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Abstract:  
 

The performance and optimization of a perovskite solar cell employing an inorganic, 

lead‑ free absorber with a 1.1 eV bandgap were investigated using numerical modeling and 

simulation. The FTO/TiO2/KGeCl3/Spiro‑ OMeTAD/Au, architecture was assessed while 

layer thicknesses, doping concentrations, and bulk defect densities of the ETL, absorber, 

and HTL were varied, and while interfacial defect densities at the ETL/absorber and 

absorber/HTL junctions were modified. Additionally, 36 device configurations combining 

different ETL and HTL materials were compared. These simulations provided useful 

information for structural optimization and performance improvement; a maximum 

conversion efficiency of 21.11% was achieved with the optimized single-junction structure 

FTO/SnS2/KGeCl3/MoS2/Au, and 28.36 % with the FAPbI3/KGeCl3 tandem structure. The 

potential of KGeCl₃  as a lead-free perovskite absorber was thus demonstrated, and the 

prospects for the future development of sustainable photovoltaic devices were highlighted. 

 

1. Introduction 
 

The evolution of photovoltaic technology toward 

sustainable energy solutions has unfolded in several 

phases, ranging from the initial discovery of the 

photovoltaic effect to current efforts  aimed at  

developing environmentally friendly materials such 

as perovskites [1]. A major breakthrough occurred in 

2012 with the demonstration of the first high-

performance solid-state perovskite solar cells, whose 

efficiency rapidly climbed to 16.2% by the end of 

2013. In just a few years, perovskite solar cells have 

achieved efficiencies of about 26% for single-

junction devices and over 33% for tandem 

configurations [2], positioning them as competitive 

alternatives to established photovoltaic technologies 

such as those based on silicon, CdTe, or CIGS. 

However, research conducted over several years has 

identified fundamental obstacles that  prevent the 

commercialization of lead-based organo-inorganic 

hybrid perovskites: insufficient long-term stability, 

current-voltage hysteresis, and environmental 

toxicity concerns.  Between 2020 and 2023, these 

major constraints led to in-depth research into 

alternative lead-free perovskite, particulary those 

based on tin, germanium, antimony, and bismuth [3], 

as well as double perovskite structures [4]. Tin-

based perovskite solar cells, such as MASnI3, 

FASnI3, and CsSnI3, have emerged as the most 

promising lead-free option, as they combine high 

light absorption with good charge transport, despite 

the oxidation of Sn2+, which remains a major 

challenge [5]. Germanium-based devices, such as 

CsGeI3, have been studied as another lead-free 

alternative, but their efficiencies have generally 

remained much lower [6]. Bismuth- and antimony-

based materials are of interest because Bi3+ and Sb3+ 

ions are more stable in air, but their photovoltaic 

performance is generally inferior to that of tin-based 

systems. Examples include Cs3Bi2I9, Cs2AgBiBr6, 

and MA3Sb2ClxI(9-x) [7-8-9]. This work focuses on 

the development of a solar cell based on the 

perovskite absorber KGeCl3, a lead-free germanium-

based material that has recently attracted attention as 

a promising candidate for photovoltaic applications. 

The cubic phase of KGeCl3 is particularly appealing 

for perovskite solar cells because it combines 

structural stability with favorable optoelectronic 

properties, including a direct band gap in a useful 

absorption range, relatively good carrier mobility, 

low effective mass, and strong visible-light 

absorption [10]. These characteristics are essential 

for efficient charge generation, transport, and 

extraction, and they make KGeCl3 a compelling 
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absorber for next-generation solar cells. Interest in 

