
Abstract— As demand grows for high-efficiency, affordable, 

and eco-friendly photovoltaic technology, alternative materials 

such as CsGeI2Br and FASnI3 can play a significant role. Tin (Sn) 

and germanium (Ge) based materials can be promising substitutes 

for lead (Pb) based materials in the development of Perovskite 

solar cells (PSC) due to their superior optical properties, higher 

carrier mobility, and better performance. This research aims to 

enhance the efficiency of CsGeI2Br/FASnI3 double absorber-based 

(PSC), where PCBM was used as the ETL and PTAA as the HTL. 

The analysis was conducted by varying the  absorber layer's 

thickness, doping density, and defect density using the SCAPS-1D 

numerical simulator and investigating the influence on 

key  performance parameters such as power conversion efficiency 

(PCE), short circuit current density (Jsc), open circuit voltage (Voc) 

and fill factor (FF). Before optimization the device structure 

(FTO/PCBM/CsGeI2Br/FASnI3/PTAA/Au) provide a PCE of 

21.20%, Jsc of 28.70 (mA/cm2), Voc of 1.16 V and FF of 63.63% 

but  after considering the standard optimized parameters the 

device achieved a PCE of 35.00%, Jsc of 30.44 (mA/cm2), Voc of 1.30 

V and FF of 88.46%. Additionally, to evaluate the optimized 

device's reliability and stability, the following analyses are 

performed: temperature (T), series resistance (Rs), and shunt 

resistance (Rsh). The simulation outcomes were validated through 

comparison with prior research. The proposed device structure 

not only achieved superior performance but is also lead-free and 

cost-effective. The results demonstrate the potential of lead-free Sn 

/Ge-based perovskite architectures for high-performance and 

environmentally preferable photovoltaic applications 
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I. INTRODUCTION

HE 21st century has witnessed a substantial increase in

global energy demand for driving the digital  civilization

and industrial economy [1], [2]. Currently, global energy 

consumption stands at approximately 29,471 TWh and is 

predicted to exceed 36,000 TWh by 2030 [3]. The majority of 

the demand is fulfilled by burning traditional fossil fuels. 

Whereas, these resources are finite, and overutilization can 

worsen global warming by increasing greenhouse gas emissions 

[4]. Consequently, it is urgent to migrate towards renewable 

energy sources, as they offer an environmentally friendly, cost- 

effective solution. Additionally, it can reduce dependence on 

finite energy sources and ensure long-term security [5].  

Among various renewable energy sources, solar energy 

emerges as a prime candidate for replacing traditional fossil 

fuels due to its remarkable abundance, sustainability, and 

inexhaustibility [6]. Solar energy is readily available 

worldwide, making it more viable for real-world applications. 

Photovoltaic technology offers clean, sustainable solutions by 

converting solar irradiance directly into electricity [7], [8].  In 

the field of photovoltaics, PSC offers a revolutionary third-

generation technology with exceptional optoelectronic 

properties, including higher absorption, longer diffusion length, 

tunable bandgap, and low-cost fabrication [9]. Perovskite 

material utilizes ABX3 crystal structure, where A and B are 

cations, and X is a halide anion [10]. However, single-junction 

PSCs are limited by the Shockley-Queisser limit. To overcome 

this limitation and harness a wide spectrum, a tandem solar cell 

is proposed. which can utilize multiple active layers with 

different band gaps to collect both high and low energy photons 

[11]. The commercialization of PSCs is hindered by the 

presence of toxic lead (Pb), posing environmental and health 

risks [12]. If lead (Pb) can be replaced by eco-friendly 

alternatives with the same optical properties, it can be a 

promising solution.  

In a recent study, the author explored the FASnBr3 absorber 

with ETL (PCBM) and investigated the impact of thickness and 

temperature variation. Additionally, highlight the importance of 

band alignment between the ETL/absorber for reducing non-

radiative recombination [13]. On the other hand, another author 

utilized FASnI3 as the bottom active layer and focused on 

increasing light absorption by varying the cell thickness. 

Finally, they achieved a total PCE of 28.22%, Jsc of 27.886 
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(mA/cm2), Voc of 1.14 V, and FF of 88.74% [14]. A similar 

investigation was conducted by another author in a single 

junction structure using FASnI3 as an absorber layer, after 

systematically varying thickness, doping, bandgap, and 

electron affinity, achieving a PCE of 14.17% [15]. Following 

this approach, another study explores an FAGeI3 absorber with 

an organic HTL (PTAA) and proposes a lead-(Pb)- free device 

structure. After optimizing the thickness of ETL and HTL, a 

PCE of 15.62% was achieved [16]. However, another author 

reported a CsGeI2Br absorber-based single-junction structure in 

which ZnO is the most suitable HTL. After optimizing different 

parameters, the final outcome achieved a PCE of 29.37% [17]. 

Unlike earlier, the author analyzes a lead (Pb)- based 

CsPbI3/MoSe2 double absorber structure with a theoretical 

efficiency of 41.86%. To achieve this remarkable efficiency, 

the researcher adjusted the defect density and thickness of both 

active layers. Additionally, the impact of series resistance and 

temperature on device performance was evaluated [18]. 

However, lead (Pb)-based structures offer superior efficiency; 

we have to avoid them due to their toxicity and environmental 

risks [19].  

In this proposed study, a numerical simulation was conducted 

using SCAPS-1D. PCBM and PTAA are used as the organic 

ETL and HTL, respectively, and gold (Au) as the back contact. 

