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Abstract 

This study examines lead-free double perovskite-based devices utilizing SCAPS-1D software 

simulations. The top cell in the perovskite structure studied here is a wide-bandgap double perovskite 

Cs2AgBi0.75Sb0.25Br6 (1.8 eV). In comparison, the bottom cell, made of CsSnI3, has a band gap of 1.4 

eV. This work proposes and simulates a unique solar cell design that Cs2AgBi0.75Sb0.25Br6 and CsSnI3 

perovskite as the primary absorber layer, tin oxide (TiO2) as the electron transport layer (ETL), and 

Cu2O as the hole transport layer. In order to optimize power conversion efficiency (PCE) under 

standard test conditions (AM1.5G, 1000 W/m2, 300 K), the thicknesses of the Cu₂O HTL, the CsSnI₃ 

bottom absorber, and the Cs2AgBi0.75Sb0.25Br6 top absorber will be optimized. The 

Cs2AgBi0.75Sb0.25Br6/CsSnI₃ structure exhibits significant spectrum absorption, resulting in a Jsc of 

31.3560mA/cm² and a 31.25% efficiency at 300 K. Interfacial recombination, on the other hand, 

lowers F.F. to 88.70% and Voc to 1.123V, both of which are below the theoretical maximum. The 

findings show that the stability and toxicity problems of widely utilized Cs2AgBi0.75Sb0.25Br6 based 

PSCs may be resolved by lead-free double perovskites. 
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1. Introduction 

 

Renewable energy sources, particularly solar power, are a 

viable long-term answer to the world's energy demands.  

The effective application of these technologies can greatly 

reduce the harmful environmental consequences of the 

traditional coal and power sectors. One important technical 

development in the fight against the effects of the fossil 

fuel industry on global climate change is the development 

of high-performance, reasonably priced solar panel 

technology [1]. Over the past 10 years, hybrid solar cells 

based on inorganic and organic metal halide perovskites 

(PSCs) have shown impressive performance gains.  

Significant progress in solar technology has been made as 

a result of these advanced systems' power conversion 

efficiency surpassing 22% [2]. One of the notable features 

of hybrid perovskite materials is their narrow bandgaps 

[3].  Perovskite materials' high absorption coefficients, 

extended charge carrier lifetimes, and tunable band 

adaptability enable them to be integrated into a wide range 

of solar structures, providing versatility in design and 

application. The continued development of perovskite-
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based solar cell technology represents a significant step 

toward sustainable energy solutions. This development is 

compatible with global initiatives to reduce dependency on 

fossil fuels and develop more environmentally friendly 

energy generation systems  [4, 5]. Ongoing research and 

development in this field helps to achieve the ultimate goal 

of creating efficient, cost-effective, and sustainable energy 

systems for future generations [6].   

This is owing to the fact that photons with energies less 

than the band gap energy (Eg) go unabsorbed, but photons 

with energies greater than Eg encounter thermal losses, 

resulting in energy waste. Tandem solar cells are an 

excellent way to overcome this issue.  

Tandem solar cells have several layers with various band 

gaps, which allows them to absorb photons of varying 

energy [7, 8].  

Tandem multi-junction solar cells, composed of layers 

with varied band-gap energies, can enhance efficiency by 

using different energy regions of the sun's spectrum. A low 

bandgap bottom cell absorbs in the longer wavelength 

region of the solar spectrum, while a big bandgap top cell 

absorbs the short wavelength (high energy) portion. This 

combination makes up tandem solar cells. As a result, the 

Shockley-Queisser limit of a tandem solar cell is greater at 

45% [9].  

Tandem solar cells have been experimentally realized since 

1978, with a device made of AlGaAs/GaAs achieving a 

PCE of around 9% [10].  

Despite the extraordinary capabilities of the perovskite 

layer, the presence of the hazardous element lead (Pb) and 

the instability of the perovskite will limit its commercial 

viability. This limitation has drawn the researchers' 

attention to the creation of lead-free perovskite solar cells 

[11].  

Lead has been replaced by either heterovalent elements 

such as Sb and Bi, or homovalent elements such as Sn, Ge, 

and Cu [12].  

A three-dimensional double PVSK structure of the type 

A2B+B+3X6 has been created recently, in which 

monovalent and trivalent metal cations occupy B+ and 

B+3, respectively.  

An appealing candidate material for photovoltaic and 

photovoltaic applications, the double PVSK A2B+B+3X6 

structure provides enhanced stability and desired electrical 

characteristics [13, 14, 15].  

Cs2AgBiBr6 stands out among these double perovskites for 

having similar optoelectronic features to lead-based 

perovskites, such as a 3D structure, a long carrier lifespan, 

and a relatively small carrier effective mass, as well as 

good stability and minimal toxicity. Moreover, 

Cs2AgBiBr6 single crystals exhibit remarkable sensitivity 

to X-rays (detectable dose rate of 59.7 n Gyair s−1), and 

Cs2AgBiBr6 solar cells have so far produced enhanced PCE 

of > 3% [16, 17].  