this material has grown only recently, with a 2023 

DFT study identifying KGeCl3 as a promising 

photovoltaic absorber. Calculations reveal strong 

optical absorption (>105 cm-1), favorable effective 

masses for both electrons and holes, and low defect 

formation energies that support efficient charge 

extraction and direct bandgap, tunable between 1.1 

eV and 1.4 eV [11] , closely matches the ideal range 

for maximizing single-junction solar cell 

performance under the Shockley–Queisser limit, 

encouraging device performance under optimized 

architectures. Indeed, simulations using SCAPS-1D 

have projected power conversion efficiencies 

between 17.6% and 21.3% for configurations such 

as FTO / ZnO/ KGeCl3 / Cu2O / Au and FTO / TiO2 

/KGeCl3 / Spiro-OMeTAD / Au [12]. Recent 

theoretical work confirms that KGeCl3 retains its 

structural phase up to 400 °C and shows no 

significant decomposition after prolonged ambient 

exposure, outperforming many Sn- and Pb-based 

alternatives in stability metrics. Although 

experimental realizations are still in early stages, 

successful co-evaporation of phase-pure films with 

carrier diffusion lengths beyond 500 nm validates its 

practical synthesizability [13]. Given these optimal 

properties, KGeCl3 stands out as a high-potential 

absorber worthy of intensive experimental and 

theoretical exploration for next-generation 

sustainable photovoltaics. The configuration and 

optimization of perovskite solar cells (PSCs) appear 

as an essential procedure to achieve high 

photovoltaic efficiency. This is achieved by reducing 

defect levels, improving optical absorption, 

minimizing exciton binding energy, and increasing 

carrier mobility. but also by carefully selecting the 

neighboring transport layers that play a crucial role 

not only in the separation and transport of carriers 

but also in the optimization of band offsets and trap 

levels at the interfaces, and in the reduction of trap 

defect levels at the interfaces [14-15-16]. This 

research used the Mathcad Prime 11 simulation tool 

to evaluate the photovoltaic performance under 

various conditions of the KGeCl3-based solar cell 

structure, employing FTO as the transparent 

conductive oxide, TiO2 and Spiro-OMeTAD as ETL 

and HTL, and gold as the back contact layer. The 

research included a detailed examination of the 

optimization of parameters, including the depth, 

doping density, and defect density of the ETL, the 

absorption layer, and the HTL, as well as the study 

of the impact on performance of the defect density 

level at the ETL/Absorber and Absorber/HTL 

interfaces. Moreover, an in-depth examination was 

conducted on 36 structures with different 

combinations of ETL and HTL materials. After 

evaluating the PV performance of these 

configurations, the optimal arrangement of the 

devices was selected for further development. This 

numerical analysis provides significant insights 

regarding the design of efficient and 

environmentally friendly single and tandem SCs 

using KGeCl3. The results highlight the capabilities 

of this type of SC and indicate a pathway for future 

developments in sustainable solar solutions. 

2. Methods 

2.1 Device Structure and Methodology 

The KGeCl3-based perovskite solar cell (PSC) 

investigated in this work follows a conventional 

design with material layers chosen to enhance charge 

separation and carrier transport. The device stack 

consists of an aluminum (Al) front contact with a 

work function of 5.37 eV, a fluorine-doped tin oxide 

(FTO) transparent window layer, an electron 

transport layer (ETL) of TiO2 , the KGeCl3  

inorganic and lead-free absorber of 1.1 eV energy of 

the bandgap, an organic hole transport layer (HTL) 

of Spiro-OMeTAD , and a gold (Au) rear electrode 

with a work function of 5.0 eV.  The energy levels 

are arranged such that the KGeCl3 conduction band 

lies slightly above that of TiO2 to facilitate downhill 

electron transfer toward FTO, while its valence band 

lies above the Spiro-OMeTAD HOMO to enable 

efficient hole transfer toward Au, thereby 

establishing a built-in potential between the n-type 

FTO/TiO2 side and the p-type Spiro-OMeTAD/ Au 

side that drives carrier separation and extraction. The 

complete architecture and  energy band alignement 

of the succesive layers are represented Fig. 1 (a) and 

(b). Table 1 outlines the input parameters for all 

materials utilized in the simulation, whereas table 2 

details the interface properties of the TiO2/KGeCl3 

and KGeCl3/Spiro-OMeTAD interfaces. The 

flowchart shown in Fig. 2 outlines the modelling and 

simulation procedure. The process begins with the 

definition of the approximate function representing 

spectral irradiance in this study. Next, the physical 

parameters of the materials used for the FTO, ETL, 

perovskite and HTL layers are defined. After that, 

the expressions used to calculate the photo-current 

density of electrons and holes, the saturation current 

density, and the current-voltage characteristic are 

incorporated into the model. Following that, The 

device’s performance is evaluated based on 

systematic variations in key parameters: the 

thicknesses of the absorber, the ETL layer, and the 

HTL layer, as well as the physical properties—

detailed below—of these same layers. This step 

highlights crucial inter-dependencies, such as how 

the absorber thickness governs the balance between 

photon absorption and carrier collection, the 
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influence of thicknesses on optical transmission, and 

the interaction between doping and defect states in 

determining photovoltaic parameters.  

Table 1.  Input Simulation Data For FTO, ETL, 

Absorber and HTL Layers

 

 

Figure 1. (a) PSC Structure, (b) Energy Level Diagram. 

 

Figure 2. Simulation Procedure of the Study. 

2.2 Simulation Model 

Table 2.  Input parameters for the interface Behaviour 

[18]. 
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Numerical modeling is an effective methodology for 

elucidating the operating mechanisms and efficiency 

limits of photovoltaic devices. Various 

computational tools have proven to be highly 

effective in this field. In particular, the one-

dimensional solution of the fundamental 

semiconductor equations provides a rigorous 

description of the operation of perovskite solar cells. 

Furthermore, the calculation and analysis of current-

voltage characteristics allow for a comprehensive 

characterization of device performance, 

encompassing electrical and optical aspects as well 

as recombination dynamics in multilayer 

photovoltaic architectures, thereby shedding light on 

the intrinsic charge transport mechanisms and 

interfacial phenomena. The study presented here was 

conducted using Mathcad Prime 11 [19]. The 

standard conditions generally used in this type of 

simulation are as follows: the AM 1.5 G solar 

spectrum with a light intensity of 100 mW/ cm2, a 

frequency of 1 × 1016 Hz, and a temperature of 298 

K. However, a numerical model of the solar 

spectrumas a function of the wavelength λ was used 

in this study. This is the nonlinear equation described 

in Equation 1 [20]. 

