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ABSTRACT                                  
The high conversion efficiency of solar cells can 

make them more competitive in cost compared to 
conventional energy sources. Therefore, enhancing 
photovoltaic cell efficiency remains a critical challenge 
for researchers and manufacturers. Shockley-Queisser 
single junction photovoltaic cells are limited to 33.7% 
, and multi-junction solar cells are the most promising 
technologies that have achieved remarkable efficiencies 
exceeding 46%. Modeling and simulation are essential 
to optimize semiconductor devices and reduce their 
development time and cost.

This study investigates the performance improvement of novel InGaP/InGaAs/Ge triple-
junction solar cells by integrating III-V semiconductors. The design includes Tungsten disulfide 
as an electron transport layer, reduced graphene oxide as a hole transport layer, and intrinsic 
InGaAs layers to improve efficiency in decreasing the number of InGaP, InGaAs, and Ge layers 
to reduce manufacturing costs. SCAPS 1D software was used to simulate under a solar irradiance 
of 1000 Wm-2 and an air mass of AM1.5G spectrum at 25°C. In addition, a commercial InGaP/
InGaAs/Ge solar cell and a mini-solar panel were also simulated, and the obtained current-
voltage characteristics were compared with experimental data. A strong correlation was observed 
between the simulated data and the experimental measurements, confirming the proposed solar 
cell design’s potential, accuracy, and reliability. The new structure produced an impressive power 
conversion efficiency of 49.83%. The findings suggest a route to manufacturing new multi-junction 
photovoltaic cells with high efficiency and lower cost.
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تحسينات كفاءة الخلايا الشمسية متعددة الوصلات InGaP/InGaAs/Ge باستخدام     
طبقات النقل المتداخلة

كوسيفي دومكاتا ، دانيل كوتفاس، كاتاورا بيلتاكو، ميلوهووم دزغلي.

ملخ��ص: زي��ادة كف��اءة الخلاي��ا الشمس��ية يجعله��ا أكث��ر حظ��ا في التناف��س في س��وق الطاق��ة. ولذل��ك، يظ��ل تعزي��ز كف��اءة الخلاي��ا 
الكهروضوئي��ة تحدي��اً للباحث��ن والمصنع��ن. س��جلت كف��اءة الخلاي��ا الضوئي��ة أحادي��ة الوصل��ة %33.7 ، والخلاي��ا الشمس��ية متع��ددة 
الوص��لات ه��ي أكث��ر التقني��ات الواع��دة ال��ي حقق��ت كف��اءة ملحوظ��ة تتج��اوزت %46. تُع��د النمذج��ة والمح��اكاة ضرورية لتحس��ن 
أجه��زة أش��باه الموص��لات وتقلي��ل وق��ت تطويره��ا وتكلفته��ا. تبح��ث ه��ذه الدراس��ة في تحس��ن أداء الخلاي��ا الشمس��ية ثلاثي��ة الوص��لات 
InGaP/InGaAs/InGaAs/Ge الجدي��دة م��ن خ��لال دم��ج أش��باه الموص��لات III-V. ويتضم��ن التصمي��م ثان��ي كبريتي��د التنجس��ن 
كطبق��ة ناقل��ة للإلكترون��ات، وأكس��يد الجراف��ن المختزل كطبقة ناقل��ة للثقب، وطبقات InGaAs الجوهرية لتحس��ن الكفاءة في 
تقلي��ل ع��دد طبق��ات InGaP و InGaAs و Ge لتقلي��ل تكالي��ف التصني��ع. اس��تُخدم برنام��ج SCAPS 1D لمح��اكاة اداء الخلي��ة تحت 
ش��دة إش��عاع شمس��ي قدره 1000 واط/م2 وكتلة هوائية AM1.5 عند درجة حرارة س��طح الخلية 25 درجة مئوية. وبالإضافة إلى 
ذلك، تمت مقارنة خصائص التيار والجهد لخلية شمسية تجارية InGaP/InGaAs/Ge وخلية شمسية صغيرة الي تم الحصول 
عليها من المحاكاة مع البيانات التجريبية. لوحظ وجود ارتباط قوي بن بيانات المحاكاة والقياسات التجريبية، مما يؤكد إمكانية 

تصمي��م الخلي��ة الشمس��ية المقترح��ة. م��ن الجذي��ر بالذك��ر، أن الخلي��ة الجدي��دة س��جلت كفاءة تحوي��ل طاقة مث��يرة للإعجاب. 

