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Abstract 

Germanium-based perovskite solar cells have garnered significant interest within the scientific community due to their 

non-toxicity and excellent stability. However, their low conversion efficiency is an obstacle to their application and design. We 

designed a device with a normal configuration structured as Glass / FTO / SnO2 / IDL1 / CsGeI3 / IDL2 / Cu2O / Au to improve 

our germanium-based perovskite solar cell, designed The integration of interface defect layers IDL1 and IDL2 the reduction of 

recombination. The study revealed that these IDL1 and IDL2 layers play a crucial role in solar conversion performance. By 

adjusting the thickness, electron affinity and defect density of the IDL1 and IDL2 layers, the conversion efficiency of our device 

exceeds 19%. However, an increase in temperature in the environment can negatively affect the cell by decreasing its 

photovoltaic efficiency. 
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1. Introduction 

In a global context where societaleVolution and the in-

creasing energy demands of populations lead to a growing 

consumption rate of around 2.4% in 2023, this results in a 

significant rise in global pollution due to carbon dioxide 

( 2CO ) emissions. According to estimates compiled by the 

global budget project, pollution will increase by 0.8% in 2024, 

or 37.4 billion metric tons, compared with 2023 [21]. The 

increase in global pollution is the main cause of climate 

change. 

In order to neutralize carbon in industrial production, clean 

and efficient renewable energies are gaining popularity. The 

development of clean and sustainable energy sources has 

attracted attention over this century [1, 3, 20]. Solar energy 

has received considerable attention as a clean and 

non-polluting energy source with significant potential. In 

recent years, scientists have shown increasing interest in 

perovskite solar cells due to their remarkable light absorption 

capacity and promising prospects [4, 8, 12]. Currently, 

lead-based perovskite solar cell technology is being devel-

oped for commercialization, aiming to replace silicon solar 

cells [6, 19]. However, despite the vast application prospects 

of these perovskite solar cells, the toxicity and water solubility 

of lead are causing growing concern. In the field of lead-free 

perovskite solar cells, those based on germanium, due to their 
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low toxicity, represent a highly favorable option compared to 

lead-based ones [2, 14, 17]. Germanium-based perovskite 

offers the advantages of low toxicity to the environment and 

organisms, great stability, and a tunable bandgap [15]. Nev-

ertheless, further research is needed to explore the extended 

application of germanium-based perovskite cells due to their 

low conversion performance compared to their lead-based 

counterparts. 

In this work, we will use the SCAPS 1D software, a simu-

lator, to contribute to improving the conversion yields of 

germanium-based perovskite solar cells, while also address-

ing potential issues in the design of the solar device. Thus, our 

study device will be under the normal n-i-p configuration 

structured as

2 1 3 2 2/ / / / / / /Glass FTO SnO IDL CsGeI IDL Cu O Au . We 

have chosen 2SnO  and 2Cu O  [1, 11, 18] as electron 

transport material ( ETM ) and hole transport material 

( HTM ), respectively. Considering recombination and inter-

face quality, we added defect interface layers ( 1IDL , 2IDL ) [3, 

7] on both sides of the perovskite layer. The objective is 

toeValuate the impact of defect interface layers on the per-

formance of the designed device. 

2. Parameters and Methodology 

This work was conducted using the SCAPS 1D modeling 

software developed by the University of Ghent. This simula-

tor primarily relies on solving three fundamental equations, 

which are Poisson's equation and the continuity equations [1, 

16]. 
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Figure 1. Structure of the cell (a) and energy diagram (b). 

N is the concentration of free electrons and p is the con-

centration of free holes; 𝑛𝑡 and 𝑝𝑡: represent the distribution 

of trapped electrons and holes respectively; 𝑁𝐷
:, 𝑁𝐴

;: ionized 

donor and acceptor doping concentrations, respectively. 

Solving these equations allows us to obtain the modeling 

parameters [1]. Before that, it is imperative to define the 

structuring of our device. The figure below illustrates the 

arrangement of the various structural layers of the cell and the 

energy band diagram. We added 1IDL  and 2IDL  between 

the ETL and the perovskite layer and between the perovskite 

layer and the HTL, to prevent interface recombination and 

make the bandgap structure more resistant. 