𝐼𝑅𝑆(𝜆)  
=  0.006977 + 7.0625. [1

−  𝑒
−(𝜆−0.2605)

0.15994 ]2.28411. 𝑒
−(𝜆−0.2605)

0.22285                     (1) 

The total power  Pinc of the incident light, is 

calculated as follows:     

 𝑃𝑖𝑛𝑐 =  ∫ 𝐼𝑅𝑆(𝜆)𝑑
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

𝜆                                     (2) 

The current-voltage characteristics is expressed in 

Equation 3 [21]. 

J(V) = Jph - (J0+Js). (e
q.(V - JRs)

2kT -1 ) - 
V - J.Rs

Rsh
      (3)                                                                           

 Rs and Rsh are parasitic resistances. 

Jph is the total photo-current density. 

J0 is the current loss arising from non‑ radiative 

recombination and depends on the carrier density, 

carrier lifetimes, and diffusion coefficients. Js is the 

current loss associated with interface recombination 

and is determined by the interface defect density and 

the band energy-level mismatch [22]. Generating the 

J(V) curve requires an accurate assessment of 

absorption, recombination and length’s diffusion; to 

this end, the Tauc model [23- 24] was used to 

calculate absorption, and the Shockley-Read-Hall 

(SRH) formula [25] was used to estimate the 

recombination rate. Their corresponding expressions 

are given by Equations 4 and 5. 

𝛼(ℎ𝜈) = (𝛼0 + 𝛽0.
𝐸𝑔

ℎ𝜈
). √

ℎ𝜈

𝐸 𝑔
− 1                   (4)                  

hν is the photon energy.  

α0  and β
0
 are the model constants that depend on the 

standard model constants A and B: 

α0=A√Eg     and     β
0
=

B

√Eg
 

𝑅𝑆𝑅𝐻 =
(𝑛.𝑝−𝑛𝑖

2)

𝜏.(𝑝+𝑛+2.𝑛𝑖.𝑐𝑜𝑠ℎ(
𝐸𝑖−𝐸𝑡
𝑘𝐵.𝑇

))
                          (5)                        

 RSRH  is  SRH rate which depends on the life-time of 

the minority carrier (τ) and the defect density Nt. 

𝜏 =
1

𝑁𝑡 . 𝜎 . 𝑉𝑡ℎ
                                                   (6) 

Et is the position of the trap energy level and the 

intrinsic level is represented by Ei. T is the absolute 

temperature.  kB is the Boltzmann constant. σn,p is the 

capture cross-section for electrons or holes, Nt is the 

defect density and the Vth is the thermal speed.       

The following Equation illustrates the strong 

relationship between the diffusion length as a 

function of diffusion’s coefficient and carrier  

lifetime: 

𝐿(𝑛,𝑝) = √𝜏(𝑛,𝑝). 𝐷(𝑛,𝑝)                                             (6) 

The coefficient of diffusion, diffusion length, and 

minority carrier lifetime are denoted D(n,p), L(n,p), and 

τ(n,p), respectively. Equations 7 and 8 define the fill 

factor and the power conversion efficiency, 

respectively [26]. 

𝐹𝐹 =  
𝐽𝑚𝑝. 𝑉𝑚𝑝

𝐽𝑆𝐶 . 𝑉𝑜𝑐
                                                     (7) 

Jmp is the maximum current and Vmp is the maximum 

voltage. Jsc and Voc are short current density and open 

circuit voltage respectively. 

 𝑃𝐶𝐸 =  
𝐽𝑚𝑝.𝑉𝑚𝑝

𝑃𝑖𝑛𝑐
                                                     (8)                                                                                                                                                              

3. Results, Discussion and Optimization 

3.1 Optimization of KGeCl3 Layer Thickness, 

Doping Density, and Defect Density for Improved 

Performance 
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The key physical parameters of a solar cell’s 

absorbing layer, which govern and ensure optimal 

charge carrier generation, are the acceptor density 

(Na), the trap density (Nt), and the thickness of the 

active layer. Optimizing these parameters is essential 

for improving the efficiency of solar devices. Fig. 3 

(a) illustrates the effect of the doping level in the 

KGeCl3 layer on the current-voltage (J-V) 

characteristic curve. It is observed that at moderate 

levels—generally between 1013 and 1019 cm-3—

doping increases the built-in potential at the p-n 

junction, which facilitates efficient separation of 

electrons and holes and increases the open-circuit 

voltage (Voc) from 0.4956 V to 0.6719 V, thereby 

minimizing non-radiative recombination pathways. 

On the other hand, the short-circuit current density 

(Jsc) remains stable due to the extended carrier 

lifetime, resulting in a better fill factor (FF).  

