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Abstract 
In this work, a lead-free CsSnGeI3 based PSC was numerically investigated using 
SCAPS-1D simulator. A planar n-i-p structure using 
ITO/SnO2/CsSnGeI3/HTL/Au was used and the effects of various hole 
transport layer (CuI, P3HT and CuO) were systematically studied. SnO2 was 
selected as the electron transport layer because of its good band structure and high 
electron mobility. The thicknesses of absorber, hole transport layer and electron 
transport layer were optimized to have better charge transport and reduce 
recombination losses. The results show that performance of the device highly 
depends on the thickness of the absorber. Among the investigated hole transport 
layers, CuI and P3HT had better photovoltaic performance due to efficient hole 
extraction and reduced recombination but CuO showed a comparatively lower 
efficiency. The simulated device showed the best result in optimized condition 
34.01% maximum power conversion efficiency, the open-circuit voltage of 1.13V, 
the short-circuit current density of 35.29 mA/cm2 and the fill factor of 84.99%. 
These results show the great potential of CsSnGeI3 as an environment-friendly 
absorber for high performance lead-free perovskite solar cells 
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INTRODUCTION 
The increasing energy requirement at the 
international level, and the associated destruction 
of nature posed by burning fossil fuels, has forced 
scientists and governments to seek as an answer to 
these problems sustainable energy sources. Solar 
energy is increasingly being viewed as a potential 
renewable resource owing to its geographical 
proliferation, its capacity to scale, and its minimal 
environmental footprint[1]. Perovskite solar cells 
(PSCs) have become an area of research attention 
in the photovoltaic technologies because they have 
high-power conversion efficiencies, cost-effective 
processing, and excellent electronic and optical  

 
properties[2]. Perovskite solar cells were first 
reported in 2009 with 3.8% efficacies, and their 
laboratory-scale power conversion efficiencies have 
since risen beyond 25% to become one of the 
fastest-progressing photovoltaic technologies[3, 4]. 
Nevertheless, the traditional high-efficiency PSCs 
typically use lead-based halide materials, which 
pose severe environmental and health 
problems[5]. Damaged or old solar panels release 
lead as a potential threat to soil and ground water 
contamination, thus undermining the 
sustainability of the PSc technology[6]. 
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In order to reduce these risks, scientists are trying 
to come up with lead-free alternatives which would 
not compromise high efficiency but offer greater 
environmental safety. One product of this kind is 
cesium tin germanium iodide (CsSnGeI3), a lead 
free perovskite where the unhealthy lead ions have 
been replaced by tin (Sn2+) and germanium 
(Ge2+). This material has demonstrated suitable 
direct band gap, large absorption coefficients at 
visible wavelength and greater thermal stability 
that is imperative in the activity of photovoltaic [7]. 
In this article, potential directions to enhance the 
efficiency of CsSnGeI3-based perovskite solar cells 
have been discussed by examining the parameters 
of the device that is conducted in the SCAPS-1D 
simulator[8].The performance of perovskite solar 
cells is analyzed in a computer with a range of 
different simulation packages: SILVACO ATLAS, 
AMPS, COMSOL and SCAPS[9]. SCAPS is 
particularly advantageous, that it can project 
devices up to seven layers in total, and even allow 
profiling of designs such as capacitance voltage (C-
V) and capacitance frequency (C-F)[10]. SCAPS 
can also be used to compute several important 
parameters, for example spectral response, energy 
band alignment, AC characteristics, J-V curves and 
defect densities, an operator that solves equations 
in core semiconductor physics[11]. The ease of use 
and its functionality under the light and the dark 
also make it more useful[12]. Numerous 
experiments testify to the excellent 
correspondence of SCAPS simulations to the 
findings of experiments, indicating adequacy of 
the software in the study of photovoltaic 
research.[13]. SnO2 was employed as an electron 
transport layer (ETL) to maximize the devices 
because it exhibits good conduction of electrons 

and because it can match its band with the 
CsSnGeI3 absorber. CuI, CuO and P3HT were 
chosen as hole transport layers because they are 
inclined toward unproblematic extraction of 
charges, recombination interference at the 
interface and stability of the device. They were also 
selected based on how compatible they were with 
CsSnGeI3. The optimization architecture used 
CuI/CuO/P3HT stack as the HTL and SnO2 as 
the ETL, one that enhanced charge transport and 
reduced recombination losses. This setup achieved 
a power conversion efficiency of 34% simulated 
device, which highlights the potential of CsSnGeI3 
as a lead-free perovskite solar cell absorber in high-
performance. 
 