Additionally, CsGeI2Br functions as the top layer, FASnI3 acts 

as the bottom layer. By utilizing tin (Sn) and germanium (Ge)-

based structures instead of lead (Pb), this research promotes 

green technology that maintains high efficiency and is 

ecologically sound. Therefore, the oxidation of tin (Sn2+ to 

Sn4+) in FASnI3 introduces deep trap states that act as carrier 

recombination centres, along with higher defect density and 

lower carrier mobility, which ultimately contribute to lower 

Voc. In this study,  experimentally reported degradation effects 

were incorporated into the SCAPS-1D simulation by using 

experimentally realistic defect densities to account for non-

radiative recombination losses. On the other hand, Ge-based 

active layers exhibit better stability, lower defect density, and 

higher carrier mobility [20]. Finally, after optimizing specific 

parameters, the device achieved PCE = 35.0%, FF = 88.46%, 

Jsc= 30.44 (mA/cm2) and Voc = 1.30 V. The overall performance 

of the proposed PSC represents a remarkable achievement in 

photovoltaic research, ensuring lead-free, low-cost fabrication 

and sustainability. 

II. DEVICE STRUCTURE 

In this analysis, a multi-junction PSC is proposed. CsGeI2Br 

is utilized as the top layer, and FASnI3 is used as the bottom 

layer. Two different bandgap active layers expedited the 

collection of a broad solar spectrum. Both absorbers perform 

more effectively by using tin (Sn) and germanium (Ge) instead 

of lead (Pb). The top absorber  CsGeI2Br exhibits superior 

thermal and moisture stability, and the bottom absorber  FASnI3 

improves structure integrity [13]. Fig. 1 displayed a double 

absorber-based PSC (FTO/PCBM /CsGeI2Br/ FASnI3/PTAA 

/Au) structure. Where FTO is used as the front contact and gold 

(Au) serves as the back contact. The organic materials PCBM 

and PTAA are employed as the electron transport layer (ETL) 

and hole transport layer (HTL), respectively. PCBM 

demonstrates favorable conduction-band alignment with 

CsGeI2Br (ΔEC = −0.14 eV), facilitating efficient electron 

extraction. Similarly, PTAA achieves a near-flat valence-band 

offset with FASnI3 (ΔEV = −0.13 eV), which enhances hole 

extraction and reduces interfacial recombination. These 

advantageous band alignments justify the selection of PCBM 

and PTAA over alternative charge transport layers, including 

ZnO, CuSCN, and P3HT. Additionally, they are lightweight, 

flexible, and suitable for low-cost fabrication. Therefore, the 

entire simulation was conducted at 300 K with an AM 1.5 G 

light spectrum and a 1×106 Hz frequency. Table I shows 

interfacial layers (PCBM/CsGeI2Br and FASnI3/PTAA) for 

enhancing electric field, stability, and reduced recombination. 

The ideal interface defect parameters were intentionally 

adopted to isolate bulk absorber behavior. Consequently, the 

simulated Voc and FF should be regarded as upper-bound 

values. However, the initial parameters used in this study are 

collected from previous literature in Table II and Table III 

displays various properties of proposed solar cell before 

optimization. 

 

Fig. 1.  Device Structure of CsGeI2Br and FASnI3 based double 

absorber PSCs 

A. Energy band profile  

In perovskite solar cells, appropriate band alignment between 

the absorber and charge transport layers (ETL/HTL) is essential 

for efficient charge extraction and reduced interfacial 

recombination [21]. The conduction band offset (CBO) at the 

PCBM/CsGeI2Br interface and the valence band offset (VBO) 

at the FASnI3/PTAA interface are primarily determined by the 

electron affinity (ꭓ) and bandgap (Eg) values of the constituent 

materials. The CBO is defined as ΔEC = (ꭓabs − ꭓETL) = (3.76-

3.90) = - 0.14eV [22]. A positive CBO forms a spike-like band 

alignment, while a negative CBO forms a cliff-like alignment. 

In general, a moderate positive CBO can suppress interfacial 

recombination by creating an energy barrier for minority 

carriers, thereby improving Voc. However, an excessively large 

spike may impede electron transport. In contrast, a negative 

CBO (cliff) generally promotes interfacial recombination and 

may reduce Voc and overall device efficiency. Similarly, the 

VBO is defined as ΔEV = (ꭓabs + Eg,abs) − (ꭓHTL − Eg,HTL) = 

(3.72+1.41) - (2.3+2.96) = - 0.13eV [22]. An appropriate 

positive VBO can facilitate hole extraction while suppressing 

interfacial recombination. However, an excessively large VBO 
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may create a transport barrier for holes, weaken carrier 

extraction, and increase recombination losses. Therefore, 

proper band alignment is crucial for minimizing carrier losses 

and achieving high photovoltaic performance. Fig. 2 defines the 

band alignment profile for the proposed device structure. The 

diagram illustrates how the device materials contact each other. 

where Ev represents the valence band, and Ec defines the 

conduction band. Similarly,  Fp shows the Fermi level for the p-

type region, and Fn represents the Fermi level for the n-type 

region. 

 
Fig. 2.  Band alignment diagram of dual-absorber (PSCs). 

III. SIMULATION METHODS 

This study focuses on numerical simulation and the 

optimization of device structure. There are several software 

programs for analyzing and optimizing different performance 

parameters of a solar cell, but SCAPS-1D is the most 

prominent. Because the observation is closely matched with the 

experimental result when defect and parasitic resistance are 

considered [23]. Additionally, it aligns with previously reported 

research, as most researchers have suggested. The software is 

developed by Prof. Mark Burgelman,  University of Gent [24]. 