. ETL WS2، HTL rGO، SCAPS 1D ،خلية شمسية متعددة الوصلات ، III-V الكلمات المفتاحية - أشباه الموصلات

1. INTRODUCTION

The massive use of energy resources accompanies the constantly increasing world population. 
Global energy demand increases and poses a global warming issue due to the greenhouse gases 
emitted from the intensive use of fossil fuels [1]. With the scarcity of fossil fuels and climate change 
concerns, it is crucial to develop new methods and efficient materials for energy production 
and storage [2], [3], [4],[5]. Significant efforts led to using renewable energy sources for energy 
production including solar energy as an alternative to fossil fuels [6]. 
Two main technologies are used in the manufacture of single-junction solar cells namely first-
generation and second-generation. The first-generation cell is made of a single crystal structure 
of silicon wafers at about 300 μm of thickness. It represents approximately 86% of the market 
of solar cells for applications on Earth [7]. The second generation is constituted of thin films 
of semiconductor coating layers on different substrates [8]. The introduction of thin films in 
the solar cell industry led to the production of low-cost cells. Some photovoltaic (PV) cells are 
still in the research stage while other cells based on silicon (amorphous, polycrystalline, and 
microcrystalline) are massively produced [8], [9]. The efficiency of about 22.8% of first-generation 
cells makes up most of the cells on the market. The difference in efficiency decreased over time 
between the two generations of solar cells and the efficiency of the second generation has taken 
over [10]. Single-junction solar cell conversion efficiency is limited theoretically at 30% around 
the 1 eV band gap [11], [12]. This limit is mainly caused by their failure to convert a wide range of 
solar spectrum [13] and the energy is lost in transmission and heat [14]. Improving the efficiency 
of solar cells beyond the theoretical limit would help to take greater advantage of the unlimited 
potential of the sun [15], [16]. Different methods have been addressed over time [17], from single 
junction to multi-junction [18].  
Multi-junction PV cells based on III-V semiconductors are widely explored for space applications 
[19] and present the highest efficiency [20], [21]. Multi-junction technology uses a wider 
spectrum of solar energy conversion showing immense improvement in efficiencies of about 
35.8% for space and terrestrial applications [22]. This is due to stacking multiple individual 
semiconductor junctions with various band gaps that absorb a wide range of solar radiation. The 
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choice is made to minimize the losses regarding the thermalization of hot carriers and low-energy 
photon transmission [23]. Therefore, the photon energy conversion in multi-junction PV cells is 
more efficient than in single-junction PV cells. Multi-junction PV cells reached a high efficiency 
and different theoretical models were used to estimate the theoretical conversion efficiency of 
solar cells [24]. Among the proposed models, the most popular one is the detailed equilibrium 
limit model based on the laws of thermodynamics. Recently, the conversion limit of different 
PV cells was calculated using the extended detailed balancing limit, such as solar cells based on 
quantum dot [25], multi-band [26], and multi-junction [27]. Some authors obtained a maximum 
conversion efficiency of 86.8% for a multi-junction solar cell, using the detailed equilibrium limit 
model, with an infinite sub-cell under concentrated light conditions [28]. The high conversion 
efficiency was 51.2% for the InGaP/GaAs/InGaAs triple junction solar cell under the AM 1.5G, 
at 289.15 K. The band gap combination used is 1.91/1.37/0.93 eV [25]. Various studies have 
reported high-efficiency multi-junction solar cells (MJSC) experimentally. For example, an 
efficiency of 47.1% was reported using the AM 1.5 D spectrum at 143 solar concentrations for 
III-V six-junction solar cells [29]. An efficiency of 35.9% was reported by Schygulla et al. [30] 
for III-V/Si triple junction solar cells under AM 1.5 G spectrum. Essig et al. [31] reported at a 
sunshine concentration, 32.8% and 35.9% efficiencies for a double III-V/Si junction and a three 
III-V/Si junction solar cells under 1.5G AM illumination, respectively. Aho et al. [32] obtained 