Cs2AgBiBr6 has a long radiative photoluminescence 

lifespan, a long charge diffusion length, good defect 

tolerance, and higher stability under ambient settings when 

compared to conventional lead halide perovskites, despite 

having an indirect bandgap [18, 19, 20]. we used CsSnI3 

for the bottom cell due to its advantages. The inorganic 

CsSnI3 perovskite has received significant attention due to 

its optical and electronic properties, improved 

thermodynamic stability, and low binding energy [21, 22]. 

However, the reported PCE value remained low (less than 

10%), providing ample scope for further research 

expansion in the photovoltaic field. It has been 

demonstrated that CsSnI3 perovskite can be grown by 

fusion annealing at a melting point of 451 °C, exhibiting 

high thermodynamic stability [21]. This study aimed to 

construct and optimize a lead-free, all-inorganic multilayer 

solar cell using an FTO/TiO₂/ Cs2AgBi0.75Sb0.25Br6 

/CsSnI₃/Cu₂O structure. Simulations were performed using 

SCAPS-1D software.  

The study focused on determining how the thickness of the 

bottom absorber made of CsSnI₃ and the defect density (Nₜ) 

in the top cell made of Cs2AgBi0.75Sb0.25Br6  affect the 

device performance.  

The study used numerical simulation under AM1.5G light 

to develop an optimized design with 600 nm top and 900 

nm bottom absorber layers, achieving a high energy 

conversion efficiency of 31.25%. The lead-free tandem 

design demonstrates significant potential, as evidenced by 

its high fill factor (FF) of 88.70%, short-circuit current 

density (Jsc) of 31.356 mA/cm², and open-circuit voltage 

(Voc) of 1.123V at 300 K. 

 

2. Materials and methods 

 

2.1. CsSnI3/ Cs2AgBi0.75Sb0.25Br6  Perovskites: Material 

Properties and Applications  

 

The Figure (Figure 3), the current density-voltage (J-V) 

plot, Voc, Jsc, fill factor (FF), and PCE of a CsSnI3/ 

Cs2AgBi0.75Sb0.25Br6  absorber were evaluated using the 

SCAPS-1D numerical simulation tool [23, 24].  

Table 1 summarizes each parameter utilized in the 

simulation. The simulations for each device (AM 1.5 G 

illumination; 100 mW/cm2; temperature = 300 K) were run 

with the SCAPS-1D program, created by Professor Marc 

Burgelman of Belgium [24].  

The thickness of the absorber layer, HTL, and ETL were 

all calculated. Fluorinated tin oxide (FTO) serves as the 

anode, or front contact. It is a thin-film inorganic 

transparent conductive oxide that is both optically and 
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electrically transparent. This kind exhibits n-type 

conductivity and a broad band gap. 4.4 eV is the anticipated 

work function [25]. As our hole transport layer (HTL), we 

have added Cu2O to facilitate the movement of the positive 

charge carriers.  

The bandgap of Cu2O is 2.17eV [26]. The thickness of the 

ETL, the initial layer in the PSC through which light 

travels, significantly affects efficiency.  

A model of the Perovskite solar cell structure's optical 

performance has been created. Reducing the thickness of 

the TiO2 layer to 30 nm might result in moderate increases, 

according to modeling of the perovskite solar cell. 

Consequently, the photocurrent would rise. This project's 

primary components were the simulations and 

examinations of the upper sub-cell's photovoltaic 

characteristics. In the upper sub-cell of a single tandem 

solar cell, a perovskite absorber Cs2AgBi0.75Sb0.25Br6  with 

a band gap of (1.8 eV) was employed (Figure 1).  

In the lower sub-cell, the transmission wavelengths were 

absorbed by a narrow band gap perovskite absorber CsSnI₃ 

(1.41 eV) (Figure 2).  

Last but not least, the design program SCAPS_1D (3) was 

used to simulate the tandem solar cell, joining the top and 

lower sub-cells to optimize the utilization of the full solar 

spectrum and attain a greater energy conversion efficiency 

under normal circumstances (Figure 1). 

 

Table 1. Layer-specific parameters used in SCAPS-1D simulations 

Parameters FTO TiO2 Cs2AgBi0.75Sb0.25Br6 CsSnI3 Cu2O 

Band Gap (eV) 3.5 3.2 1.8 1.4 2.17 

Electron affinity (eV) 4 3.9 3.98 3.9 3.2 

Dielectric permittivity 9 10 10 9.93 7.11 

CB effective density of states (1 cm-3) 2.2 × 1018 2.2 × 1018 1 × 1016 1 × 1019 2.02 × 1017 

VB effective density of states (1 cm-3) 1.8 × 1019 1.8 × 1019 1 × 1016 1 × 1018 1.10 × 1019 