The one-dimensional software supports up to seven material 

layers, including p-n-type semiconductors. It can evaluate the 

effects of defects, doping, thickness, temperature, resistance, 

and capacitance on various solar cell parameters. The software 

allows control of various parameters that affect device 

functionality. However, it has some limitations that can lead to 

differences in experimental results. The software is based on 

one-dimensional Poisson and continuity equations to model and 

analyze the semiconductor material [8]. Equation 1: defines the 

poisson equation. 

 

𝑑2𝜓

𝑑𝑥2 = −
𝑞

∈
(𝑝 − 𝑛 + 𝑁𝐷

+ − 𝑁𝐴
−)                                              (1)                

 

Here, 𝜓 denotes electrostatic potential, q denotes the charge, 

and 𝑁𝐷
+ and 𝑁𝐴

−  represent the donor and acceptor 

concentrations. Whereas ϵ is a dielectric constant. Finally, n and 

p denote electron and hole concentration [25]. The continuity 

equations are represented by equations 2 and 3. 

 
𝑑𝑛

𝑑𝑡
= −

1

𝑞
 

𝑑𝐽𝑛

𝑑𝑥
 + (𝐺𝑛 − 𝑅𝑛)                                                          (2) 

 
𝑑𝑝

𝑑𝑡
= −

1

𝑞
 
𝑑𝐽𝑝

𝑑𝑥
 + (𝐺𝑃 − 𝑅𝑝)                                                          (3) 

 

Where 𝐺𝑛 and 𝐺𝑝  are the generation rates, 𝐽𝑛 and 𝐽𝑝 are the 

current densities, and 𝑅𝑛 and 𝑅𝑝 represent the recombination 

rates of electrons and holes, respectively [25]. Equations 4 and 

5 are used to calculate carrier current densities in the PSC [16].  

 

𝐽𝑛 = 𝑞𝑛𝜇𝑛  ∈ +𝑞𝐷𝑛𝜕𝑛                                                              (4)                                          

 

𝐽𝑝 = 𝑞𝑝𝜇𝑝  ∈ +𝑞𝐷𝑝𝜕𝑝                                                               (5) 

 

In this context, 𝜇𝑛 and 𝜇𝑝 represent electron and hole 

mobilities, respectively, while 𝐷𝑛 and 𝐷𝑝  denote their diffusion 

coefficients . Equation 6 is used to calculate the FF of a solar 

cell and equation 7 represents the PCE of a solar cell, with 

respect to input power [23]. 

 

𝐹𝐹 =
𝑉𝑚𝑝×𝐽𝑚𝑝

𝑉𝑜𝑐×𝐽𝑠𝑐
                                                                               (6) 

 

𝑃𝐶𝐸 =
𝑉𝑜𝑐 × 𝐹𝐹 ×𝐽𝑠𝑐

𝑃𝑖𝑛
                                                                                    (7) 

 

The maximum obtained voltage and current are denoted by 

Vmp and Jmp, respectively. Pin defines the input power [23]. 
 

TABLE I 

INTERFACE DEFECT PROPERTIES OF THE PROPOSED DUAL-ABSORBER PSC 

Parameter PCBM \ CsGeI2Br FASnI3 \ PTAA 

Type of defect Neutral Neutral 

Capture cross-section (cm2) 1.00 ×10–19 1.00 ×10–19 

State distribution Single Single 

Energy level Et Above  highest Ev Above highest Ev 

Reference Energy Er (eV) 0.600 0.600 

Total density (1/cm3) 1.00 ×1010 1.00 ×1010 

 
 

TABLE II 

MATERIAL PARAMETERS OF THE PROPOSED SOLAR CELL 

Parameters ETL Absorber HTL TCO 

PCBM 

[26] 

CsGeI2Br 

[27] 
 

FASnI3 

[14] 

PTAA 

[28] 

FTO 

[5] 
 

Wth (μm) 0.05 0.40* 0.50* 0.2 0.001 

Eg (eV) 2.0 1.579 1.41 2.96 3.5 

ꭓe (eV) 3.9 3.76 3.72 2.3 4.0 

𝜀r 3.9 18.0 8.2 9.0 9.0 

NCB,(1/cm3) 2.50E+21 9.65E+17 1.0E+18 2.0E+18 2.2E+18 
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NVB,(1/cm3) 2.50E+21 1.04E+18 1.0E+18 1.0E+19 1.8E+19 

Vte, & Vth (cm/s) 1.0E+7 1.0E+7 1.0E+7 1.0E+7 1.0E+7 

μe (cm²/Vs) 2.0E-1 2.0E+1 2.2 1.0 2.0E+1 

μh (cm²/Vs) 2.0E-1 2.0E+1 2.2 4.0E+1 1.0E+1 

ND (1/cm3) 2.93E+17 - - - 2.0E+19 

NA (1/cm3) - 1.0E+16 7.0E+16* 1.0E+18 - 

Nt  (1/cm3) 1.0E+15 1.0E+14 1.0E+15* 1.0E+15 1.0E+15 

a. *Parameters were varied in this study using the SCAPS-1D 

 

TABLE III 

PHOTOVOLTAIC PROPERTIES OF THE SOLAR CELL BEFORE OPTIMIZATION 

Different configuration  FF 

(%) 

Voc 

(Volts) 

Jsc 

(mA/cm2) 

PCE 

(%) 

FTO/PCBM/CsGeI2Br/ 

FASnI3/PTAA/Au 

63.63 1.1605 28.70 21.20 

 

IV. RESULT & DISCUSSION 

A. Effects of bottom absorber thickness on (Jsc, Voc, PCE and 

FF) of the PSCs. 