Materials and Method: 
In the paper, the planar hetero junction perovskite 
solar cell was numerically modeled by considering 
CsSnGeI3 as the lead-free absorber. The 
simulations have been carried out with the use of 
SCAPS-1D a one-dimensional tool to investigate 
the structure of layered solar cells. This way, the 
performance of the device was determined by its 
current voltage characteristic, band alignment, 
quantum efficiency, and other relevant 
parameters, such as open-circuit voltage (Voc), 
short-circuit current density (Jsc), fill factor (FF) 
and total power conversion efficiency (PCE). This 
numerical analysis rests on the fundamental 
equations of semiconductor. These include the 
Poisson and continuity relation of charge carriers 
(electrons and holes), which can be expressed as in 
equation Error! Reference source not f
ound.),(Error! Reference source not found.) and 
Error! Reference source not found.) [14]: 

 

 
The simulated solar cell was an n-i-p based cell, and 
the structure was ITO/SnO2/CsSnGeI3/HTL/Au 

Fig. 1. Indium tin oxide was used as the 
transparent front contact in the structure, owing 
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to its high transmitted and conductivity. The back 
electrode was of gold (Au) selected due to its 
excellent work function and chemical stability that 
contribute to efficient hole collection. SnO2, high 
mobility and well band alignment material with 
the absorber was used as the electron transport 

layer (ETL). CuI, CuO and P3HT were 
individually tested as possible HTLs on the hole 
transport side to investigate their effect on hole 
extraction, recombination suppression and total 
device efficiency. 

 

 
Fig. 1. Structural layout of lead-free CsSnGeI3-based PSC. 

 
Table 1. Input parameter of HTLs  

Parameters  CUI 
[18] 

P3HT 
[15] 

 CUO 
 [16] 

Thickness (nm) 100 50 50 
Eg (eV) 3.1 1.7 1.51 
ꭓ (eV) 2.1 3.5 4.07 
ɛr 6.5 3.0 18.1 
Nc (1/cm3)       2.8×1019 2.0×1018 2.2×1019 
Nv (1/cm3) 
 
μn (cm2/V.s) 

1.0×1019 
 
1.0×102  

2.0×1019 
 
1.8×10-3 

5.5×1020 
 
1.0×102 

μp (cm2/V.s) 4.390×101 1.8×10-2 1.0×10-1 
ND (1/cm3)       
  
NA (1/cm3) 
           

0 
 
1.0×1018 

0 
 
1.0×1018 

0 
 
1.0×1018 

Nt (1/cm3) 1.0×1014 1.0×1014 1.0×1014 
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Table 2. Input parameters of absorber and ETLs 

 
 
Table 1 
 
 
 
 
 
Table 2 presents the values obtained from 
theoretical models, experimental findings, and 
reported literature. These parameters were 
considered while establishing the baseline 
configuration for initiating the simulation process. 
The layer thicknesses of the HTL, absorber and 
ETL were adjusted step by step to improve the 
device performance and to study how they affects 
the overall efficiency of the solar cell. 
 
Results and Discussion: 
Thickness Optimization of Hole Transport Layer 
Hole transport layer (HTL) is an essential part of 
photovoltaic devices that allow selective extraction 
and transfer of photo generated holes from 
absorber to the back contact and minimizes 
interfacial charge recombination losses at the 
junction with the absorber.[19]. A thicker HTL 

increases the distance that holes must traverse 
before reaching the back contact, which can 
reduce recombination probability by enhancing  
 
 
charge carrier separation[20]. Thickness of the 
hole transport layer (HTL) was optimized using 
three materials, CuI, CuO and the P3HT, while 
the absorber (CsSnGeI3) and electron transport 
layer (ETL) remaining constant. In SCAPS-1D 
simulations, each HTL thickness was varied from 
20nm to 200nm.Error! Reference source not f
ound. demonstrates the variation of thickness on 
the main photovoltaic performance. To open-
circuit voltage (Voc), CuI and P3HT have almost 
the same value within the entire thickness range, 
which implies that their energy band matching 
with CsSnGeI3 is already optimal and is not very 
thickness-dependent. On the contrary, CuO 
exhibits a slight upward trend at the decreasing 
thicknesses, and then, it becomes steady. As to the 
short-circuit current density (Jsc), CuI and P3HT 
have once again shown to have constant and high 
values, which indicate good hole extraction and 
low parasitic absorption. CuO has a progressive 
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dependence on thickness of Jsc, presumably due to 
enhanced carrier transport. The fill factor (FF) of 
P3HT and CuI does not change significantly with 
thickness. CuO exhibits a slight growth in FF with 
thickness and then it levels off. This is also the case 
with power conversion efficiency (PCE). 