Electron thermal velocity (cm S-1) 1 × 107 1 × 107 1 × 107 1 × 107 1 × 107 

Hole thermal velocity (cm S-1) 1× 107 1 × 107 1 × 107 1 × 107 1 × 107 

Electron mobility (cm2 VS-1) 20 100 1.620 1.5 200 

Hole mobility (cm2 VS-1) 10 25 1.010 5.85 80 

Shallow uniform donor density ND (1 cm-3) 2× 1018 1× 1019 1 × 109 0 0 

Shallow uniform acceptor density NA (1 cm-3) 0 0 1 × 109 1 × 1017 1 × 1019 

Defect density (Nt) 1 × 1015 1 × 1015 1 × 1014 1 × 1014 1 × 1015 

References [27] [27] [28] [29] [27] 

 

 

  
Figure 1. Design of a perovskite solar cell from Cs2AgBi0.75Sb0.25Br6  

(top sub cell)   

Figure 2. Design of perovskite CsSnI3 solar cell (bottom sub cell) 
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Figure 3. Schematic of the planned tandem solar cell FTO/TiO2/ Cs2AgBi0.75Sb0.25Br6 (1.8eV)/CsSnI3 (1.40eV)/Cu2O/Au 

4. Results and discussions 

 

4.1. Design 1: Cs2AgBi0.75Sb0.25Br6 (Top Sub-Cell) 

 

In this investigation, the fault density in the top layer was 

adjusted to see how it influenced the solar cell. The 

absorber layer defect density (Nt) ranged between 1E12 

and 1E18.  

As shown in Figure 4, raising Nt caused a considerable 

decline in performance characteristics. The findings 

revealed the effect of (Nt) on eta, FF, Voc, and Jsc. The 

efficiency peaked at 26.14% at 1E12 and then fell as fault 

density increased to 18.01% at 1E18. Following that, the 

remaining performance metrics (Voc, Jsc, and FF) were 

dropped.  

The loss in solar cell efficiency happens as the 

recombination process grows while the diffusion length of 

charge carriers decreases, resulting in lower simulation 

performance.  

As a result, the ideal defect density was discovered around 

1E14, where charge carrier diffusion lengths are long and 

recombination occurs seldom. A solar cell's efficiency is 

mostly determined by the defect density and thickness of 

the absorber layer. The top layer's ideal thickness, 600nm, 

was employed with an efficiency of 26%.  

 

4.2. Design 2: CsSnI3 (Bottom Sub-Cell) 

 

According to this study, because of its cheap cost, high 

efficiency, and remarkable thermal stability, CsSnI₃ is a 

potential lead-free material that holds promise as a lead-

based material alternative in the development of 

environmentally friendly PSCs. tandem systems or as an 

efficient single-junction material, thus, forming it as a 

bottom cell absorber will be beneficial. As shown in 

(Figure 2), CsSnI₃ serves as the absorber layer in the 

intended PSC structure (FTO/TiO₂/CsSnI₃/Cu₂O/Au) due 

to its capacity to absorb light. The PV properties are 

significantly impacted by this capacity.  

The PSC structure employs Cu2O as the HTL, TiO₂ as the 

ETL, and fluorinated tin oxide (FTO) and gold (Au) as the 

back connection.  

We utilized gold (Au) due to its high work function, which 

allows the creation of an Ohmic contact with the p-type 

HTL (Cu₂O), decreasing the Schottky barrier and reducing 

contact resistance and voltage losses. Its maximum 

efficiency is 31.16 % at 900 nm absorber thickness, as 

summarized in Table 2. At 900 nm, the Jsc increases to 

31.39mA/cm2. However, as thickness increases, the Voc 

decline somewhat (1.14 V → 1.12 V),  while the FF 

increases from (87.88% → 88.45%) (Figure 5, Table 2). 

According to [30, 31], the decrease in Voc may be due to 

an increase in recombination rate as thickness increases. 

The quantum efficiency (QE) of the bottom cell of CsSnI3, 

which is studied in the wavelength range of 300–900 nm, 

is displayed in Figure (6a). It is found that the quantum 

efficiency (QE) of the device rises throughout the 

wavelength region at 400 nm as the thickness of CsSnI3 

increases. Quantum efficiency was enhanced by increased 

CsSnI3 thickness.  

Figure (6b) displays the EBD of the bottom subcells under 

zero bias conditions. As explained, for the 

FTO/TiO₂/CsSnI₃/Cu₂O perovskite solar cell with a CsSnI₃ 

absorber layer thickness of 300 nm to 900 nm, increased 

light absorption increases the short-circuit current density, 

improving the power conversion efficiency (31.16%).  

Increasing the thickness of the absorber layer does entail 

some trade-offs, including a slight decrease in the open-

circuit voltage and fill factor, likely due to higher charge 

carrier recombination in the thicker films.  