The absorber layer represents the most sensitive  and  

primary segment  of a photovoltaic device structure. The main 

responsibility of an absorber layer is to capture solar photons 

and convert them into electricity. It directly influences 

absorption and energy conversion capability [8], [15]. A well-

optimized absorber layer can minimize manufacturing cost and  

ensure cell lifetime.   

Moreover, a well-optimized thickness can regulate internal 

and shunt resistances [29]. If the thickness is too thick, it 

increases recombination at the contact side and reduces the 

carrier lifetime, resulting in a voltage drop. As a result, 

researchers suggested maintaining a thickness range of 0.5-1.5 

μm [30]. The investigation is performed on the bottom absorber 

layer (FASnI3) with a thickness range of 0.05 μm to 2 μm, with 

PCBM as the ETL, PTAA as the HTL, and gold (Au) as the 

back contact; other device parameters remain unchanged.  

 

Fig. 3.  Impact of (FASnI3) bottom absorber thickness variation on PCE and FF 

Fig. 3 shows the relationship of FF and PCE with bottom 

absorber thickness; both parameters decrease with increasing 

thickness. The maximum PCE = 24% is obtained at the 

thickness of 0.05 μm, and the minimum PCE = 19.58% is found 

at the thickness of 2 μm. Whereas, the maximum FF = 84.30%  

 

 

 

is found for a thickness of 0.05 μm, and the minimum FF = 

59.14% is obtained for a thickness of 2 μm. A greater thickness 

absorbs more light and increases the recombination rate; as a 

result, it is associated with increased series resistance, carrier 

losses, and bulk recombination, which eventually decrease PCE 

and FF [9], [31]. Fig. 4 displays the relationship between Voc 

and Jsc as a function of bottom absorber thickness. Where Voc 

decreases, and Jsc increases at a given thickness.  The maximum 

Voc = 1.21 V is found at the thickness of 0.05 μm, and the 

minimum Voc = 1.1539 V is obtained at the thickness of 2 μm.  

Moreover, the highest Jsc = 29.0 (mA/cm2) is observed at a 

thickness of 0.75 μm, and the lowest Jsc = 23.51 (mA/cm2) is 

observed at a thickness of 0.05 μm. The highest thickness 

allows more light to be absorbed and generates more carriers. 

As a result, Jsc increases at some point, but Voc decreases. A 

thicker layer enhances recombination, increasing the dark 

saturation current and requiring carriers to travel a longer 

distance toward the contact [32]. Therefore, for further 

analyses, the selected thickness of the bottom absorber is set to 

0.9 μm, even though a lower thickness yields better PCE. The 

value is taken as optimal to reduces fabrication complexity and 

maintain experimentally valid parameters because it strikes a 

critical balance between optical absorption capacity, charge 

transport kinetics, and practical manufacturing constraints [33], 

[9]. 

 

Fig. 4.  Impact of (FASnI3) bottom absorber thickness variation on Jsc and Voc 

B. Effects of bottom absorber acceptor density (NA) on (Jsc, 

Voc, PCE and FF) of the PSCs. 

The main responsibility of acceptor density (NA) is to 

regulate hole concentration in p-type material. Tuning NA is 

vital because a minimal  amount of dopant can significantly 

boost overall performance [34]. The limited range of NA can 

enhance the electric field at the p-n junction. This improved 

                                    

  

  

  

  

  

  

                              

 
 
 
  
 
 

  

  

  

  

  

  

  

 
 
  
 
 

                                    

    

    

    

    

    

    

    

    

                              

 
 
 
  

 

  

  

  

  

  

  

  

 
 
 
  

 
  
 

 
 

AJSE Volume 25, Issue 1, Page 57 - 68 Page 60



band alignment at the junction and enhanced hole extraction to 

the transport layer, but excessive NA creates coulomb traps that 

reduce hole mobility and introduce unwanted sheet resistance 

[8]. The investigation is performed on the bottom absorber layer 

(FASnI3) over a doping density range of 1.0E+13 (1/cm3) to 

1.0E+20 (1/cm3), with PCBM and PTAA used as the ETL and 

HTL, respectively. Additionally, gold (Au) is used as the back 

contact, and other device parameters remain constant. Fig. 5 

represents the relationship between PCE and FF with doping 

density (NA). Both of the parameters increase with doping 

density.  The maximum PCE = 33.53% is found at the doping 

density of 1.0E+20 (1/cm3), and the minimum PCE = 15.29% 

is obtained for the doping density of 1.0E+13 (1/cm3). 

Moreover, the maximum FF = 88.60% is observed for a doping 

density of 1.0E+20 (1/cm3).  whereas,  the minimum FF = 

47.76% acquired at the doping  density of 1.0E+13 (1/cm3). 

Higher NA increases PCE and FF at a certain point because it 

reduces resistivity and minimizes series resistance, but 

excessive NA introduces auger recombination, which shortens 

the carrier lifetime and eventually decreases PCE and FF [35].  