CuI and P3HT have consistently high efficiencies 
throughout the thickness range, whilst CuO 
improve by moderate factors as a result of both Voc 
and Jsc improvement. Nevertheless, its maximum 
efficiency is lower than of CuI and P3HT. 

 

 
Fig. 2.  Electrical parameters vs thickness of HTMs 

 
Optimization of CsSnGeI3 as the absorber layer: 
The maximum performance parameters of a solar 
cell depend heavily on the absorber layer[21]. 
Photogeneration, carrier transport and 
recombination occur in the absorber layer that has 
also been described as the heart of a solar cell[22]. 
It has been demonstrated that the thickness and 
morphology of perovskite absorbers strongly effect 
on lifetime and diffusion length of 
photogenerated carriers that will in turn affects 
overall device performance [23, 24]. The thickness 
of the absorber should be well controlled to 
achieve maximum efficiency. When the carrier 
diffusion length  less than the layer thickness, the 

probability of many carriers recombining  prior 
contacting  the electrodes is a high value that 
boosts series resistance and reduces efficiency. 
Whereas with excessively thin absorber layer, light 
absorption is insufficient, lower the photocurrent. 
Therefore, it is necessary to determine the best 
thickness in order to ensure the maximum 
efficiency of the perovskite solar cells [25, 26]. 
Here, the absorber layer thickness was varied from 
50 nm to 2000 nm, and the calculated changes in 
Voc, Jsc, FF and PCE are shown in Error! R
eference source not found.. For the open-circuit 
voltage, CuI and P3HT also decreases slightly with 
increasing the absorber thickness due to the higher 
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recombination rate of the free charge carriers at 
the higher thicknesses[26]. CuO shows a slight but 
progressive increment in Voc and this indicates 
improved charge extraction as the thickness go up. 
Both Jsc and PCE rise as absorber thickness 
increase, in CuI and P3HT exhibiting a steep rise 
in 50 nm to 1380 nm due to the strengthening of 
electron-holes pair production in the absorber. 
Beyond this thickness the values become virtually 
constant since most of the incident light is already 
absorbed, and any additional increase in thickness 
primarily increases the carrier recombination 
rates. Of the hole transport materials (HTMs) 
considered, P3HT and CuI are the most promising 
with the highest Jsc and PCE over the entire 

thickness. In the case of P3HT and CuI, the FF 
peaks at the thinnest absorber thickness and 
decreases with absorber thickness because of a 
higher series resistance because the carriers have to 
traverse the longer distance through the 
absorber[27]. In contrast, CuO start with lower FF 
values compared to P3HT and CuI, and has an 
initial reduction with thickness. However, at 
greater thicknesses, CuO exhibit a modest 
recovery which is due to enhanced carrier 
generation, that reduces the relative dominance of 
interface recombination losses and allows 
increased charge transport, resulting in modest 
recovery in FF while for CuI and P3HT it stabilizes 
after the initial drop [28]. 

 

 
Fig. 3 .Electrical parameter vs absorber layer thickness with different ETMTable 3. Optimized 

thicknesses of absorber, electron and hole transport layers. 
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Thickness Optimization of electron Transport 
Layer: 
The electron transport layer (ETL) is an important 
constituent of overall device performance as it 
allows the optimal extraction of electrons, reduces 
interfacial recombination and long-term device 
stability[29]. Tin dioxide (SnO2) is used as an ETL 
because it has good band compatibility with 
perovskites as well as better UV stability.[30]. 
Nonetheless, its thickness is of paramount 
importance: its thinness can cause incomplete 
coverage and shunting and excessive thickness can 
add series resistance and complicate carrier 
extraction[31]. Electron transport layer thickness 
was altered to 20 nm, and 200 nm in this 
simulation. Based on Error! Reference source not f
ound., it is clear that electrical parameters remain 
constant when the thickness of SnO2 is increased. 
The open-circuit voltage (Voc) does not change 

significantly implying that once a continuous layer 
has been formed, recombination at the interface is 
greatly suppressed[29]. The short-circuit current 
density (Jsc) is also steady that displays  high 
transparency of SnO2 and the least optical 
influence[32]. The thickness of the fill factor (FF) 
does not depend on its thickness to a large extent, 
which means series resistance of the ETL is 
insignificant [33]. These results suggest that 50nm 
would be suitable as a thickness of SnO2 ETL. The 
film in this range provides a full coverage on the 
surface and allows efficient extraction of the 
electrons and reduction of unnecessary resistance 
and optical losses [34]. The thickness of 50 nm was 
chosen as a final configuration in this experiment 
to achieve maximum efficiency and stable work of 
the device (See Error! Reference source not f
ound.).   

