schemitic diagram of energy band 

alingment for CsSn0.5Ge0.5I3 photovoltaic. (c) Energy band diagram of the PSC without 
illumination. (d) Absorption coefficient of various layers used for simulating HPSCs. 

 
        The thickness of the perovskite has a significant role in determining HPSC 

performance. Therefore, it is essential to optimize perovskite thickness. Figure 2a shows how 

the thickness of the perovskite layer influences the J-V plot of the PV device. 0.6 µm is the 

optimum CsSnGeI3 thickness. Utilizing the same values for all other layers as given in Table 1, 

allows for a variation in CsSnGeI3 thickness of 0.2 µm to 1 µm. With increasing 

CsSnGeI3 thickness, PCE improves linearly. This is due to the higher rate of absorption, which 

raises the quantity of photocarriers relative to thickness 52. However, the PCE reduces when 

the CsSnGeI3 thickness is increased above the ideal value. The produced electron-hole pairs 

recombine far above the optimum thickness, which lowers PCE. Table 3 illustrates the 

variation of other PV characteristics. VOC decreases with increasing thickness as a result of the 

increased recombination rates of photocarriers caused by the large production of 

photocarriers. For a perovskite thickness of 1 µm, the highest value of JSC achieved is 27.008 

mA/cm2. The large absorption coefficient of the absorber layer is responsible for the gradual 

increment in JSC with respect to thickness 53. As stated in the literature 40, a rise in resistivity 

in the device due to an increase in perovskite thickness causes a reduction in FF. The lowest 

value for FF was roughly 62.07%. Series resistance (Rs) gradually rises with increasing 

perovskite thickness and causes FF to decrease.  

        Even though several computational analyses claimed that HPSCs using CsSnGeI3 as the 

perovskite film and PCBM as the ETL performed well 45, experimental research shows that 

HPSCs using CsSn0.5Ge0.5I3 as the absorber layer had a certified PCE of 7.1% 34. This shows that 

the results we achieved by using an accurate DFT absorption spectrum for the CsSn0.5Ge0.5I3 

film are in line with the findings of the experiment outputs. Here, additional studies are 

conducted utilizing the perovskite layer's comparable characteristics by altering the Rs and 

defect density of the absorber film. From Figure 2b, we find the HPSCs reveal high QE in the 

visible range. Hence, devices possess high JSC values. It is evident that a thinner 

perovskite causes fewer light absorption to occur at longer wavelengths. This is due to less 

photo-induced carriers being found within the absorber film. Also, at wavelengths longer than 
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820 nm, there is no light absorption below the bandgaps, so the QE drops to zero. 

Additionally, QE decreases to zero for wavelengths greater than 820 nm because light cannot 

be absorbed below the bandgaps. All simulated PV shows a reduction in QE at wavelengths 

below 390 nm. This is due to photons being mostly captured by the substrate and ETL. Also, 

we check the influence of the front electrode type on the device performance at an optimized 

perovskite thickness (0.6 µm). As shown in Figure S2, the PCE of HPSC decreased with use of 

ITO as a front electrode. This reduction is mainly due to the suppression of the FF parameter 

to 53.16%.      

 

  
Figure 2. (a) J-V characteristics of HPSC devices with variation of absorber layer thickness. (b) The 

corresponding QE profiles.  
 

Table 3. PV parameters of CsSn0.5Ge0.5I3 cells with variation of 
perovskite thickness. 

Perovskite 
thickness (µm) 

VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

0.2 0.771 18.950 71.831 10.504 

0.3 0.759 22.120 71.683 12.036 

0.4 0.747 24.005 70.969 12.743 

0.5 0.738 25.170 69.894 12.985 

0.6 0.729 25.912 68.566 12.956 

0.7 0.721 26.393 67.065 12.764 

0.8 0.713 26.704 65.450 12.472 

1.0 0.699 27.008 62.070 11.735 
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        The influence of Rs on PV parameters was investigated, and it was shown to have a crucial 

role in influencing JSC, FF, VOC, and PCE (Table S1). Rs in HPSC has several causes, such as bulk 

resistance of perovskite, ETL, HTL, interfacial resistance, and the ohmic resistance of the 

electrodes. As reported, high Rs will decrease the value of PCE, JSC, and VOC of the HPSCs 54. 

Figure 3a illustrates how JSC, FF, and PCE dropped as Rs increased. The VOC, which maintains a 

constant value of approximately 0.729 V during the whole operation, is unaffected by changes 

in Rs. This investigation has shown that the performance of the HPSC increases as the Rs 

decreases. Rs should be decreased in order to improve device performance. It may be 

accomplished by increasing the cell's ETL, perovskite, and HTL conductivity. The Rs of the 

device can be decreased by lowering the interface resistance 55.  

       Photovoltaic performance is severely impacted by low shunt resistance (Rsh). Rsh  reveals 

perovskite pinholes and recombination processes. Figure 3b and Table S2 illustrate the 

impact of Rsh 
56. This research found that although the value of JSC remained consistent even 

when the Rsh reached 1100 Ω.cm2, the value of VOC increased slightly with the Rsh. 