 

Fig. 5.  Impact of (FASnI3) bottom absorber doping density variation on PCE 

and FF  

 

Fig. 6.  Impact of (FASnI3) bottom absorber doping density variation on Jsc and 

Voc 

Fig. 6 displays the relationship between Voc and Jsc with 

doping density. Voc increases significantly, and Jsc increases 

slightly with doping density. The maximum Voc = 1.30 V is 

found for the doping density of 1.0E+20 (1/cm3), and the 

minimum Voc = 1.14 V is obtained at the doping density of 

1.0E+13 (1/cm3). Higher doping increases the hole Fermi 

energy, thereby increasing the built-in potential; as a result, Voc 

increases with higher NA [29]. Moreover,  the maximum Jsc = 

29.0 (mA/cm2) is found for the doping density of 1.0E+20 

(1/cm3) and the minimum Jsc = 28.12 (mA/cm2) is obtained at 

the doping  density of 1.0E+13 (1/cm3). Higher doping  

increases the likelihood of carrier recombination, which results 

in hindering carrier mobility and carrier collection; that's the 

reason Jsc slightly increases or remains constant at higher NA 

[30]. However, experimentally reported Sn-based perovskite 

films  generally exhibit background hole concentrations in the 

range of approximately 1.0E+15 to 1.0E+18 (1/cm3) due to the 

oxidation of Sn2+ to Sn4+, while bulk defect densities commonly 

remain around 1.0E+15 to 1.0E+16 (1/cm3) depending on 

fabrication methods [36]. Within the experimentally reported 

doping-density range of 1.62E+15 (1/cm3) to 1.0E+18 (1/cm3), 

the the proposed device exhibits a PCE increase from 15.56% 

to 28.73%, while Voc, Jsc and FF improve by 0.07 V, 0.10 

(mA/cm2) and 34.37% , demonstrating that doping density 

remains a dominant limiting factor under practical conditions. 

Therefore, for further analysis, the optimal doping density is 

taken as 1.0E+19 (1/cm3). The optimized parameters used in 

this study should be interpreted as representing a best-case 

material quality rather than the average experimental condition. 

C. Effects of bottom absorber defect density (Nt) on (Jsc, Voc, 

PCE and FF) of the PSCs. 

Total defect density (Nt) governs charge-carrier dynamics in 

solar cells and is inversely related to carrier lifetime; higher Nt 

leads to reduced cell lifetime [37]. Proper tuning of Nt is   

crucial to suppress Shockley–Read–Hall (SRH) non-radiative 

recombination and minimize energy losses, which is described 

by Equation 8. 

𝑅𝑆𝑅𝐻 =  
𝑛𝑝−𝑛𝑖

2

𝜏𝑝(𝑛−𝑛1)+𝜏𝑛(𝑝+𝑝1)
                                                            (8) 

 

Here, p and n represent hole/electron concentration. 

Whereas, p1 and n1 define electron/hole concentration according 

to trap energy level. In addition,  𝜏𝑛 and 𝜏𝑝 indicates lifetime of 

electron/hole. Finally, ni define intrinsic carrier density [38].  

 

Additionally, tuning Nt also helps researchers identify the 

most sensitive region of the device, where defect density 

primarily impacts efficiency [39]. Usually, a higher defect 

density reduces the internal electric field, hindering photon 

absorption and increasing resistance, thereby lowering 

performance [40]. For that reason, defect concentration of 

1.0E+14 (1/cm3) or lower is suggested for good performance 

[10]. This analysis is performed on the bottom active layer 

(FASnI3) across a defect density range of 1.0E+13 (1/cm3) to 

1.0E+17 (1/cm3), where PCBM and PTAA are utilized as the 

ETL and HTL, respectively, and Au is used as the back contact; 

other device parameters remain constant. Fig. 7 represents the 

relationship between PCE and FF with total defect density. 

Both parameters decrease sharply with increasing defect 

density. The maximum PCE = 35.80% is found for the defect 

density of 1.0E+13 (1/cm3), and the minimum PCE = 23.0% is 

obtained at the defect density of 1.0E+ 17 (1/cm3). Moreover, 

the maximum FF = 87.83% is observed at a defect density of 
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1.0E+13 (1/cm3), and the minimum FF = 80.76% is observed at 

a defect density of 1.0E+17 (1/cm3). Higher defect density 

increases internal series resistance and hinders synchronized 

charge extraction; as a result, PCE and FF decrease [41]. Fig. 8 

illustrates the relationship between Voc and Jsc with total defect 

density. Both parameters decrease with increasing defect 

density. The maximum Voc = 1.33 V is found for the defect 

density of 1.0E+13 (1/cm3), and the  minimum Voc = 1.19 V is 

found at the defect density of 1.0E+17 (1/cm3). Moreover, the 

highest Jsc = 30.68 (mA/cm2) is acquired at a defect density of 

1.0E+13 (1/cm3), and the minimum Jsc = 23.91 (mA/cm2) is 

found at a defect density of 1.0E+17 (1/cm3). Higher defect 

density introduces (SRH) recombination,  which is responsible 

for dark saturation current and shorter carrier lifetime, that 

eventually lowering Voc and Jsc [23]. Therefore, across the 

experimental defect density range around 1.0E+15 (1/cm3) to 

1.44E+16 (1/cm3), the PCE decreases from 29.27% to 25.74%, 

while Voc, Jsc, and FF decline by 0.05 V, 3.45 (mA/cm²), and 

3.34%, respectively, demonstrating the critical role of doping 

concentration in practical device performance. For the next 

analysis the optimal defect density is taken as 1.0E+14 (1/cm3). 

The optimized parameters adopted in this study represent an 

idealized best-case material quality rather than typical 

experimental conditions. 