These results highlight the importance of selecting the 

appropriate thickness for the absorber layer in the 
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optimization process of achieving peak performance from 

perovskite solar cells. For further information, we may 

provide: 

1- Improved Light Absorption and Current Generation: 

Increasing the thickness of the CsSnI₃ layer from 300 nm 

to 900 nm boosts its ability to absorb more light photons 

across a larger spectrum. This is plainly demonstrated in 

Figure (6a), which demonstrates that the device's Quantum 

Efficiency (QE) rises as the thickness increases over the 

300-900 nm wavelength range. A larger absorber layer has 

a longer optical path, so more photons are caught and 

transformed into electron-hole pairs. The Short-Circuit 

Current Density (Jsc) increases significantly, reaching 

31.39507mA/cm² at 900 nm (Figure 5e). 

2- Peak Efficiency at Optimal Thickness: The combined 

impact of the soaring Jsc and the still-high voltage levels 

resulted in a peak Power Conversion Efficiency (PCE) of 

31.16% at 900 nm (Figure 5b). This demonstrates that for 

this specific cell design, 900 nm marks the sweet spot 

where the gains in current balance the modest voltage 

losses. 

3- The Thickness Trade-Off: Voltage and Fill Factor Loss: 

However, increasing the thickness has downsides. Figures 

5c and 5d indicate that the Open-Circuit Voltage (Voc) and 

Fill Factor (FF) undergo a minor but continuous decline as 

the CsSnI₃ layer becomes thicker.  

The Voc decreases from ~1.147V to 1.122V while the FF 

decreases from ~87.88% to 88.45%.  

As previously stated, this is due to an increase in charge 

carrier recombination rate in thicker films. In a thicker 

absorber, photogenerated electrons and holes must travel a 

greater distance to reach their respective contacts (ETL and 

HTL), increasing the likelihood of them recombining 

before being collected.  

This recombination loss is expressed as a decrease in Voc 

and FF. The band diagram in Figure 6b illustrates the 

energy landscape that facilitates this charge transport and 

recombination.
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Figure 4. Changes in PSC performance parameters as absorber layer defect density varies. a) Eta, b) F.F., c) Voc, and d) JSC 
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Table 2. Photovoltaic parameters of FTO (400nm)/TiO2 (40 nm)/ CsSnI3(300-900 nm)/Cu2O (100 nm) at 300 K° 

Thickness(nm)of CsSnI3 eta (%) Voc(V) Jsc (mA/cm2) F.F(%) V_mpp(V) J_mpp (mA/cm2) 

300 25.87175 1.14734 25.65733 87.8865 1.04053 24.86407 

400 27.96145 1.14145 27.80823 88.09059 1.03662 26.97364 

500 29.23032 1.13624 29.15464 88.23831 1.03299 28.29685 

600 30.03185 1.13181 30.03838 88.33492 1.02971 29.16543 

700 30.5592 1.12811 30.64472 88.39675 1.0267 29.76451 

800 30.91729 1.12494 31.07742 88.4359 1.024 30.19255 

900 31.16467 1.12217 31.39507 88.45935 1.02158 30.50628 
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Figure 5. Effects of perovskite Thickness(nm) (bottom sub cell) on device performance: (a) J-V curves (b)eta (%), (c) F.F, (d)Voc, (e) Jsc, (f) Vmpp, and 

Jmpp
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Figure 6. (a) Quantum efficiency for absorber thickness. (b) The independent top cell's energy band diagram (bottom sub cell) 

 

 

Figure 7. Schematic diagram of the designed tandem solar cell FTO/TiO2/ Cs2AgBi0.75Sb0.25Br (1.8eV)/CsSnI3 (1.40eV)/Cu2O/Au 
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4.3. Design 3: Tandem Cell (Cs2AgBi0.75Sb0.25Br6/ CsSnI₃) 

 

The Figure 7 depicts a simulated two-terminal tandem 

configuration: (FTO/TiO2/ Cs2AgBi0.75Sb0.25Br6 

(1.8ev)/CsSnI3/Cu2O). In this configuration, the upper cell 

with a broad bandgap filters the solar spectrum, allowing 

low-energy photons to reach the lower CsSnI3 layer. The 

thicknesses of the two absorption layers were tuned to 

achieve current matching, which is required for tandem 

devices, with the absorber layer thickness significantly 

affecting efficiency and device performance, consistent 

with [32, 33]. While increasing thickness enhances photon 

absorption and short-circuit current density (Jsc), the best 

balance was found at 600 nm for the upper absorption layer 

and 900 nm for the bottom absorption layer. At these 

dimensions, and with a tunnel recombination junction 

(TRJ) at the interface, the device provides realistic and 

physically consistent performance. After fixing the 

thickness of the upper  at 600 nm and lower absorption 

layers at 900 nm and the temperature at 300 K, the current-

voltage characteristics were shown in Figure 8. The results 

were as follows: η 31.25%, FF 88.70%, JSC 31.356 

mA/cm², and VOC 1.123 V. Figure 9 shows the relationship 

between the incident light wavelength and the external 

quantum efficiency (EQE). Quantum efficiency is defined 

as the proportion of charge carriers collected from incident 

photons of a specific wavelength or energy. A significant 

increase in the external quantum efficiency was observed 

at wavelengths between 300 and 650 nm. The results for 

the external quantum efficiency showed an improvement 

with increasing thickness of the CsSnI₃ and 

Cs₂AgBi₀.₇₅Sb₀.₂₅Br₆ layers.