39% efficiency for GaInP/GaAs/GaInNsSb/GaInNAsSb solar cells using AM 1.5 D illumination 
at 560 solar concentrations. Takamoto et al. [33] obtained an efficiency of 44.4% in an InGaP/
GaAs/InGaAs triple junction solar cell under AM 15 D illumination at 302 solar concentrations. 
To date, the efficiency of III-V multi-junction PV cells under non-concentrated (mono-
sun) illumination has continued to increase due to the improvement of material quality and 
the addition of more junctions, which can minimize power losses through thermalization 
while optimizing the band gap combination. A recent method of incorporating a superlattice 
of quantum wells (InGaAs/GaAsP) into the central cell of the IMM-3JSC structure solved the 
current shift problem by confining electrons and holes in a quantum well. This increased optical 
absorption in the central cell and achieved a record efficiency of 39.5% for hubless applications 
[34]. Nevertheless, many challenges persist in the evolution and commercialization of MJSC such 
as the high production costs attributed to the use of high-end materials like gallium arsenide 
(GaAs). Research has been conducted to tackle the complexities associated with multi-junction 
PV cells [35], including exploring alternative materials and innovative manufacturing methods 
to achieve increased efficiency and reduce costs [36]. Furthermore, modeling and simulation 
techniques have been employed to optimize the efficiency of multi-junction PV. Analytical 
and numerical methods were combined to simulate the characteristic properties of PV cells, 
facilitating tailor-made design optimization for specific applications [37][38]. Triple-junction 
PV cells, with three different semiconductors with various band gaps, have emerged as a leading 
contender for efficient solar energy conversion [39]. Optimizing their design can further improve 
efficiency [40]. Through numerical analysis, researchers optimized an InAlAs/InGaAsP/InGaAs 
triple junction cell to enhance its conversion efficiency by up to 44% [41]. Optimizing the 
thickness of the absorbing layer and minimizing the charge carrier recombination rates can 
significantly improve the device efficiency [42]. InGaP/InGaAs/Ge triple-junction solar cells are 
renowned for their high efficiency in converting solar energy into electricity. Studies refined the 
design parameters of InGaP/GaAs/Ge triple-junction PV cells through modeling and simulation 
achieving 36.2% efficiency [43] and improving the efficiency by streamlining its structure to 
mitigate series resistance [44]. These multi-junction cells have achieved conversion efficiencies 
of up to 46% [45]. The optimal band gap alignment for improved efficiency is InGaP (1.85 eV 
bandgap) as the top cell, InGaAs (1.4 eV bandgap) as the middle cell, and Ge (0.67 eV bandgap) as 
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the bottom cell. This combination allows for better spectrum utilization, reducing thermalization 
losses and increasing PCE. The robust performance of these materials under varying temperatures 
and irradiation conditions makes them an ideal choice for MJSC [46]. 
However, this combination still faces limitations in charge transport, surface recombination losses 
, and high production costs. To address this, the current research explores reducing the number 
of layers, such as InGaP, InGaAs, and Ge, by incorporating electron transport layers (ETL) and 
hole transport layers (HTL). To do this, tungsten disulfide (WS2) and reduced graphene oxide 
(rGO) are being investigated to enhance charge extraction and efficiency.
This study aims to evaluate the performance of a novel InGaP/InGaAs/Ge three-junction solar 
cell using SCAPS-1D and to compare the current-voltage characteristics with the experimental 
data at three temperatures. Additionally, PV cell and panel parameters were extracted using the 
Manta Ray Foraging (MRF) algorithm implemented in LabVIEW, with accuracy assessed via 
root mean square error (RMSE) against other algorithms. The proposed cell structure achieves 
49.83% efficiency under natural sunlight at 1 sun by integrating transport layers and reducing 
the number of layers such as  InGaP, InGaAs, and Ge. By refining the capture cross-section, 
optimizing the thickness, and reducing the defect density, the efficiency reaches 57.60%.