 

Fig. 7.  Impact of (FASnI3) bottom absorber defect density variation on PCE 

and  FF  

 

Fig. 8.  Impact of (FASnI3) bottom absorber defect density variation on Jsc and  

Voc  

D. Effects of top absorber thickness on (Jsc, Voc, PCE and 

FF) of the PSCs. 

The thickness of the CsGeI2Br top absorber was optimized to 

maximize the photovoltaic performance of the proposed device. 

In this analysis, the top absorber (CsGeI2Br) thickness ranged 

from 0.05 μm to 2 μm, with PCBM and PTAA used as ETL and  

HTL, and gold (Au) as the back contact; other device 

parameters remained at optimal values. Fig. 9 shows the 

relationship of PCE and FF with top absorber thickness; both 

parameters show a slight downward trend with increasing 

thickness. The maximum PCE = 35.0% is obtained at the 

thickness of 0.05 μm, and the minimum PCE = 34.07 % is found 

at the thickness of 2 μm. Whereas the maximum FF = 89% is 

found for a thickness of 0.05 μm, and the minimum FF = 

87.95% is obtained for a thickness of 2 μm. Fig. 10 displays the 

relationship of Voc and Jsc with top absorber thickness. Voc 

decreases drastically, and Jsc increases at a certain point with 

thickness. The maximum Voc = 1.31 V is obtained at the 

thickness of 0.05 μm, and the minimum Voc = 1.27 V is found 

at the thickness of 2 μm.  Moreover, the highest Jsc = 30.52 

(mA/cm2) is found at a thickness of 1.0 μm, and the lowest Jsc 

= 30.40 (mA/cm2) is observed at a thickness of 2.0 μm. 

However, the selected thickness of the top absorber is set to 

0.35 μm for further analyses.    

 

Fig. 9.  Impact of (CsGeI2Br) top absorber thickness variation on PCE and  FF  

 

Fig. 10.  Impact of (CsGeI2Br) top absorber thickness variation on Jsc and  Voc  
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V. OPTIMIZED DEVICE PERFORMANCE ANALYSIS

A. Device Stability and Performance Sensitivity Analysis

The CsGeI2Br/FASnI3 dual-absorber perovskite solar cell

(PSC) partially enhances device stability through halide mixing 

and the use of thermally stable, all-inorganic CsGeI2Br as the 

top absorber. However, the stability of tin- and germanium-

based perovskites is limited by the oxidation of Sn2+ to Sn4+ and 

Ge2+ to Ge4+ upon exposure to oxygen, a consequence of their 

lower redox potentials relative to lead-based counterparts [42]. 

This oxidation generates metal vacancies and induces self-p-

type doping, which increases non-radiative recombination, 

reduces carrier mobility and shunt resistance, and accelerates 

device degradation [43]. The incorporation of bromine and 

cesium doping mitigates these degradation mechanisms by 

suppressing oxidation, enhancing defect tolerance, and 

improving lattice and crystal stability [4]. Furthermore, the 

dual-absorber configuration reduces thermalization losses, 

thereby contributing to improved operational stability. 

B. Effects of temperature on the proposed PSCs.

Solar panels are installed outdoors and operate in shifting

weather conditions. When solar radiation strikes panels, it 

significantly increases panel temperature and affects several 

physical parameters [44]. So, it is important to understand the 

temperature dependence of a solar cell to evaluate real-world 

performance and stability. Moreover, high temperature can 

trigger structural changes, create interfacial defects, and induce 

phase transitions. This phenomenon must be considered to 

improve material engineering and stable performance [45]. For 

this analysis, the temperature varied from 280 K to 400 K while 

keeping all other parameters at optimized values. Fig. 12 shows 

the influence of temperature on device performance parameters 

Voc and Jsc. Where Voc shows a downward trend, and Jsc displays 

a stable trend. The decline in Voc is caused by the rise in Jo. As 

the temperature rises, Jo increases exponentially, leading to 

greater recombination and a higher intrinsic carrier 

concentration. So, Voc declines according to the diode equation 

9: 

𝑉𝑜𝑐 =
𝐾𝑇

𝑞
ln [

𝐽𝑠𝑐

𝐽𝑜
+ 1]   (9) 

Where T is the absolute temperature, K is the Boltzmann 

constant, Jo is the dark saturation current, q is the elementary 

charge [46], [17]. 

From Fig. 12, the maximum Voc = 1.31 V was observed at 

the lowest temperature of 280K, and the lowest Voc = 1.18 V 

was observed at the highest temperature of 400K. Moreover, 

the Jsc shows a slight upward trend from 30.447 (mA/cm2) to 

30.52 (mA/cm2) at 280K and 400K. Fig. 11 evaluates the 

influence of temperature on the performance  parameters PCE 

and FF. Both of which show a downward trend with 

temperature increase. The maximum PCE = 35.54% is observed 

at 280K, and the minimum PCE = 30.89% is observed at 400K. 

Additionally, the maximum FF = 88.82 % is observed at the 

lowest temperature of 280 K, and the minimum FF = 85.70 % 

is observed at the highest temperature of 400 K. Higher 

temperatures reduce carrier mobility through phonon scattering, 

while the decline in PCE and FF is mainly caused by the 

exponential rise in J0, leading to increased non-radiative 

recombination [47]. 