 

 
Figure 8. J-V curves for different structures of perovskites 

 

 
Figure 9. Shows the external quantum efficiency (EQ) of simulated devices made of several materials, including Cu2O (100nm), CsSnI3 (900nm), 

Cs2AgBiSbBr6 (600nm), TiO2 (40nm), and FTO (400nm)
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4.4. The effect of ETL and HTL layer thickness on 

device performance 

 

A perovskite solar cell's efficiency is totally dependent on 

the rapid and effective extraction of charge carriers, which 

is carried out by the ETL and HTL. The characteristics of 

TiO₂ ETL and Cu₂O HTL have been thoroughly examined 

in order to improve the simulated device. To prevent 

charge recombination and facilitate easy electron transfer 

through the layer, an enhanced electron transport layer 

needs to have two characteristics: 1) high electron 

mobility, and 2) a lower conduction band minimum 

towards the adjacent layers. This will increase the overall 

efficiency of the device. Research supports this habit [34, 

35]. 

 

4.4.1. Thickness and Doping Concentration: Impact on 

ETL 

 

Table 3 and Figure (10) demonstrate the initial evaluation 

of the effect of altering TiO₂ ETL thickness from 30 to 90 

nm. According to this study, increasing the thickness of the 

ETL results in a small but constant drop in all of the 

important photovoltaic metrics. The power conversion 

efficiency (η) falls with increasing thickness, from 31.25% 

at 30 nm to 31.25% at 90 nm. The open-circuit voltage 

(Voc), short-circuit current density (Jsc), and fill factor 

(F.F) all show comparable, minor declines. This study 

determined that the optimal thickness for the ETL is 30 nm. 
In an effort, the ETL was further analyzed in relation to 

thickness (30-90 nm) and carrier doping concentration 

(10¹³ cm⁻³ to 1019 cm⁻³), with the results displayed in 

contour plots in Figure (11). The results demonstrated a 

close correlation between the device's performance and the 

doping concentration. In Figure (11a), it can be seen that 

for any given thickness, the efficiency shoots up with 

doping concentration, peaking above 31.25% at 1019 cm⁻³. 

Figure (11b) further demonstrates this trend, showing an 

increase in fill factor from approximately 88.53% to over 

88.96% as doping increases. This conclusion implies that 

higher doping may have increased the ETL conductivity, 

diminished the series resistance, and enhanced charge 

extraction. On the other side, Voc and Jsc seemed to have 

less dependence on doping, remaining quite stable at about 

1.12V and 31.35 mA/cm², respectively (Figure 11c and 

11d). Jointly from the comparison, it was confirmed that 

peak performance is reached with a thin and highly doped 

TiO₂ layer (30 nm, 10²⁰ cm⁻³). From another perspective, 

the observed reliance of device performance on ETL 

characteristics, as shown in Figure 11, may be explained 

by fundamental semiconductor device physics.  The 

substantial positive link between ETL doping 

concentration and the device's Fill Factor (FF) and Power 

Conversion Efficiency (PCE) is mostly due to the reduction 

in series resistance (Rs). Increasing the doping 

concentration to 10²⁰ cm⁻³ improves the electrical 

conductivity of the TiO₂ layer by many orders of 

magnitude. The extremely conductive channel reduces 

parasitic Ohmic voltage losses (I·Rs) during charge 

extraction, especially at the highest power point. The 

reduced resistive loss results in a squarer I-V curve, which 

manifests as a higher FF. As the PCE is a product of the 

main photovoltaic factors, The large improvement in FF is 

the major cause of the reported efficiency increase.  In 

contrast, it is widely recognized that the open-circuit 

voltage (Voc) and short-circuit current density (Jsc) are 

rather insensitive to the ETL doping level. The Voc is 

primarily determined by the quasi-Fermi level splitting 

inside the absorber layers and is constrained by charge 

carrier recombination rates and the quality of interfacial 

band alignment. Our findings show that the ETL's bulk 

conductivity has no substantial effect on these parameters 

within the investigated range.  Similarly, photon absorption 

rate in active layers governs the Jsc. The thin TiO₂ layer is 

transparent to the solar spectrum and has near-unity charge 

collecting efficiency.  Improving the ETL's conductivity 

does not improve the amount of photogenerated carriers 

that can be captured. 