The values used for each layer for the simulation are listed 

in Table 1. In the table below, 𝑁𝐶 and 𝑁𝑉 correspond to the 

effective densities of the conduction band and the valence 

band, 𝑁𝐴  and 𝑁𝐷 denote the density of acceptor and donor 

respectively, µ𝑝  and µ𝑛 represent the mobility of holes and 

electrons respectively, 𝜒 represents the electron affinity, 𝐸𝑔 

is the bandgap energy, and ℇ𝑟 is the relative permittivity. It 

can be noted that parameters for the metal layers ( Glass  and 

Au ) have been provided as they are taken as work functions 

with energy values of -4.4eV for Glass  [3, 10] and -5.1eV 

for Au  [3, 7]. 
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Table 1. Parameters of the layers used. 

 FTO  [3, 5, 10] 2SnO  [1, 18] 1IDL  [3, 5, 22] 3CsGeI  [5, 13] 2IDL  [3, 5, 22] 2Cu O  [1, 11, 18] 

Eg (eV) 3.5 3.5 1.41 1.6 1.41 2.17 

Χ (eV) 4.0 4.0 4.17 4.0 4.17 3.2 

𝜀𝑟  9.0 9.0 8.2 18 8.2 7.1 

𝜇𝑝(𝑐𝑚2. 𝑉;. 𝑠;1)  10 10 1.6 20 1.6 80 

𝜇𝑛(𝑐𝑚2. 𝑉;. 𝑠;1)  20 20 1.6 20 1.6 2000 

𝑁𝑉(𝑐𝑚;3)  1.81019 2.61021 1. 1018 1. 1019 1. 1018 1. 1018 

𝑁𝐶(𝑐𝑚;3)  2.21018 4.361018 1. 1018 1. 1018 1. 1018 2.21018 

𝑁𝐴(𝑐𝑚;3)  0 0 1. 1012 2. 1018 1. 1012 1. 1018 

𝑁𝐷(𝑐𝑚;3)  2. 1019 1. 1018 0 2. 1016 0 0 

𝑁𝑡(𝑐𝑚;3)  1. 1015 1. 1015 1. 1018 1. 1015 1. 1018 1. 1015 

Thickness (nm) 500 30 8 1000 8 1000 

3. Results and Discussion 

 
Figure 2. Current density as a function of voltage (a), external quantum efficiency (b), and energy band diagram (c). 
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With the data specified in the above table, we simulated 

using SCAPS 1D, allowing us to plot graphs of current density, 

external quantum efficiency, and energy bands. Figure 2a 

represents the relationship between current density J and open 

circuit voltage OCV , showing a decrease in density as voltage 

increases. The modeling provided a voltage value ( OCV ) of 

0.98 V, a current density of 24.30 mA/cm², a fill factor of 

78.67%, and finally a conversion efficiency from 18.79%. 

Figure 2b illustrates the external quantum efficiency, con-

sisting of three parts: between 300 and 400nm indicating a 

growth phase of yield, from 400 to 700nm representing the 

highest phase of quantum yield, above 80%, and beyond 

700nm, we note a drastic drop in the external quantum yield of 

our device. Figure 2c represents the energy bands, where 𝐸𝑐 

illustrates the conduction band energy level, 𝐹𝑛  the Fermi 

level of electrons, 𝐹𝑝 that of holes, and 𝐸𝑣 the valence band. 

This graph shows that the gap between the conduction band 

level and the valence band level results in an electric field of 

approximately 2.11 V/µm. The conversion efficiency of the 

cell model can be improved by reducing recombination be-

tween the different layers. Therefore, we examine the impact 

of varying the parameters of the IDL  layers on the perfor-

mance of the solar cells. 

3.1. Contribution of the Variation of the 

Thickness of the Interface Defect Layer on 

the Performances 

To reduce recombination in our work cell, we added defect 

interface layers ( 1IDL ) between the electron transport layer 

(ETL) and the absorbing layer and ( 2IDL ) between the hole 

transport layer (HTL) and the 3CsGeI  layer. Given the 

significant impact of layer thickness on internal efficiency and 

carrier transport in perovskite-based solar cells, we felt it 

necessary to assess the contribution of varying layer IDL

thicknesses on the efficiency of our cell. We fixed a thickness 

range for 1IDL  varying between 0.001 to 0.01µm and for 

layer 2IDL  between 0.001 to 0.004µm. The simulation with 

these values allowed us to plot the trends of the electrical 

parameters. Figure 3a shows that increasing the thickness of 

layer 2IDL  results in a slight drop in voltage, whereas the 

drastic decrease in open circuit voltage is more noticeable 

with the increase in thickness of layer 1IDL , dropping from 

5.95 to 4.03V. This leads to a drop in the open-circuit voltage, 

if we take the difference between the two values indicated 

above, and it remains within the range of the band gap of our 

cell absorber. Therefore, the thickness of layer 1IDL  plays a 

major role in the open circuit voltage. Figure 3b represents 

current density as a function of IDL  thickness variation. We 

see that increasing the thickness of layer 1IDL  does not 

significantly influence the current density. Conversely, in-

creasing the thickness of layer 2IDL  leads to an increase in 

current density from 24.26mA/cm² for an 2IDL thickness of 

0.001µm to 24.29mA/cm² for an 2IDL  value of 0.004µm. 