2. MATERIALS AND METHODS

2.1. Material parameters and numerical simulation 

The calculations were carried out using SCAPS-1D version-3.3.09 software [46][47] to evaluate 
the parameters of the PV performance of InGaP/InGaAs/Ge MJSC. This work uses the drift-
diffusion method and simulates a multi-junction solar cell (MJSC) composed of InGaP, InGaAs, 
and Ge. This approach accurately analyzes charge carrier transport, recombination mechanisms, 
and electric field distribution. The differential equations were solved to determine the current-
voltage density curve (J-V). Poisson equation (Eq.1), electronic continuity equation (Eq. 2), and 
hole equation (Eq. 3) are integrated into the SCAPS-1D software [46][47][48]. These curves are 
used to calculate the open-circuit voltage (VOC), short-circuit current density (JSC), fill factor (FF), 
and power conversion efficiency (PCE) of the solar cell device. 
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Where Gi  is the generation rate (electron and hole), τn, is the electron lifetime, τp , is the hole 
lifetime, q, is the electron charge, D, is the diffusion coefficient, ε, is the permittivity, μn, and μp, 
are the electron and the hole mobilities, n(x) and p(x), are the concentration of free electrons and 
free holes, pt (x) and  nt (x), are the concentration of trapped holes and trapped electrons, ψ, is the 
electrostatic potential, ND

+ (x) and NA
- (x) are the concentration of ionized acceptors and ionized 

donors, and E, is the electric field. In addition, x represents the direction of the thickness of the 
PV cell. 
To carry out the extraction of PV parameters for the simulated and real solar cells such as 
photogenerated current (Iph), saturation current (I0), ideality factor of diode (n), shunt resistance 
(Rsh), and series resistance (Rs), the Manta Ray Foraging metaheuristic algorithm was implemented 
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in the LabVIEW program as proposed in reference [49]. Manta Ray Foraging (MRF) is used to 
solve complex optimization problems in areas like energy optimization, biomedical applications, 
engineering problems, etc. MRF is a powerful tool for solar energy optimization, improving 
power conversion, system sizing, microgrid stability, etc. Its effectiveness makes it a promising 
method for enhancing solar system efficiency and reliability [50][51]. In this algorithm, the 
equations (4) to (8) were associated to determine these parameters. The output current of the 
solar cell is calculated as in Eq. (4).

4                                                                                                      ( )L ph d shI I I I= − −

Where IL indicates the output current of the cell, Id, the diode current, Iph denotes the total current 
produced by the PV cell, and Ish, the shunt resistor current. According to the Shockley equation, 
the diode current Id can be formulated as in Eq.(5).
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Where VL indicates the cell output voltage and Vt, is the thermal junction voltage defined by 
Eq.(6).
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Where K is the Boltzmann’s constant, T is the junction temperature in Kelvin, and q is the electron’s 
charge. According to Ohm’s law, the shunt resistor current is calculated using equation (7).
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Using equations (4) to (7), the mathematical equation (8) was obtained to describe the solar cell’s 
single-diode model. 
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2.2. InGaP/InGaAs/Ge MJSC

Figure 1 presents two structures of InGaP/InGaAs/Ge multi-junction solar cells investigated in 
this study. Figure 1A represents the structure of the InGaP/InGaAs/Ge considered as a reference 
solar cell, which was simulated. The simulation results were compared with the parameters of 
the cell InGaP(1.86eV)/InGaAs(1.40eV)/Ge(0.67eV) (area 1 cm2 from SolAero), investigated 
using the Black Widow Optimization Algorithm (BWOA) and the Chameleon Swarm Algorithm 
(CSA) as described in the reference [52]. The characteristics of the InGaP/InGaAs/Ge solar cell 
were investigated under natural sunlight  (one sun) at 1000 Wm-2 of irradiance and at three 
temperatures: 41.5°C, 51.3°C, and 61.6°C using the RELab system [53] which consists of myDAQ 
board, I-V characteristic module, and solar cell module where the InGaP/InGaAs/Ge solar cell 
was mounted. The last module has a temperature sensor with ±0.5°C accuracy and a high-
resolution irradiance sensor that converts the sunlight to frequency [54]. The characteristics 
of CTJ30 solar cells (area 26.5 cm2, for CESI) were obtained from the references [52][54][55], 
using radiation of 1000 W/m2 and 25°C.  Figure 1B corresponds to the proposed InGaP/InGaAs/
Ge multi-junction-based PV cell structure with some modifications, showing the details of the 
layers, their parameters, and thickness.
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Figure 1. A-Illustration of the 3J InGaP/InGaAs/Ge solar cell. B- Proposed schematic of a multi-junction solar cell 
based on InGaP/InGaAs/Ge materials.