Fig. 11.  Impact of temperature on PCE and FF 

Fig. 12.  Impact of temperature on Jsc and Voc  

C. Effects of series resistance (Rs) on the proposed PSCs.

The performance of a solar cell is strongly influenced by the

series resistance (Rs), which is also known as the parasitic 

resistance. To maximize solar cell performance, it is ideal to 

maintain Rs at zero, but in practice this doesn’t happen [4]. In 

practice, Rs arises from the metallic contacts at FTO/ETL, 

ETL/absorber, absorber/HTL, and the back contact. Rs is the 

sum of all resistance due to metallic contact and  ohmic contact 

of semiconductor material [48]. Moreover,  Rs plays a critical 

role in influencing FF and PCE, but Voc and Jsc remain constant 

with Rs but extremely higher  Rs can degrade Jsc [26]. The 

Shockley equation 10 gives a relationship between current - 

voltage (J-V) and Rs of the solar cell : 

𝐽𝑠𝑐 = 𝐽𝑝 − 𝐽𝑜𝑒𝑥𝑝 [
𝑞𝑒(𝑉+𝐼𝑅𝑠)

ղ𝑘𝑇
]  (10) 

Where Jp represents the photocurrent density, Vo is the output 

voltage, and Jo is the dark saturation current. Finally, n 

represents the diode ideality factor [48]. 
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Fig. 13.  Impact of series resistance on PCE and FF  

The analysis is conducted using all optimized values, with 

the Rs varying from 0 Ω-cm2 to 6 Ω-cm2 and all other 

parameters remaining constant. Fig. 13 shows the effect of Rs 

on PCE and FF; both parameters decrease with Rs. The PCE 

shows a downtrend from 35.0% to 29.86%, and the FF shows a 

downtrend from 88.46% to 75.45% at Rs of 0 Ω-cm2 and 6 Ω-

cm2. Higher series Rs reduces effective voltage and current 

tracking at the maximum power points, thereby degrading FF 

and PCE [49]. 

 

Fig. 14.  Impact of series resistance on Jsc and Voc 

Fig. 14 displays the effect of series resistance (Rs) on Jsc and 

Voc. Both parameters remain constant at different Rs. It is 

therefore concluded that the Rs variation doesn’t affect Jsc and 

Voc. The Jsc of 30.46 (mA/cm2) and Voc of 1.30 V were obtained 

over the range of Rs variation. As low Rs provide better 

performance, this can be achieved by doping optimization, 

surface passivation, and contact engineering [4]. 

D. Effects of shunt resistance (Rsh)  on the proposed PSCs. 

To maintain the maximum potentiality of a solar cell, it must 

maintain an infinite shunt resistance (Rsh), but in practice, it is 

not possible to maintain it at infinity. Because Rsh represents an 

undesired leakage pathway for photo-generated carriers that 

arises from factors such as pinholes in the active layer, 

fabrication flaws, crystallographic defects,  grain boundaries, 

and the material itself [49]. As Rsh decreases, it significantly 

impacts Voc,  FF and PCE. The Shockley equation 11, 12 

describes the influence of Rsh on current density - voltage (J-V) 

characteristics : 

𝐽𝑠𝑐 = 𝐽𝑝 − 𝐽𝑜 [𝑒𝑥𝑝 (
𝑞𝑒(𝑉+𝐼𝑅𝑠)

ղ𝑘𝑇
) − 1]-(

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
)                             (11)                    

𝑉𝑜𝑐 = (
ղ𝑘𝑇

𝑞𝑒
) ln {

𝐽𝑝

𝐽𝑜
(1 −

𝑉𝑜𝑐

𝐽𝑝𝑅𝑠ℎ
)}                                                 (12)                       

Here, Jp represents photocurrent density,  qe  describes the 

elementary charge, and Jo represents the dark saturation current. 

Whereas,  Rs and Rsh denote series and shunt resistance, and K 

refers to the Boltzmann constant [26]. 

 

Fig. 15. Impact of shunt resistance on PCE and FF  

Fig. 16. Impact of shunt resistance on Jsc and Voc 

The investigation is conducted utilizing all optimized 

parameters, with shunt resistance varying from 100 Ω -cm2 to 

8100 Ω -cm2 and all other parameters kept unchanged. Fig. 15 

depicts the effect of Rsh on the PCE and FF, both of the 

parameters show an upward trend with Rsh, Where the 

maximum PCE = 34.83%   is found at the Rsh of 8.1×103 Ω -

cm2 and the minimum PCE = 21.32% is obtained at the Rsh of  

1×102  Ω -cm2. Moreover,  the maximum FF = 88.03% is found 

at the Rsh of 8.1×103  Ω -cm2 and the minimum FF = 54.59% is 

obtained at the Rsh of 1×102 Ω -cm2. Higher Rsh minimizes the 

leakage current near the maximum power point and allows the 

(J-V) curve to be more rectangular in shape [50]. Fig. 16 

       

  

  

  

  

  

  

  

                       -cm2 

 
 
 
  
 
 

  

  

  

  

  

  

  

  

  

 
 
  
 
 

       

      

      

      

      

      

      

                       -cm2 

 
 
 
  
 

       

       

       

       

       

       

       

       

       

 
 
 
  

 
  
 

 
 

                   

  

  

  

  

  

  

  

  

  

                       -cm2 

 
 
 
  
 
 

  

  

  

  

  

  

  

  

  

 
 
  
 
 

                   

     

     

     

     

     

     

     

     

     

     

                       -cm2 

 
 
 
  

 

  

  

  

  

  

  

  

  

 
 
 
  

 
  
 

 
 

AJSE Volume 25, Issue 1, Page 57 - 68 Page 64



describes the effect of shunt resistance on Voc and Jsc, where Voc 

increases, and Jsc remains the same with Rsh increase. The 

highest Voc = 1.30 V is found at Rsh of 8.1×103 Ω -cm2 and the 

lowest Voc = 1.28 V is obtained  at the Rsh of 1×102 Ω -cm2. 