Conversely, excessive doping beyond 1019 cm-3 has 

a detrimental effect that promotes Auger and 

Shockley-Read-Hall recombination, narrows the 

space charge region, and strengthens interface traps. 

Fig. 3 (b) illustrates the effect of defect density on 

the device’s current-voltage  J(V) curve. It is clear 

that at low defect densities, below 1013 cm-3, 

performance is high due to reduced Shockley-Read-

Hall (SRH) recombination, extended carrier 

lifetimes, and an optimal built-in potential. This 

maintains high open-circuit voltage (Voc), short-

circuit current density (Jsc), and fill factor (FF). 

Conversely, a high level of trap defects, 

exceeding1014 cm-3 , promotes SRH and Auger-type 

recombination, shortens the lifetime of minority 

carriers, and narrows the space charge region. This 

results in a degradation of Voc  from 0.6491 V to 

0.1731 V, a decrease of Jsc  from 35.65 mA/cm² to 

0.009 mA/cm² and, as a result, a significant decrease 

in FF and energy conversion efficiency due to a 

substantial increase in non-radiative losses. The 

perovskite KGeCl3 possesses excellent light 

absorption properties and high carrier mobility; 

however, the results above clearly show that its 

performance is affected by a high defect density. 

Consequently, optimizing its thickness is crucial 

because it strongly influences the light absorption 

rate and carrier generation. Fig. 3 (c) shows the 

impact of the KGeCl3 absorber thickness on the 

device’s J(V) curve. The latter shows a greater 

influence on the short-circuit current, which 

increases from 29.94 mA/cm² to 38.36 mA/cm² as 

the thickness increases from 250 nm to 1.45 µm, than 

on the open-circuit voltage, which increases from 

0.5742 V to 0.5838 V for the same variation. This 

results in an increase in the fill factor (FF) and 

conversion efficiency, which reach 76.5 % and 18.28 

%. However, beyond a thickness of 1.45 µm, the 

improvement in performance slows down, until it 

reaches a plateau at a thickness of 1.55 µm, then 

begins to decrease slightly. 

3.2 Impact of Interfacial Density of Defects at 

ETL/perovskite and perovskite/HTL regions 

Perovskite solar cells face significant efficiency 

limitations due to defective interfaces and 

suboptimal band alignment between the perovskite 

and the electron transport  (ETL) and the hole 

transport (HTL) layers. These defects intensify 

charge recombination pathways, which adversely 

affect key performance parameters: power 

conversion efficiency (PCE), open-circuit voltage 

(Voc), short-circuit current density (Jsc), andThis 

study systematically evaluates interfacial trap state 

density (Nint ) effects at the TiO2 /KGeCl3  fill  from 

1012 cm-3 (minimal) to 1020 cm-3 (severe) .  

 

Figure 3.  Impact of  (a) Density of Acceptors, (b) 

Density of Defects, (c) Thickness of the  Absorber ,on  

J(V) curve of KGeCl3 -based PSC. 
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Figure 4.  Impact of  (a) Density of defects at 

ETL/KGeCl3 Interface, (b) Density of Defects at 

KGeCl3/HTL Interface, on  J(V) characteristic’s. 

  anode-side and KGeCl3 /Spiro-OMeTAD cathode-

side contacts. Figure 4. (a) and (b) display measured 

J(V) characteristics across  Nint  from 1012 cm-3 

(minimal) to 1020 cm-3 (severe). High Nint establishes 

traps that exponentially increasing surface 

recombination velocity and depleting extractable 

carriers. Simulations predict a sharp PCE decline 

past 1015 cm-3 (ETL interface).At the ETL/absorber 

junction, imperfections create localized trapping 

states within the bandgap. These traps can capture 

electrons and holes from the perovskite, leading to 

Shockley-Read-Hall (SRH) recombination. Since 

the ETL/absorber interface is generally the first 

charge extraction interface, recombination at this 

location is particularly detrimental compared to 

defects present in the bulk or even on the 

absorber/HTL side in many structures. This 

introduces a surface recombination rate that varies in 

proportion to the defect density and the effective 

trapping cross-section of the traps. Fig 4. (a) shows 

the effect of the defect density at the interface 

between the ETL layer and the KGeCl3 absorber 

layer. It is observed that the short-circuit current 

density and open-circuit voltage begin to decrease 

only starting at 1014 cm -3 and 1012 cm -3 respectively. 

A decrease in Jsc from 33.64 mA/cm² to 24.20 

mA/cm² and in Voc from 0.5824 V to 0.00101 V is 

observed when the defect density at ETL/KGeCl3 

increases from 1012 cm -3 to 1020 cm -3, which indicates 

that high densities of interface defects at the 

ETL/absorber  junction lead to a drop in the Voc and 

reduce the number of carriers contributing to the 

external photo-current, leading to a decrease in Jsc. 