III-V MJSC, such as six-junction designs, have achieved high efficiencies, with records exceeding 
47% under concentrated sunlight [29][56][57]. However, they are expensive due to the high 
material and manufacturing costs. These cells are mainly used in space applications where 
efficiency is more critical than cost [35][58]. Researchers are exploring cost-reduction methods, 
including substrate reuse and integration with material, to make them more viable for terrestrial 
use [29][59]. An accurate numerical model is essential for deeply understanding the phenomena 
occurring inside a solar cell [18][57]. The simulation of the reference and the proposed cells was 
carried out using SCAPS 1D software. Concerning the new proposed structure of the PV cell 
(Figure 1B), HTL (rGO) and ETL (WS2) were introduced to encapsulate the absorption layers 
including the intrinsic layer (InGaAs) [60], [61]. WS₂ is a stable, non-toxic, and eco-friendly 
n-type semiconductor, making it a great choice as an electron transport layer (ETL) in solar cells. 
It improves efficiency by enhancing electron transport and reducing energy losses. WS2 enhances 
light absorption and charge transport due to its high optical absorption and excellent carrier 
mobility. WS₂ is chosen for its high charge carrier extraction at solar cell interfaces [62][63]. 
Similarly, rGO improves conductivity and reduces energy losses, leading to higher efficiency [64]. 
Together, these materials optimize solar cell performance. rGO is used as a hole transport layer 
(HTL) due to its tunable work function (4.4–4.9 eV) and good thermal stability [65]. Integrating 
WS2 and graphene-based rGO into InGaP/InGaAs/Ge multi-junction cells enhances optical 
absorption and electrical performance, making it a promising approach for high-efficiency solar 
cells. Optimizing the thickness and carrier properties of different layers resulted in an appropriate 
short-circuit current [62][64]. 
Figure 1B shows that InGaAs composite material is used as an intermediate cell, transport layers 
of electrons (WS2) and holes are added between the emitting materials, and the thickness of each 
layer ranges between 1.6 µm and 0.35 µm. To model the proposed solar cell, the Poisson equation 
(Eq.1), electronic continuity equation (Eq. 2), and hole equation (Eq. 3) are integrated into the 
SCAPS-1D software. In this model, physical phenomena such as mobility and the recombination 
of carriers are calculated. In addition, the impurity rate of the carriers and the thickness are 
calibrated during the modeling, and the entire simulation is carried out at a temperature of 25 oC. 
The cell performance is carried out at 1000 Wm-2. The thickness of each layer and the impurity 
density of carriers were optimized to improve the conversion efficiency. AM1.5G and 1000 Wm-2 

solar radiation were used to carry out the parameter values, including short circuit current, open 
circuit voltage, FF, and conversion power at different temperatures and areas. 
A statistical test such as the root mean square error (RMSE) is used to assess the accuracy of 
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regression models, as detailed in reference [52]. It quantifies the spread of residuals, i.e., the 
differences between observed and predicted values, by providing the standard deviation of these 
residuals. A lower RMSE indicates that the model predictions are, on average, closer to the true 
values, reflecting better model performance. The model has been proposed considering the 
material parameters in Table 1. 

      Table 1. Properties and parameters of the main constituents.

Parameters
Reference materials 

 Proposed solar cell

FTO InGaP InGaAs Ge FTO InGaP InGaAs Ge
Thickness (µm) 0.4 1.8 2.0 0.4 0,4 0.7 0.6 0.4
Band gap (eV) 3,5 1.86 1.40 0.67 3.5 1.86 1.40 0.67

Electron affinity χ (eV) 4 4.16 3.9 4 4 4.16 3.9 4
dielectric permittivity 

(relative) 9 11.6 18 16 9 11.6 18 16

Capture cross-section 
hole (cm²) 1015 1015 1015 1015 1015 1015 1015 1015

Capture cross section 
electrons (cm²) 1015 1015 1015 1015 1015 1015 1015 1015

electron mobility 
(cm²/Vs) 1940 1940 20 3900 1940 1940 20 3900 

hole mobility (cm²/Vs) 141 141 20 1900 141 141 20 1900 
shallow uniform acceptor 

density (1/cm3) 0 0 1018 2 1015 0 0 0 2.1016

Shallow uniform donor 
density (1/cm3) 1015 1016 0 0 1015 1019 0 0

Defect density Nt(1/cm3) 
uniform 1014 1014 1014 1014 1014 1014 1014 1014

 

3. RESULTS AND DISCUSSION 

3.1. Validations

The reference cell and panel were simulated using SCAPS 1D. The results were compared with 
the experimental data from [52]. Table 2 presents the external and internal parameters of the 
reference cell and panel in experimental and simulated cases.  The low root mean square errors 
(RMSE)  indicate that the extracted parameters closely match the true values, suggesting a 
good model fit. RMSE was compared with the results obtained by Cotfas et al. [52] using other 
algorithms, including the Black Widow Optimization Algorithm (BWOA) and the Chameleon 
Swarm Algorithm (CSA). 