 

 
 

Fig. 4 . Electrical parameter vs thickness of SnO2 with different ETMs 
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Optimized device performance: 
Energy band diagram  
Fig. 5 illustrates the energy band alignment, which 
is useful in explaining the charge transport 
mechanism in the proposed solar cell. The 
absorber, charge transport layers, bandgap (Eg) and 

electron affinity (ꭓ) are the primary components of 
the band diagram, along with doping 
concentrations and any defect states. The 
conduction and valence energy difference (CBO 
and VBO) were calculated according to the 
following equation to study the band alignment:  

 

 
 
The CBO between the absorber and SnO₂ was 
found to be approximately –0.10 eV. The negative 
sign shows that there is a cliff structure, and this 
aspect may be able to promote interfacial 
recombination as the barrier to back-transfer of 
electrons is reduced. However, the size of the cliff 
is small which indicates that the extraction of 
electrons can be efficient. Error! Reference source n
ot found. shows the conduction and valance band 
alignment values for the HTL materials. The 
conduction band values were 1.8 eV (CuI),  
0.4 eV (P3HT) and -0.17 eV (CuO). The CuO 
negative value is evidence of an adverse bending 
that could potentially allow an electron leakage to 
the HTL, leading to a lack of selectivity. 
Conversely, the high positive offsets of CuI and 
P3HT are favorable, since they prevent electron 
transfer but facilitate the removal of holes [36]. A 
major detail in a hole transport is the valence band 
offset. The VBO values of the HTLs were 
determined to be 0 eV (CuI), 0 eV (P3HT), 0.38 
eV and (CuO). A positive VBO is typically a spike-
type barrier, and negative VBO is a cliff structure 

at the interface[37]. Of the investigated HTLs, the 
materials include CuI and P3HT which form a flat-
band alignment, whereas CuO has a small positive 
VBO which forms a spike-like structure. Past 
research indicates that the optimal interface is one 
with a slightly negative or positive VBO, as this 
imparts the ability to inject holes in an efficient 
manner without any major obstacles[38]. 
One of the studied HTLs is CuO that create a 
spike (ΔEv= +0.38 eV) whereas CuI and P3HT have 
almost perfect alignment (ΔEv= 0 eV), which 
ensures the efficient extraction of holes without 
the need of any extra barriers. It should be noted 
that the spike or cliff forming may not necessarily 
be apparent in the diagrammatic band scheme. 
However, by analyzing the calculated VBO values, 
one can clearly determine the interfacial structure. 
To achieve the best device performance, slightly 
negative or slightly positive VBO is the most 
appropriate, as this ensures good band alignment, 
and reduces recombination losses at minimal loss 
associated with efficient hole transport.[38]. 

 
Table 4. Conduction and valence band offsets for different hole transport layers (HTLs). 

 

HTL CBO (eV) VBO (eV) 

CuI  1.8  0 
P3HT  0.4  0 
CuO ₋0.17  0.38 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030


Spectrum of Engineering Sciences   
ISSN (e) 3007-3138 (p) 3007-312X   
 

https://thesesjournal.com                   | Laraib et al., 2026 | Page 430 

 

 
Fig. 5 .Energy band diagram of all Optimized devices with different HtLs materials 

 
Capacitance –voltage and conductance-voltage 
PSc characteristics  
Capacitance voltage (C-V) and conductance 
voltage (G-V) measurements of the devices under 
study were performed in the presence of light at a 
constant frequency of 1MHz. A higher frequency 
is normally selected in a way that the shallow 
defects and interface states are not responsive to 
the alternating electric field and therefore the 
measured capacitance is primarily one involving 
depletion region modulation and not traps [39]. 
The C-V and G-V characteristics are shown in a 
Fig. 6. In the C-V response Fig. 6 (A), the 
capacitive change is only slightly observable with  
 

 
lower forward acts but starts increasing sharper as 
the voltage applied approaches 0.8-1.0 V. This is 
because it increases photogenerated carriers 
thereby decreasing the depletion width and 
increasing storage of charge at the junction [40]. 
CuI and P3HT are the highest value of the tested 
materials in terms of capacitance, which means 
that they have a higher charge holding capacity. 
The G-V characteristics Fig. 6(B) complement the 
C-V findings. At small forward biases, 
conductance remains low but increases rapidly at 
forward biases that exceed 0.8 V. It is worth noting 
that CuO has the highest conductance (0.76 
S·cm⁻² at 1.0 V) and this indicates its good ability 
to conduct charges when it is under illumination. 
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Fig. 6. (A) C-V plot for simulated PSc, (B) G-V plot for simulated PSc 