Therefore, layer 2IDL  has a dominant influence on current 

density. Figure 3c shows the increase in fill factor as a func-

tion of increasing IDL  layer thickness. A sufficient proof 

that the variation of the fill factor depends on theeVolution of 

the thicknesses of the IDL  layers. Figure 3d illustrates the 

conversion efficiency diagram of our device, where we can 

see that the PCE  under goes a slight decrease in its value 

with the increase in thickness of 1IDL . Conversely, the drop in 

yield is accentuated with theeVolution of thickness of 2IDL , 

which decreases its value from 19.06 to 18.87%. In summary, 

we can expect to achieve a better conversion efficiency of our 

device with thicknesses for the defect interface layers ( 1IDL  

and 2IDL ) of 0.001µm. 
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Figure 3. Effect of varying the thickness of interface defect layers: (a) OCV , (b) SCJ , (c) FF , and (d) PCE . 

3.2. Impact of Electron Affinity on the Interface 

Defect Layers and on Performance 

The electron affinity energy, which signifies the energy 

associated with the attraction of electrons, helps understand 

an element's likelihood of acquiring electrons. A level of 

electron affinity can enhance the performance of a solar cell. 

To better observe these effects, we have shown in Figure 4 the 

impact of varying the electron affinity energy of the interface 

layers. The energies of layers 1IDL  and 2IDL  were varied 

between a range of 4.12 and 4.17eV. Figure 4a shows that the 

variation of electron affinity in layer 1IDL  does not impact 

the open circuit voltage. However, increasing the electron 

affinity energy of layer 2IDL  causes a rapideVolution of

OCV . Therefore, the electron affinity level is more balanced in 

layer 2IDL , which explains its dominant impact compared to 

layer 1IDL . Figure 4b shows the current density according to 

the variation of electron affinity. We can see that the increase 

in electronic energy in layer 1IDL  leads to a drop in 𝐽𝑠𝑐 from 

almost 24.10 mA/cm² to 24.00 mA/cm². However, for layer

2IDL , increasing its electron affinity results in an increase in 

current density. The effect is therefore more significant in 

layer 2IDL . In the simulation, the best cell current density 

value is obtained with the layer and the layer for electron 

energy values of 4.12eV and 4.17eV respectively. 
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Figure 4. Impact of varying electron affinity of interface defect layers: (a) OCV , (b) SCJ , (c) FF, and (d) PCE . 

Regarding the fill factor (Figure 4c), its value remains 

constant regardless of the increase in electron affinity in layer

1IDL . Conversely, the variation of the fill factor is more 

pronounced as a function of theeVolution of electron affinity 

in layer 2IDL . We have seen a drastic reduction in the fill 

factor value from 29% for an affinity of 4.12eV to less than 24% 

with an affinity of 4.17eV for layer 2IDL . Figure 4d shows 

that increasing electron affinity in layer 1IDL  does not have 

major consequences, allowing the consistency of the conver-

sion yield of our cell to be maintained. The increase in con-

version performance is simply due to the addition of electron 

affinity in layer 2IDL . Therefore, increasing the electron 

affinity in layer 2IDL , which makes the system more stable 

and reduces electronic transitions. Consequently, a balanced 

electron affinity level in layer 2IDL , equivalent to 4.17eV, 

improves the cell efficiency to 18.50%. 