However, the high defect density at the interface 

between KGeCl3 and the HTL, shown on Fig 4. (b), 

has no effect on Jsc. In fact, although holes 

recombine at this interface, the photo-current which 

consists mainly of photo-generated electrons is not 

affected. However, the Voc undergoes a significant 

decrease from 0.5824 V to 0.0014 V when the defect 

density at KGeCl3/HTL interface increases from 1012 

cm -3 to 1020 cm-3. The above mentioned investigation 

suggests that reduced defect density in these areas 

ensures optimal cell performance. 

3.3 ETL and HTL Thickness and Doping Density 

Effects on KGeCl3 Solar Cell Power Conversion 

Efficiency 

In perovskite solar cells (PSCs), the donor density 

(ND) and the thickness of the electron transport layer 

(ETL) are crucial parameters that directly govern 

charge extraction, recombination dynamics, and
 

Table 4. Photovoltaic performance of KGeCl3 Solar Cell based on optimal ETL and HTL Combinations 
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Table 5. Photovoltaic performance of the Optimized KGeCl3 Solar Cell Structure. 

 
 

Table 6. Photovoltaic performance of  Tandem Structures Based on KGeCl3  Bottom Subcell.

 

intrinsic potential, thereby determining the power 

conversion efficiency (PCE). An appropriate donor 

density promotes the efficient extraction of light-

generated electrons and improves charge mobility 

and separation. At the same time, the thickness of the 

ETL must be carefully optimized. A thickness 

greater than 100 nm increases stray absorption and 

series resistance, which reduces electron extraction 

efficiency, the fill factor (FF), and current density, 

while an ETL that is too thin (< 20 nm) may result in 

incomplete coverage of the perovskite, the formation 

of interface traps, and shunting. The optimal 

combination of high donor density and a low-to-

moderate ETL thickness maximizes the Voc, Jsc, and 

FF values, thereby enabling a high PCE.  Fig. 5 

shows the contour plot of the conversion efficiency 

of the KGeCl3 cell as a function of the simultaneous 

variation in the depth of the ETL layer of the base 

structure, TiO2, from 50 nm to 550 nm.  Analysis has 

shown that thickness has no significant influence on 

conversion efficiency regardless of donor 

concentration. However, the optimal conversion 

efficiency is observed at a donor concentration 

between 1012 however, the optimal conversion 

efficiency is observed at a donor concentration 

between 1012  cm-3 and 1016 cm-3 with values ranging 
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from 17.47% to 18.72%. Conversion efficiency 

begins to decline beyond this range. Fig. 6 shows the 

conversion efficiency of the KGeCl3-based solar cell 

as a function of TiO2 electron transport layer (ETL) 

thickness (50–550 nm) and ETL donor 

concentration. Across the full thickness range 

examined, the conversion efficiency is essentially 

invariant with ETL thickness, indicating that, within 

these bounds, optical absorption and carrier transport 

through the TiO2 layer do not limit device 

performance. In contrast, efficiency depends 

strongly on the ETL donor concentration. The device 

reaches peak performance for donor concentrations 

between 1012 and 1016 cm-3, where the power 

conversion efficiency (PCE) lies between 17.47% 

and 18.72%. Outside this concentration ndow the 

PCE falls off, with more pronounced reductions at 

concentrations above 1016 cm-3. These observations 

can be explained by competing effects of charge 

extraction and recombination governed by the ETL 

doping level. At low donor concentrations (<1012 cm-

3), the ETL conductivity is limited, which increases 

series resistance and impairs electron extraction. 

This leads to lower short-circuit current density (Jsc) 

and fill factor (FF), reducing the overall PCE. In the 

optimal mid-range (1012–1016 cm-3), the ETL 

provides sufficient conductivity for efficient electron 

transport while maintaining favorable band 

alignment and low recombination losses at the 

ETL/absorber interface, producing the observed 

maximal efficiencies. At high donor concentrations 

(>1016 cm-3), increased free-carrier density can shift 

the TiO2 Fermi level, modify the band bending at the 

interface, and enhance inter-facial recombination  

 

Figure 5.  Impact of ETL Donor Density and Defect 

Density on the Performance of KGeCl3 Solar Cell. 

(via higher trap-assisted recombination or increased 

Auger-type processes in extreme cases), which 

together reduce open-circuit voltage (Voc) and FF 

and therefore lower PCE. The negligible sensitivity 

to ETL thickness suggests that, for this KGeCl3/TiO2 

architecture, light absorption is dominated by the 

absorber layer and not significantly affected by 

interference or parasitic absorption in the ETL over 

the studied thickness range.Furthermore, the 

concentration of Na acceptors in the hole transport 

layer (HTL) and its thickness are equally critical 

parameters that govern hole extraction, the 

recombination rate at the perovskite/HTL interface, 

and the intrinsic potential, thereby directly 

determining the power conversion efficiency (PCE). 

A high Na concentration improves hole mobility and 

the separation of light-generated holes. At the same 

time, the thickness of the HTL must be carefully 

optimized: a thickness greater than 400 nm reduces 

hole mobility and transport. Conversely, an HTL that 

is too thin (< 100 nm) carries the risk of interface 

traps and increased recombination at the 

HTL/perovskite interface. The optimal balance 

between these two factors leads to high performance. 