 

Table 3. Photovoltaic parameters of FTO/TiO2(30_90nm) / Cs2AgBi0.75Sb0.25Br (900nm)/CsSnI3(900 nm)/Cu2O (100 nm) at 300 K° 

Thickness(nm)of TiO2 eta (%) Voc(V) Jsc (mA/cm2) F.F(%) V_mpp(V) J_mpp (mA/cm2) 

30 31.25253 1.12366 31.35637 88.69981 1.02611 30.45719 

40 31.25222 1.12366 31.35607 88.6998 1.02611 30.45689 

50 31.25187 1.12366 31.35574 88.69978 1.02611 30.45655 

60 31.25148 1.12366 31.35536 88.69977 1.02611 30.45617 

70 31.25106 1.12366 31.35495 88.69975 1.02611 30.45576 

80 31.2506 1.12366 31.35451 88.69973 1.02611 30.45531 

90 31.2501 1.12366 31.35402 88.69971 1.02611 30.45482 
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Figure 10. Effects ETL (TiO2) Thickness (nm) on device performance: (a)J-V curves (b) eta , (c) FF, (d)Voc, (e) Jsc, (f) Vmpp and Jmpp 
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Figure 11. Impact of the ETI. (TiO2) thickness and carrier concentration on key photovoltaic parameters: (a) eta (%), (b) F.F (%),(c)Voc(V), (d) Jsc(mA/cm2) 

 

Finally, a thin (30 nm) and highly doped (10²⁰ cm⁻³) TiO₂ 

film demonstrated perfect synergy. The high doping level 

assures good conductivity, which maximizes FF and PCE 

while minimizing resistive losses. Concurrently, the 

minimum thickness of 30 nm offers the shortest feasible 

electron transport channel while providing maximum 

optical transmittance to the underlying absorber layers, 

resulting in a high JSC.  

This thickness is enough to provide a homogeneous, 

pinhole-free coating that successfully prevents shunt-

related performance deterioration. To select the essential 

ETL for our device design, we compared different potential 

materials: inorganic TiO₂, WS₂, and CdS, as well as the 

organic ETL, PCBM, all at a uniform thickness of 40 nm. 

The results in Figure (12a), Figure (12b) and the 

accompanying table clearly reveal TiO₂ as the best 

alternative.  

The TiO₂-based cell achieves 31.25% efficiency with a 

remarkable combination of high Jsc (31.35607mA/cm²), 

Voc (1.1236V), and an amazing fill factor (88.69%). TiO₂  

's wide bandgap decreases parasitic absorption, leading to 

a high and broad quantum efficiency spectrum .  

It also has good charge transport capabilities that minimize 

resistive losses, as seen by its high fill factor.Although CdS 

performs well, PCBM and WS₂ have lower fill factors and 

more parasitic absorption, making them less suitable for 

maximum device output.  

After screening several materials, TiO₂ was chosen for 

further optimization of thickness and doping concentration, 

as shown in Table 4.
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Figure 12. (a) J-V characteristics with varied ETL, (b) EQ (%) 

 

Table 4. Shows the solar cell parameters for several ETL materials 

ETL 

material 

Jsc 

(mA/cm2) 

Voc 

(V) 

F.F(%) Eta (%) 

TiO2 31.35607 1.12366 88.6998 31.25222 

PCBM 30.181 1.2811 86.06 33.27 

Ws 31.334 1.2803 85.13 34.15 

Cds 31.404 1.3004 90.00 36.76 

 

4.4.2. Effect of the Thickness of Hole Transport Layer 

(Cu₂O) 

 

To assess its effect on device performance, the thickness of 

the Cu₂O HTL was varied from 100 to 400 nm, with results 

recorded in the correlated table and Figure (13). The 

simulation demonstrates that the device is extremely 

resistant to HTL thickness fluctuations in this range. All 

four important metrics are almost unaffected: efficiency (η 

≈ 31.25%), open-circuit voltage (Voc = 1.12V), short-

circuit current density (Jsc ≈ 31.35604mA/cm²), and fill 

factor (F.F ≈ 88.69%). The insensitivity indicates that the 

Cu2O layer for this specific stack of materials does a very 

good job of extracting holes, even at 400 nm, with very 

little recombination loss through the HTL. This study looks 

at ways to make lead-free double perovskite tandem solar 

cells more efficient, connecting it to recent progress in 

CIGS-based solar panels, and highlighting how important 

the thickness of the layers and reflective structures are. For 

instance, the reference study (by our team) [36] found that 

making the absorption layer thicker in 

CIGS/TiO₂/ZTO/ZnO/Al solar cells boosts efficiency until 

it reaches the best balance with the other layers, similar to 

what we discovered about optimizing the thickness of the 

Cs2AgBi0.75Sb0.25Br6  /CsSnI₃ absorber. The CIGS study 

achieved 24.84% efficiency by integrating a MoSe₂ back 

reflection layer, which reduced the absorption layer 

thickness to 0.5 µm and increased light trapping. This 

technique may influence comparable solutions for 

addressing interfacial recombination losses in perovskite 

tandems, as shown in Table 5. Despite facing stability 

issues that CIGS technology does not, perovskite-based 

devices provide significant advantages such as increased 

theoretical efficiency limits (31.25% in our tandem design) 

and customizable bandgaps.  The CIGS work used back 

reflection to minimize manufacturing costs, whereas our 

study focuses on lead-free perovskites to address both 

toxicity and production costs simultaneously, revealing 

alternate methods to promoting sustainable solar energy.  