Furthermore, the device's FF and PCE steadily rise with Rsh value, and the device performance 

is shown to be constant for a high value of Rsh of 1100 Ω.cm2. 

 

  
Figure 3. J-V characteristics of PSC devices with different (a) series resistances and (b) shunt resistances. 

 

 

          One of the key factors determining HPSC performance is the perovskite defect density 

(Nt). Numerous defects occupy the perovskite's surface and interior. Nonradiative 

recombination occurs in the HPSC due to defects in the perovskite that accumulate 

photogenerated carriers. It has been shown that the density of Nt has a direct relationship to 

the recombination rate 57. An increase in Nt causes a rise in charge recombination because 

the charge carrier lifetime is reduced. J-V curves for varying perovskite Nt are described in 

Figure 4 and related PV parameters listed in Table S3. An increase in perovskite Nt reduces 

the diffusion length of photocarriers, leading to a high concentration of deep-level defects 

and a consequently raised rate of non-radiative recombination. The low efficiency of the HPSC 

is due to the increased recombination rate 58. Therefore, for higher values of PV parameters, 
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the Nt of the device should be reduced (Table 4), yet devices with a very low Nt are not 

reported. 

 

 

 
Figure 4. Effect of total defect density on J-V characteristics. 

  

Table 4. Influence of Nt and diffusion length of charge 
carriers on the PSC performance for a constant perovskite 
thickness of 0.6 µm.  

Nt (1/cm3) LN (µm) LP (µm) PCE (%) 

1 × 1014 50 23 23.406 

1 × 1015 16 7.4 21.115 

1 × 1016 5 2.3 17.920 

5 × 1016 2.2 1.1 15.591 

1 × 1017 1.6 0.74 14.600 

5 × 1017 0.71 0.33 11.817 

1 × 1018 0.5 0.23 10.310 
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perovskite film decreases from 0.799 V to 0.588 V, the FF drops from 67.875% to 65.270%, 

and the PCE decreases from 14.067% to 9.921% (Table 5). Nevertheless, JSC was found to be 

rather consistent at 25.912 mA/cm2. At a higher temperature, the bandgap was narrowed, 

leading to an increase in photocarrier recombination and a drop in VOC. In addition, an 

increase in temperature immediately correlates with an increment in defects, reducing VOC. 

When the temperature rises, HPSC physical characteristics such as charge mobility, as well as 

the carrier concentration, are influenced by the variation in resistance, resulting in a decline 

in PCE 36, 59. 

 

 

 
Figure 5. (a) Impact of operating temperature on J-V merits. (b) Variation of PV parameters (FF, PCE, VOC, 

JSC)   

  

Table 5. Influence of operating temperature on the PSC performance. 

T (oK) VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

280 0.799 25.936 67.875 14.067 

290 0.762 25.925 68.480 13.522 

300 0.729 25.912 68.567 12.956 
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350 0.588 25.861 65.270 9.921 

 

 

        After all else is complete, we get into HTL optimization. To select the optimal hole 

transport layer (HTL) and establish its PV characteristics, we use inorganic copper iodide (CuI), 

copper thiocyanate (CuSCN), and copper oxide (Cu2O) on the HPSC instead of Spiro-OMeTAD. 

Various J-V characteristics for each HTL employed in the HPSC are displayed in Figure 6, and 

their related PV parameters are listed in Table 6. Compared to other HTLs, Cu2O offers 

superior performance in terms of J-V characteristics, JSC, and PCE. 

 

 
Figure 6. Effect of HTL type on J-V plots at an optimized perovskite thickness. 

 

Table 6. J-V key parameters of HPSCs using different HTLs. 

HTL VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

Spiro-OMeTAD 0.729 25.91 68.56 12.95 

CuSCN 0.762 26.01 75.62 14.98 

Cu2O 0.763 26.02 75.61 15.01 

CuI 0.835 25.83 53.43 11.53 

 

 

 

4. Conclusions 

      Using the SCAPS-1D software package, performance tuning studies of HPSCs with 

inorganic mixed CsSnGeI3 as the photoactive material, PCBM as the ETL, and Spiro-OMeTAD 

as the HTL show the potential for developing lead-free HPSCs with a decent standard of 
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performance. The findings suggest that because of the improvement of carrier production 

and reduced recombination rate, adequate perovskite thickness and low defect density can 

boost efficiency. The optimized device yielded parameters that correspond to a VOC of 0.729 

V, a JSC of 25.912 mA/cm2, a FF of 68.566%, and a PCE of 12.956%. It is revealed that the PCBM 

film can replace the common unstable TiO2 film. For the 

structure FTO/PCBM/CsSnGeI3/Spiro-OMeTAD/Au, numerical modeling to analyze the 

influence of different parameters on HPSC efficiency reveals that the ideal thickness and 

perovskite defect density are 0.6 µm and 1 × 1017 cm-3, respectively. The operating 

temperature of a HPSC has an impact on its efficiency. According to this modeling analysis, 

280 K is the ideal operating temperature. Additionally, it has been shown that the device's 

efficiency suffers when its series resistance exceeds 2 Ω.cm2. A high shunt resistance value of 

1100 Ω.cm2 is also necessary to achieve optimum HPSC performance. 
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