Fig.6  shows a contour plot illustrating the 

conversion efficiency of the KGeCl3-based 

perovskite solar cell as a function of HTL layer 

thickness (50–550 nm) and acceptor density (1010–

1018 cm-3). The results reveal a maximum efficiency 

(~16%) within a broad operating window defined by 

a thickness between 100 and 500 nm, combined with 

an acceptor density greater than 1014cm-3. This high-

efficiency region indicates that the device tolerates 

significant variations in HTL layer thickness while 

maintaining optimal performance, provided that the 

acceptor density remains sufficiently high to ensure 

adequate hole conductivity and intrinsic potential. 

Conversely, the efficiency drops considerably when 

either of these parameters falls below these 

thresholds: acceptor densities below 10¹⁴  cm⁻ ³ 

result in insufficient hole extraction and increased 

recombination due to poor conductivity of the HTL 

layer, while thicknesses below 100 nm lead to 

incomplete coverage of the perovskite and a higher 

density of interface traps, which degrade both the fill 

factor and the current density. This distribution thus 

identifies 10¹⁴  cm⁻ ³ as the critical acceptor density 

threshold and 100 nm as the minimum viable 

thickness of the HTL layer for achieving high-

performance KGeCl3-based cells. 

3.4 Enhancing Solar Cell Performance Through 

ETL and HTL Optimization 

It is well known that ETLs primarily serve to capture 

electrons from the absorber layer and efficiently 

transport them to the front electrode, while hindering 

the flow of holes to reduce interfacial recombination. 

Conversely, HTLs promote the extraction and 

transfer of holes to the back contact, thereby 
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facilitating efficient charge separation and circuit 

closure [27].  

 

 
Figure 6.  Impact of HTL Acceptor Density and Defect 

Density on the Performance of KGeCl3 Solar Cell. 

Therefore, the improvement in PSC efficiency is 

primarily attributed to the integration of optimized 

ETL and HTL layers. This section discusses the 

evaluation of the photovoltaic performance of 

optimal combinations of ETLs and HTLs for the 

KGeCl₃  perovskite solar cell. Six ETLs (TiO2, 

SnO2, SnS2, ZnMgO, C60, and WS2) were combined 

with five HTLs (Spiro-OMeTAD (S-O), 

PEDOT:PSS (P:PSS), Cu2O, CuSCN, NiO, and 

MoS2), resulting in 36 different structural 

configurations. Key photovaltaic metrics of the 

structures shown in Fig.7. Among the architectures 

studied, two combinations stand out in particular. 

These are the SnS2-based ETL structures and the 

Cu2O- and MoS2-based HTL structures, which 

achieved the highest conversion efficiencies of 

17.1% highlighting strong alignment at the interfaces 

with the KGeCl3 absorber layer. Detailed data on the 

performance of these two structures are presented in 

table 4. The conduction- and valence-band offsets 

between the perovskite layer and the ETL/HTL 

materials are listed in the table. These results indicate 

that SnS2 is the most promising ETL: its band 

alignment with KGeCl3 is the same Cliff-type barrier 

observed for TiO2, but the offset is slightly larger, 

with an energy difference of −0.26 eV. Although 

Cu2O and MoS₂  HTLs produced the same 

conversion efficiency, MoS2 showed superior 

valence-band alignment with the absorber. 

Consequently, the SnS2/KGeCl3/MoS2 

ETL/perovskite/HTL architecture is selected as 

optimal.  

 

3.5 Manufacturing Considerations and Key 

Advantages of the Proposed Architecture 

 

The FTO/SnS2/KGeCl3/MoS2/Au perovskite solar 

cell architecture presents a compelling, fully 

inorganic, lead-free alternative to the conventional 

FTO/TiO2/KGeCl3/Spiro-OMeTAD/Au 

configuration, offering synergistic advantages in 

charge transport, stability, fabrication, and 

environmental compatibility. SnS2 serves as an 

efficient ETL that aligns well with KGeCl3, 

minimizing interfacial recombination and voltage 

losses, while MoS2 functions as a robust, inorganic 

HTL that enables strong hole extraction without 

 
Figure 7. Key Photovoltaic Metrics of KGeCl3 Solar 

Cell Structures with different combinations of  ETL and 

HTL materials. 

requiring hygroscopic dopants which are essential 

for Spiro-OMeTAD but introduce moisture 

sensitivity, ionic migration, and interfacial instability 

[28].  

From a stability standpoint, SnS2 does not catalyze 

perovskite degradation under illumination, unlike 

TiO₂ , which is a well-known photocatalyst that 

accelerates organic/inorganic perovskite 

decomposition in the presence of oxygen and 
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moisture [29], while both SnS₂  and MoS₂  exhibit 

thermal robustness well above 200 °C, in stark 

contrast to Spiro-OMeTAD, which undergoes 

morphological changes or decomposition at 

temperatures above 85 °C [30].  