Future research might explore combining perovskite 

absorbers with reflective back layers to solve thickness 

problems and lower material costs.
 

Table 5. Photovoltaic parameters of FTO (400nm)/TiO2 (40) nm)/ Cs2AgBi0.75Sb0.25Br (900nm)/CsSnI3(900 nm)/Cu2O (100_400 nm) at 300 K° 

Thickness 

(nm) of Cu2O 

eta (%) Voc(V) Jsc 

(mA/cm2) 

F.F (%) Vmpp(V) Jmpp 

(mA/cm2) 

100 31.25217 1.12366 31.35604 88.69979 1.02611 30.45684 

150 31.25218 1.12366 31.35605 88.69979 1.02611 30.45685 

200 31.25219 1.12366 31.35606 88.69979 1.02611 30.45686 

250 31.2522 1.12366 31.35607 88.69979 1.02611 30.45687 

300 31.25221 1.12366 31.35608 88.69979 1.02611 30.45688 

350 31.25221 1.12366 31.35609 88.69979 1.02611 30.45688 

400 31.25222 1.12366 31.35609 88.69979 1.02611 30.45689 
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Figure 13. Effects HTL (Cu2O) Thickness (nm) on device performance: (a) J-V curves ,(b) eta,(c) F.F, (d) Voc,(e) Jsc,(f) Vmpp and Jmpp
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Figure 14. Impact of Cu₂O HTL thickness and carrier concentration on key photovoltaic parameters 
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Figure 15. (a) J-V characteristics with varying HTL, (b) EQ (%) 

 

Table 6. Solar cell properties for various HTL materials 

HTL material Jsc (mA/cm2) Voc (V) F.F(%) Eta (%) 

Cu2O 31.35604 1.12366 88.69979 31.25217 

CuI 31.4056 1.3006 89.49 36.55 

P3HT 27.7828 1.2080 89.58 30.06 

PEDOT: PSS 31.4057 1.3005 90.31 36.89 
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Table 7. Compares our study to previously published results 

Device structure (material system) Voc(V) Jsc(mA/cm2) F.F (%) PCE (%) Ref. 

TiO2/ Cs2AgBi0.75Sb0.25Br6/ CsSnI₃/Cu2O/Au 1.12 31.35 88.69 31.25 This Work 

FTO/Zn (O0.3, S0.7)/ Cs2AgBi0.75Sb0.25Br6/ 

V2O5/Pt 

1.68 18.37 91.94 28.43 [40] 

FTO/C60/Cs2AgBiBr6/MoS2/Pt 0.84 32.28 85.77 23.49 [41] 

FTO/ZnO/ Cs2AgBi0.75Sb0.25Br6/ FAMASnGeI3/ 

NiO/Ag 

2.09 15.58 80.87 29.59 [42] 

FTO /TiO2/ Cs2AgBi0.75Sb0.25Br6/ FASnI3/Cu2O/Au 1.1402 27.886 88.74 28.22 [43] 

Tables 6 & 7 show the solar cell with a Cu₂O HTL in our 

work demonstrates superior performance, achieving high 

power conversion efficiency (PCE) of 31.25%. This is 

attributed to its optimal combination of a high short-circuit 

current density (Jsc), open-circuit voltage (Voc), and fill 

factor (FF).  

The performance of Cu₂O is identical to PEDOT: PSS and 

superior to CuI and P3HT, establishing it as a highly 

effective hole transport material. Furthermore, as shown in 

the comparison table, our device's PCE of 31.25% 

significantly surpasses the efficiencies reported in previous 

studies on similar Cs₂AgBiBr₆-based perovskite solar cells, 

which typically range from ~23% to 29% (Figure 14). 

While some previous efforts attained a higher Voc, this was 

frequently at the price of a substantially lower Jsc. Our 

gadget properly balances all three critical parameters (Jsc, 

Voc, and FF), resulting in unprecedented efficiency for this 

material system and marking a significant development in 

the sector.  

Figure  15 demonstrates that the Cu₂O HTL in this high-

efficiency perovskite solar cell functions ideally due to a 

combination of physical and electrical properties. The ideal 

conditions for Cu₂O HTL are a thin layer (~100-200 nm) 

and a high acceptor concentration (>1018 cm⁻³) due to the 

following synergistic effects: 

1- Reduced Series Resistance (Rs): A thin layer physically 

shortens the carrier route, but a high acceptor concentration 

increases conductivity.  