 Table 2. Parameters of the experimental and simulation for the panel and three junction solar cells.
Type Experimental Simulation

Panel Solar cell Solar cell Solar cell Panel Solar cell Solar cell Solar cell
Temperature (°C) 25 41.5 51.3 61.6 25 41.5 51.3 61.6

Area (Cm2) 26.5 1 1 1 26.5 1 1 1
I0 (A) 1.23E-15 3.12E-33 2.57E-31 1.84E-29 3.79E-21 5.16E-26 5.05E-24 5.14E-24
Iph (A) 0.473 0.0121 0.0123 0.0125 0.471 0.0121 0.0126 0.0127
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n 2.267 1.321 1.329 1.337 2.357 1.724 1.756 1.678
Rs (Ω) 0.091 1.443 1.411 1.366 0.471 0.595 2.665 2.0675
Rsh (Ω) 425.047 275970.19 224268.51 202256.44 6866.58 26501.77 3591.001 17764.77
RMSE 0.0035 7.89E-5 7.56E-5 6.79E-5 0.00012 8.14E-5 8.51E-5 9.06E-5

Algorithms BWOA - - - - 8.912E-5 9.451E-5 9.682E-5
CSA - - - - 1.018E-4 1.019E-4 5.695E-4

The MRF algorithm showed the highest performance in all three experimental scenarios, thus 
justifying its adoption for parameter extraction in both experimental and simulated studies. The 
good match between experimental and simulation cases proves the consistency of the model, 
showing that it can be successfully used to analyze the newly proposed structure optimized with 
changes.
Figure 2. presents I-V characteristics under 1000 Wm-2 of irradiance for the InGaP/InGaAs/Ge 
solar panel and PV cells at varying temperatures and surface areas. In all four cases, the I-V 
characteristics closely matched the experimental data which shows a strong correlation between 
experimental and simulated data. That indicates that the PV parameters in the simulation model 
are highly accurate. 

Figure 2. I-V characteristics at 1000 Wm-2 : a) solar panel; b) solar cell at 41.5°C;                                                             
c) solar cell at 51.3°C; d) solar cell at 61.6°C.

This strong agreement confirms the model validation in predicting the behavior of PV cells under 
different temperatures and surface conditions. As expected, variations in surface area significantly 
affect the current, while temperature changes exhibit a limited influence on overall performance.

3.2. Analysis of simulation results

The simulation was performed on the proposed PV cell. The simulation results gave a JSC of 20.95 
mAcm-2, a VOC of 2.66 V, a FF of 89.44%, and a conversion efficiency (η) of 49.83%. In comparison, 
the simulation of the reference cell exhibited a JSC of 11.80 mAcm-2, a VOC of 2.52 V, a FF of 
91.51%, and an efficiency of 33.83%.  The short-circuit current was increased by about 0.1976 A, 
the VOC increased by 0.14 V, and the efficiency increased by 16%. Significant improvements were 
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observed in the performance of the proposed cell with some modifications addressed compared 
to the reference solar cell at the same dimensions of the structure with no integration issues.  
Figure  3 presents the J-V characteristics of the composed cells. 
All the curves illustrate the current distribution among the different sub-cells. The bottom cell, 
with its lower band gap, exhibits the highest current density (JSC = 57.52 mAcm-2) and the lowest 
VOC (0.47 V). The bottom sub-cell does not limit the current, nor does the middle cell, which also 
allows a higher current flow. However, the top cell acts as the current-limiting sub-cell among 
the three [66]. 

Figure  3. J-V characteristics of sub-cells of the proposed InGaP/ InGaAs/Ge solar cell at 25 °C.