Whereas, the Jsc = 30.46 (mA/cm2) remains constant over the 

Rsh variation. Lower Rsh value weakens the Fermi level that 

leads to a decrease in Voc, but Jsc only depends on the primary 

photon absorption, so it remains the same across the Rsh  [51], 

[38]. However, it is observed that higher Rsh enhances PSC 

performance by minimizing recombination loss and leakage 

current. To maximize Rsh, pinhole-free film can be used by 

optimizing deposition conditions [52]. Finally, Table IV shows 

the overall performance of optimized PSC and Table V 

compares the proposed work with previously reported studies. 

The (CsGeI2Br/FASnI3) dual-absorber perovskite solar cell 

(PSC) achieves a simulated power conversion efficiency (PCE) 

of 35.0%. In contrast, the highest reported experimental FASnI3 

single-junction device attains approximately 10.8% [53]. As the 

device architectures differ, this comparison serves only as a 

reference to current experimental Sn-based PSCs. The elevated 

simulated efficiency is primarily attributed to idealized 

interface conditions, assumptions of low defect density and 

high doping levels, and the exclusion of Sn⁴⁺-induced self-

doping. Furthermore, the proposed dual-absorber CsGeI2Br 

/FASnI3 device demonstrates a 5.63% higher PCE than the 

previously reported single-absorber CsGeI2Br-based PSC [22]. 

Finally, this work achieved remarkable results compared with 

related work, and the outcome can significantly impact future 

third-generation photovoltaic research. 

TABLE IV 

OVERALL PERFORMANCE OF THE OPTIMIZED PSC 

Different configuration FF 

(%) 

Voc 

(Volts) 

Jsc 

(mA/cm2) 

PCE 

(%) 

FTO/PCBM/CsGeI2Br/ 

FASnI3/PTAA/Au 

88.46 1.30 30.44 35.00 

 
TABLE V 

COMPARISON WITH PREVIOUSLY REPORTED STUDIES 

Different configuration FF 

(%) 

Voc 

(Volts) 

Jsc 

(mA/cm2) 

PCE 

(%) 

Work Type 

FTO/TiO2/n-FA0.15MA0.85PbI3/p- 
FA0.15MA0.85PbI3/Au 

80.50 1.12 24.23 21.88 Experimental  
[54] 

AI/BCP/C60/FASnI3/PREDOT:PSS/IOT 72.0 0.62 24.20 10.8 Experimental  

[53] 

FTO/Pristine TiO2/6% Target TiO2/FAPbI3/ 

Spiro-OMeTAD/Au 

83.45 1.19 25.79 25.25 Experimental  

[55] 

FTO/CsGeI2Br/CsGeI3/P3HT/Au 79.10 1.23 32.79 31.86 Simulated 

 [56] 

FTO/TiO2/CsGeI2Br/CuSbS2/Pt 88.24 1.30 25.55 29.40 Simulated  
[27] 

ITO/ZnSe/FASnI3/CBTS/AU 78.01 1.36 29.39 31.29 Simulated 

 [57] 

FTO/TiO2/Cs2AgBi0.75Sb0.25Br6/FASnI3/Cu2O/A

u 

88.74 1.14 27.89 28.22 Simulated 

 [14] 

AI/ FTO/TiO2/FASnI3/CBTS/Au 83.20 1.12 29.61 26.67 Simulated  

[4] 

FTO/TiO2/n-FASnI3/p-FASnI3/CuSCN/Au 86.67 1.18 29.81 30.47 Simulated  
[58] 

AI/SnO2/FASnI3/GO/Au 82.78 0.94 25.79 20.55 Simulated  

[59] 

FTO/ZnO/CsGeI2Br/CuSCN/Au 85.74 1.39 24.68 29.37 Simulated  

[17] 

FTO/PCBM/CsGeI2Br/ FASnI3/PTAA/Au 88.46 1.30 30.44 35.00 Proposed 

Work 

VI. CONCLUSION 

In this study, a high-efficiency, low-cost,  lead-free and 

sustainable photovoltaic device was proposed. The device is 

based on a CsGeI2Br/FASnI3 absorber layer, with the organic 

transport layers ETL (PCBM) and HTL (PTAA). After 

analyzing the influence of different parameters on device 

performance, namely PCE, Jsc, Voc and FF. The selected top 

absorber thickness was 0.35 µm and the optimized parameters 

for the bottom absorber are a thickness of 0.9 µm, a doping 

density of 1.0E+19 (1/cm3), and a defect density of 1.0E+14 

(1/cm3). After utilizing the optimal value, the proposed PSC 

exhibited a simulated PCE of 35.00%, Jsc of 30.44 (mA/cm2),  

 

Voc of 1.30V and FF of 88.46 %. The optimized device also 

includes temperature, series, and shunt resistance tests to 

evaluate environmental and parasitic-loss conditions. 

Additionally, the device represents a remarkable performance 

compared to previously published literature. To simplify the 

simulation, equal electron and hole mobilities were assumed. 

While experimental FASnI3 generally demonstrates 

asymmetric carrier transport, this approximation is anticipated 

to have only a minor effect on the predicted device 

performance. Furthermore, the computational efficiency and 

environmentally sustainable approach of the device may 

facilitate advancements in third-generation photovoltaic 

research. Future investigations will incorporate experimentally 
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measured carrier mobilities and validate the proposed device 

through experimental fabrication. 
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