 
J-V and QE Characteristics of optimized PSC 
The performance of final device is shown in Fig. 7. 
J-V characteristics of perovskite solar cell were 
measured after optimizing HTL, ETL and 
absorber through three HTLs (CuO, CuI and 
P3HT). The curves show that there is a difference 

in the current densities observed in the voltage 
range. This indicates that the effect of the choice 
of HTL on the photovoltaic properties. CuO as 
HTL device is characterized by the lowest 
performance, low current density, and low 
efficiency.  

 
Fig. 7. J-V Characteristics of optimized PSc 

 
This behavior originates from its relatively low 
hole mobility and unfavorable energy level 
alignment, which enhance interfacial 
recombination and hinder charge extraction[41]. 
In contrast, devices with CuI and P3HT display 
significantly improved characteristics. CuI 
demonstrates high effectiveness due to its wide 
bandgap, excellent hole conductivity, and 
favorable alignment of its valence band with the 
absorber, enabling efficient charge transfer[42]. 
P3HT is highest performing with regards to overall 

performance including stability of current density, 
good hole transport and recombination losses 
suppression[43]. Error! Reference source not f
ound. presents the corresponding photovoltaic 
parameters of Voc, Jsc, fill factor and efficiency. 
Quantum efficiency (QE) of PSC refers to the 
efficiency with which the device takes in photons 
and converts them to electrical charge. It is also 
described as the ratio of generated carriers to the 
number of photons of a specific energy absorbed 
by the device[44]. 
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Fig. 8. Quantum efficiency of Optimized PSc 

 
Fig 8. illustrate the efficiency of solar cell initially 
rises with increasing wavelength, peaks across the 
visible range, and then declines at longer 
wavelengths.  For short wavelengths (< 350 nm), 
QE is suppressed by parasitic absorption in the 
ITO/SnO₂ window layers, which prevent effective 
carrier collection. The peak QE plateau occurs 
between approximately 350–750 nm, where CuI 
and P3HT based device maintain nearly constant 
efficiencies above 95%, while CuO device 
maintain good response but show earlier decline 
and CuO device show less QE. Beyond 830 nm, 
QE drops to zero, as photons no longer have 
sufficient energy to generate carriers.  

Conclusion 
In this study, a lead-free perovskite solar cell was 
analyzed in more detail through numerical 
simulations of SCAPS-1D. An 
ITO/SnO2/absorber/HTLs/Au literature planar 
layout was investigated to analyze and optimize  
 

photovoltaic performance. The optimization was 
done in stages starting with hole transport layer 
(HTL) then absorber thickness and lastly electron 
transport layer (ETL).The recombination and 
carrier generation is shown to be strictly controlled 
by the absorber thickness. The thickness beyond 
which no more benefits of light-absorption were to 
be obtained was optimal, due to recombination 
losses. Furthermore, the choice of HTL had a 
significant influence on behavior of the devices. 
Among the candidates, the performance of CuO 
was the lowest due to the absence of mobility and 
similar energy level responsiveness, but P3HT and 
CuI exhibited good performance with nearly equal 
efficiencies about 34% with regard to good band 
alignment, excellence of hole transport, and 
minimal recombination losses.  
Overall, this research shows that the efficiency of 
power conversion in perovskite solar cells is greatly 
enhanced when the absorber, HTL, and ETL 
layers are optimized. The findings that we have 
achieved can offer a potential path to the 
manufacturing of cost-effective high-performing 
and stable lead-free perovskite devices. 

 
Table 5.  Device performance after optimization parameters. 

 

Devices Voc(V) Jsc(mA/cm2) FF(%) PCE(%) 
ITO/SnO₂/CsSnGeI₃/CUI/Au  1.13 35.29 84.99 34.01 

ITO/SnO₂/CsSnGeI₃/P3HT/Au  1.13 35.28 84.98 34.00 

ITO/SnO₂/CsSnGeI₃/CUO/Au 0.93 32.85 82.17 25.15 
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