Both variables significantly lower the HTL's total series 

resistance, resulting in exceptional Jsc and near-ideal F.F 

(31.35mA/cm² and 88.69%, respectively).  

2- Efficient Charge Carrier Collection: The short transit 

distance in a thin layer, together with the fast transport 

provided by high conductivity, guarantees that holes are 

recovered from the absorber rapidly and efficiently before 

they may recombine.  

This reduces bulk recombination within the HTL and at the 

interfaces. 

3- Optimal hole extraction at the interface. A highly doped 

Cu₂O layer makes a good charge selective contact, 

effectively removing holes from the perovskite without 

obstructing their flow maintaining a strong driving force 

for charge separation within the absorber. 

4- Synoptic High PCE: Optimizing Jsc and F.F 

simultaneously while keeping a steady and high Voc 

results in an excellent Power Conversion Efficiency of 

31.25%. The ideal Cu₂O HTL is designed to provide a 

highly conductive, low-resistance conduit for holes, 

enabling their quick and full collection. This maximizes the 

device's electrical output This tendency is consistent with 

the majority of study papers [37, 38, 39]. 

 

4.4.3. Contextual Analysis and Future Outlook 

 

The research into the optimization of lead-free perovskite 

solar cells closely tracks advancements in the photovoltaics 

sector, particularly recent advances in CIGS-based 

devices.  

An earlier evaluation of CIGS-based solar cells, for 

example, recommended improving the thickness of the 

absorber layer while simultaneously increasing efficiency 

to 24.84% after interfering with a MoSe₂ back reflection 

layer. Such an approach, along with other improvements in 

light trapping via reflective structures and stall required 

material thickness, could be employed for perovskite-type 

devices in minimizing interfacial recombination losses. 

Higher theoretical efficiency limits, as demonstrated by the 

31.25% in our tandem design, and highly tunable bandgaps 

have been realized, but perovskite technology currently 

faces greater challenges with respect to stability. Our 

research aims to promote sustainable solar energy by 

developing lead-free perovskites to counter the toxicity of 

materials, providing another angle to solutions, such as 

using reflective layers to minimize costs of production in 

CIGS cells.  

Future research might look at the synergistic combinations 

of improving lead-free perovskite absorbers with enhanced 

optical structures back reflectors to reach even better 

efficiency while using less material.  

To actualize the theoretical design of our multilayer solar 

cell, we propose the following preparation techniques for 

each layer. For the TiO₂ layer, we propose using Atomic 

Layer Deposition (ALD) or Sputtering. TiO₂  's crystalline 

structure determines its hardness, which ranges from 5 to 9 

GPa. Proper preparation ensures good adhesion. Perovskite 

absorber layers include Cs2AgBi0.75Sb0.25Br6, which may 
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be deposited by Spin-Coating for a homogenous coating, 

however particular hardness values are less known. 

Adhesion can vary but is often enhanced with surface 

treatments.  Thermal evaporation is indicated for CsSnI₃, 

which has hardness values of 1-3 GPa and varies in 

adhesion depending on the substrate. The Transparent 

Conducting Oxide (TCO) layer should be deposited using 

sputtering because FTO films have high toughness and 

adhesion qualities. Finally, Thermal Evaporation or 

Sputtering is appropriate for Au metal contact, since it has 

a low hardness of roughly 2-3 GPa and high adherence to 

various substrates, especially when adhesion coatings like 

Cr or Ti are used.  These strategies are designed to improve 

the performance and stability of each layer in the 

multilayer solar cell construction. 

 

5. Conclusion 

 

We model and calibrate the state-of-the-art conversion 

efficiencies of the independently operated 

Cs2AgBi0.75Sb0.25Br6  and CsSnI3 perovskite absorber layer 

with bandgaps of 1.4eV and 1.8eV, respectively. 

Additionally, significant attempts were made to use these 

perovskite absorber materials to develop a tandem device 

that is entirely perovskite and devoid of lead. Both the top 

and bottom subcells' absorber layer thicknesses have been 

changed to meet the present matching circumstances in 

order to accomplish a realistic tandem operation. It was 

discovered that the ideal thickness for the top 600 nm and 

bottom cell absorber layers was and 900 nm, respectively. 

Under the present matching circumstance, individual cell 

efficiency is 26.00% (top) and 31.16% (bottom). A series 

(2T) connection between the top and bottom cells is used 

to create a tandem device. It was improved. The HTL 

(Cu2O) had thicknesses of 100 nm and 400 nm, whereas 

the ETL (TiO2) had thicknesses of 30 nm and 90 nm. This 

led to improved device performance with FF (88.69%), Jsc 

(31.35mA/cm2), eta (31.25%), and Voc (1.12V), 

respectively. This highlights the possibility of designing 

high-efficiency, lead-free, and environmentally friendly 

perovskite solar cells based on Cs2AgBi0.75Sb0.25Br6  and 

CsSnI3. 
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