3.3. Impact of Variation IDL Defect Density on 

Performance 

In the field of semiconductor solar cells, effective man-

agement of defects plays a crucial role in influencing photo-

voltaic conversion efficiency. In addition to the thickness of 

the layer, the presence of defects on the layers also affects the 

cell's performance. To conduct a thorough analysis, we rep-

resented the effect of varying the defect density between 1015 

and 1018 𝑐𝑚;3 in the IDL  layers on the electrical parame-

ters in the figure below. Figure 5a shows that the variation of 

defect density in layer 1IDL  does not have much impact on 

the open circuit voltage. However, increasing defects in layer 

2IDL  causes a drop in the open circuit voltage OCV . On the 

layer, for a defect rate of 1018𝑐𝑚;3, we can see that the is at 

its smallest value. In Figure 5b, the decrease in current density 

is most noticeable when the defect rate present in the layer is 

between 1015 and 1017𝑐𝑚;3. Beyond this value, the pres-

ence of a fault 1IDL in the layer has no effect on the current 

density. Regarding layer 2IDL , increasing the defect density 

leads to a decrease in current density in this layer. The effect 

of defects is more pronounced in layer 2IDL  than in layer 

1IDL . In Figure 5c, the fill factor is not significantly influ-

enced by the increase in defect density in layer 1IDL . Alt-

hough there is a slight variation in the fill factor in graph 5.c, it 

is too small to be significant. We can see from this graph that 

the decrease in the cell's conversion efficiency is systemati-

cally linked to the existence of defects IDL  in the layers. 

The conversion efficiency of the cell decreases from 19.01% 

for a defect rate of 1015𝑐𝑚;3 to 18.47% when the defect rate 

present is 1018 𝑐𝑚;3. Figure 5d shows the variation of the 

conversion efficiency of our cell as a function of the increase 

in defects in the interface layers. We can see that the decrease 

in conversion efficiency of the cell is systematically linked to 

the injection of defects in the IDL  layers. The conversion 

efficiency thus drops from 19.01% for defects of 1015 𝑐𝑚;3 

to 18.47% for defects of 1018 𝑐𝑚;3. In summary, the analysis 

of Figure 5d reveals that the increase in defect density ham-

pers the efficiency of carrier flow. It increases the probability 

of recombination of electron-hole pairs, especially in the layer

2IDL , and consequently reduces the performance of the 

device. 
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Figure 5. Impact of variation defect density of interface defect layers: (a) OCV , (b) SCJ , (c) FF , and (d) PCE . 

3.4. Effect of Operating Temperature on 

Photovoltaic Performance 

One of the factors that greatly influences the performance 

and stability of perovskite-based solar cells is temperature [9]. 

To study its effect on our device, we adjusted the temperature 

between 300°K and 600°K and observed its behavior on the 

J-V characteristics as well as on the electrical parameters. In 

Figure 6a, we find that the J-V characteristics of the cell 

weaken with the increase in temperature. This shows that the 

J-V characteristic is strongly influenced by temperature. The 

decrease in cell characteristics with the increase in tempera-

ture may be caused by the degradation of the perovskite cell 

crystal. In Figure 6b to 6e, we represented the electrical pa-

rameters extracted from the J-V characteristic curve. In Figure 

6b, the increase in temperature causes a decrease in open 

circuit voltage, indicating that temperature affects the series 

resistances of the device. Figure 6c shows that the impact of 

temperature on current density is almost negligible, resulting 

in a constant value of SCJ  whatever the temperature used. 

Regarding the fill factor illustrated by Figure 6d, we note an 

increase in the fill factor between 300°K and 400°K, reaching 

its best value at 400°K, close to 80%. Beyond 400°K, the 

increase in temperature leads to a decrease in fill factor. In 

Figure 6e, we clearly observe that temperature has a negative 

effect on the efficiency of the solar cell's performance, which 

is explained by the fact that high temperatures lead to the 

destruction and volatility of certain components, as well as 

instability in the device. 
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Figure 6. Effect of temperature on J-V characteristics (a) and electrical parameters: (b) OCV , (c) SCJ , (d) FF , and (e) PCE . 
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4. Conclusion 

In this work, we designed a solar device under the normal 

n-i-p configuration of Glass / FTO / SnO2 / IDL1 / CsGeI3 / 

IDL2 / Cu2O / Au. Using SCAPS 1D software, weeValuated 

the impact of interface defect layers on our cell's performance. 

The study revealed that the thickness of the 1IDL  interface 

layer has a significant impact on the conversion efficiency of 

the device, as it promotes better electron transfer. Conversely, 

the electron affinity affects the cell's conversion efficiency 

more when the 2IDL  layer takes an energy value of 4.17eV. 

The injection of defects into or within the 1IDL or 2IDL  

layer reduces the performance of the device. Increasing the 

defect density hampers the efficiency of carrier flow. It in-

creases the probability of recombination of electron-hole pairs, 

especially in the 2IDL  layer. As the temperature increases, 

the study showed that the performance of the solar device de-

creases. This leads to an increase in internal defects and degrada-

tion, resulting in an increase in recombination in the cell. 
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