Fabrication benefits are equally pronounced: SnS₂  

can be deposited at room temperature via vacuum 

deposition, chemical bath deposition, or spin-coating 

[31], whereas TiO₂  typically requires high-

temperature sintering (>450 °C) that limits substrate 

choice and increases energy costs; MoS₂  can be 

processed via solution-based spin-coating process or 

low-temperature CVD (<300 °C) [32], avoiding the 

high-vacuum thermal evaporation often needed for 

high-quality Spiro-OMeTAD films, and both SnS₂  

and MoS₂  function effectively without chemical 

dopants allowing air-processable fabrication with 

minimal performance loss.  

The morphology of SnS₂  and MoS₂  yields 

conformal, pinhole-free films that reduce shunting 

pathways, unlike TiO₂  and Spiro-OMeTAD, which 

often require additional compact layers or surface 

passivation.  

At the absorber level, KGeCl3 offers superior 

intrinsic stability compared to hybrid perovskites 

with similar effective bandgaps (e.g., low-gap Sn/Pb 

mixed systems), as it lacks volatile organic cations, 

exhibits high resistance to moisture-induced 

degradation, and avoids UV-induced photocatalytic 

decomposition mediated by organic species. KGeCl3 

also maintains its photoactive phase under 

continuous illumination, unlike FAPbI3, and it 

avoids both Pb toxicity and Sn²⁺  oxidation 

instability [33], making it uniquely suitable for 

infrared-absorbing bottom cells in tandem 

architectures enabling theoretical efficiencies 

exceeding 30%. Collectively, these attributes 

position the FTO/SnS2/KGeCl3/MoS2/Au stack as a 

uniquely robust, manufacturable, and 

environmentally benign platform for next-generation 

narrow-gap perovskite photovoltaics.  

 

4. Performance of KGeCl3-Based Optimized 

Solar Cell Devices: Single and Tandem 

Designs 

 
After evaluating the effects of all the parameters 

studied, the final optimization was performed by 

adjusting these variables within the limits imposed 

by the experimental setup. The optimized device has 

an ETL thickness of 50 nm, an absorber thickness of 

1.70 µm, and an HTL thickness of 300 nm. The 

defect density of the absorber was set to 1014 cm-3, 

with interface defect densities of 1012 cm-3at the 

ETL/absorber and absorber/HTL interfaces. The 

doping densities were 10¹⁵  cm⁻ ³ for the ETL and 

1018 cm-3, for the HTL. Under these conditions, the 

cell efficiency reached 21.11%. Detailed 

performance metrics are presented in Table 5. 

Compared with the baseline device, which exhibited 

a conversion efficiency of only 15.99%, the 

optimized structure achieved a value of 21.11%, 

corresponding to an absolute increase of 5.12%. In 

addition, all photovoltaic parameters were improved, 

reaching 38.82 mA/cm² for Jsc, 0.6522 V for Voc, and 

78.17% for FF, which represent increases of 5.18 

mA/cm², 0.0698 V, and 1.66%, respectively. 

Reference [34] reported a close yield of 21.23% 

using IGZO and V2O5 as ETL and HTL repectivelly. 

A relative error of 0.005 in conversion efficiency 

was found between that report and the current work, 

likely attributable to differences in simulation 

methodology and the parameters considered. 

 In Reference [35], where TiO2 and Cu2O were 

employed as the electron- and hole-transport layers, 

respectively, an efficiency of 29.03 % was reported; 

this value exceeds the result obtained here, probably 

due to differing simulation approaches and 

underlying assumptions. Compared with devices 

based on the hybrid, lead-free perovskite MASnI3, 

whose bandgap is about 1.25 eV and is slightly larger 

than that of KGeI3, the experimental device reported 

in Reference achieved a power conversion efficiency 

of only 13.75%. This lower value is attributable to 

realistic fabrication conditions, which typically yield 

efficiencies below theoretical predictions, whereas a 

simulated device in another study reached 25.86%. 

The optimized device based on a low-bandgap 

absorber can also be implemented as the rear subcell 

in a tandem structure, provided it is combined with a 

compatible wide-bandgap top cell. It should be 

emphasized that the most successful perovskite 

tandems reported so far generally use a silicon 

bottom junction together with a lead-containing 

hybrid perovskite top junction, for example MAPbI3. 

All-perovskite tandems, however, have not yet 

reached comparable efficiencies. In these systems, 

the narrow-bandgap layer is often composed of 

MASnI3 or CsSnI3; the former is unstable due to its 

organic component, which is sensitive to heat and 

humidity, while the latter is entirely inorganic and 

therefore more thermally stable. However, both 

compounds are prone to degradation due to tin 

oxidation, which compromises their long-term 

operational performance. Consequently, KGeCl3 is a 

promising substitute: it has a bandgap identical to 

that of silicon and exhibits greater chemical stability 

than tin-based perovskites. 

The final part of this study involves evaluating the 

potential of the optimized KGeCl3-based subcell as 

the bottom layer of a tandem device architecture. 

Three tandem structures were investigated.  
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The two-terminal tandem configuration was 

considered. A 2T-Tandem solar cell stacks two 

subcells in series—one with a narrow bandgap and 

the other with a wider bandgap—and connects them 

via an internal recombination layer, so that the same 

current flows through both devices [38].  The main 

design challenge lies in current matching: the top cell 

must absorb high-energy photons while remaining as 

transparent as possible to the lower-energy light 

intended for the bottom cell; furthermore, the 

thicknesses and bandgaps must be optimized to 

minimize resistive and optical losses. 

The performance of three tandem structures was 

simulated in the final section of this study. These 

structures share a common bottom section consisting 

of an optimized 800 nm-thick KGeCl3 layer for the 

bottom subcell, while their top subcell sections 

differ. Structures 1, 2, and 3 use MAPbI3, FAPbI3 , 

and CsGeI3 , respectively, with band gaps of 1.55, 

1.51, and 1.60 eV for the upper subcells. Since a two-

terminal (2T) tandem configuration was considered, 

the thickness of the top absorber was adjusted for 

each structure so that the current densities of the two 

subcells were matched. A current-matching analysis 

was therefore performed. Fig. 8 shows the current-

voltage characteristics of the tandem structures, and 

the main photovoltaic parameters are listed in Table 

6. 

 

Figure 8. Current-Voltage Curve of KGeCl3-based 

Tandem Solar Cell Structures. 

The results show that the KGeCl₃ /FAPbI₃  (2T- 

tandem 2) structure achieved the highest power 

conversion efficiency, reaching 28.36%, among the 

three simulated configurations with lower- and 

upper-cell absorber thicknesses of 800 nm and 189 

nm, respectively. This result indicates a favorable 

bandgap alignment between the two subcells, with 

bandgaps of 1.10 eV and 1.51 eV, which enables 

effective spectral splitting and efficient utilization of 

the incident light. In contrast, as the bandgap of the 

upper subcell increases, the conversion efficiency 

decreases because the energetic mismatch between 

the two subcells becomes larger. Consequently, the 

KGeCl3/MAPbI3 and KGeCl3/CsGeI3 (2T-Tandem 1 

and 3) structures reached efficiencies of 26.82% and 

24.64%, respectively. 

Moreover, the performance achieved in this work is 

comparable to that reported in the references listed 

in Table 6 for tandem solar cells based on silicon and 

conventional MAPbI3 perovskite. This highlights the 

strong potential of KGeCl3—a thin, non-toxic, and 

low-cost material—as a promising alternative to 

thick silicon, whose fabrication is more complex, in 

tandem photovoltaic devices. 

 

5. Conclusion 

 
In summary, the present work identifies KGeCl3 as a 

viable lead-free perovskite absorber for photovoltaic 

applications, owing to its direct band gap of 1.1eV  

and characteristics indicating that KGeCl3 can 

support efficient photon absorption, charge 

separation, and carrier transport while offering a 

more sustainable alternative to conventional Pb- and 

Sn-based absorbers. Device-level optimization 

further shows that the photovoltaic response is 

strongly governed by transport-layer selection and 

interfacial quality. Through numerical evaluation of 

36 architectures, the SnS2/KGeCl3/MoS2 

configuration emerged as the most favorable design, 

primarily because of improved band alignment at the 

absorber/HTL interface. Relative to the unoptimized 

device, whose efficiency was 15.99%, the optimized 

structure delivered 21.11% power conversion 

efficiency, corresponding to an absolute increase of 

5.12 %. This enhancement was accompanied by an 

increase in short-circuit current density from 33.64 

to 38.82 mA/cm², an open-circuit voltage rise from 

0.5824 to 0.6522 V, and a fill factor improvement 

from 76.51% to 78.17%. 

Furthermore, the simulation results show that the 

KGeCl3/FAPbI3 two-terminal tandem solar cell 

offers a power conversion efficiency (PCE) of 

28.36% for absorber thicknesses of 800 nm and 189 

nm for the bottom and top cells, respectively. This 

exceptional result is due to an effective bandgap 

matching: 1.10 eV for KGeCl₃  and 1.51 eV for 

FAPbI₃ . The efficiency achieved is comparable to 

that of previously reported Si/perovskite tandem 

devices, highlighting the potential of KGeCl₃  as a 

thin, lead-free, and low-cost alternative to thick 

silicon in tandem architectures. 

The findings therefore suggest that KGeCl3 is not 

only theoretically attractive but also strategically 

suitable for further development in single-junction 

and tandem solar-cell concepts. At the same time, the 

results underline the importance of reducing defect 
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densities, refining interfacial energetics, and 

validating the proposed design experimentally. 

Taken together, the study provides a strong basis for 

future investigations aimed at translating the 

favorable intrinsic properties of KGeCl3 into 

practical high-efficiency photovoltaic devices. 
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