The JSC of the top sub-cell (InGaP) determines the matched current across the series-connected 
middle (InGaAs) and bottom (Ge) sub-cells. The overall voltage output of the triple-junction 
cell is the sum of the voltages from the top (InGaP), middle (InGaAs), and bottom (Ge) sub-
cells. This cumulative effect results in a total series voltage of approximately 3 V (Figure  3). To 
optimize the efficiency of a multi-junction solar cell, it is essential to balance the current output 
from each sub-cell. In this case, the top cell limits the overall current, suggesting that adjustments 
such as modifying layer thicknesses or tuning the band gaps could help achieve better current 
matching [67]. By combining materials with different band gaps, MJSC can capture a wider range 
of the solar spectrum. Each sub-cell absorbs a specific portion of sunlight, minimizing energy 
losses and improving overall efficiency compared to single-junction cells [58].   
The performance of the proposed PV cells was evaluated at four temperatures: 25°C, 41°C, 
51.3°C, and 61.6°C, under a solar irradiance of 1000 Wm-2 of the AM 1.5 G spectrum. Figure  4 
presents the current-voltage characteristics for the InGaP/InGaAs/Ge PV cells. At 25°C (blue 
curve), the cell performs best, maintaining the highest VOC and a relatively stable current. As 
temperature increases (41.5°C in red, 51.3°C in green, and 61.6°C in yellow), the VOC decreases, 
leading to reduced efficiency. At 61.6°C, the performance degradation is most pronounced, as 
elevated temperatures adversely affect the electrical properties of solar cells, leading to reduced 
efficiency and output power [68]. 

Figure  4. I-V characteristics of the proposed InGaP/ InGaAs/Ge PV cells at different temperatures.
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Table 3 presents the calculated parameters of the proposed InGaP/InGaAs/Ge solar cells for 
different temperature conditions, demonstrating performance improvement compared to 
previous results [69]. The analysis of the behavior of the obtained parameters shows an increase 
in the short-circuit current and the FF while the VOC and the efficiency decrease with increasing 
temperature.

                    Table 3. Parameters at different temperatures.
Temperature VOC (V) Is (A) η (%) FF (%)

Reference 25°C 2.52 0.0118 33.83 91.51

Proposed cell
25°C 2.66 0.2094 49.83 89.44
41°C 2.62 0.2095 49.21 89.64

51.3°C 2.59 0.2096 48.76 89.77
61.6°C 2.56 0.2099 48.18 89.35

These results indicate a slight decrease in efficiency with increasing temperature, a common trend 
in solar cells. Higher temperatures reduce the VOC and increase recombination losses, negatively 
impacting overall efficiency. Similar effects have been observed in previous studies where both 
VOC and the FF decrease as the temperature rises, reducing the efficiency of triple-junction solar 
cells [70]. However, despite this decline, the 49.83% efficiency at 25°C remains higher than that 
of many previously reported MJSC [71][72].

3.3. Structural optimization

The capture cross-section, defect density, and thickness of each sub-cell were analyzed to enhance 
the solar cell’s efficiency. Initially, the capture cross-section is set at 10-14 cm2, and the thickness 
of i-InGaAs, p-Ge, and n-InGaP is set at 600nm, 400nm, and 700nm, respectively. The overall 
solar cell efficiency reached 49.83%, with a total JSC of 20.95 mAcm-2 and a VOC of 2.66V. The 
defect density was set at 1014 cm-3. Figure  5 presents the variation of InGaP/InGaAs/Ge solar 
cell parameters (JSC, VOC, FF, and PCE) as a function of capture cross-section, defect density, and 
thickness.  
Figure  5A shows the variation of PV parameters with the capture cross-section in the n-InGaP, 
i-InGaAs, and p-Ge layers. It is observed that the efficiency increases significantly as the electron 
capture cross-section decreases. Figure  5A(d) demonstrates that a smaller capture cross-section 
reduces recombination losses, which leads to the higher current generation (Figure  5A(b)),  the 
increase of VOC (Figure  5A(a)), and the improvement of the FF (Figure  5A(c)) that ultimately 
boosted the cell efficiency. The FF is also influenced by the recombination losses.
Figure  5B illustrates the effect of defect density on PV parameters in the base layers. Higher defect 
densities affect negatively the cell performance. A maximum PCE of 57.58%, with a short-circuit 
current of 20.95 mAcm-2, a VOC of 2.96 V, and an FF of 92.87%, were achieved at an optimal defect 
density of 1012 cm-3. High defect densities create recombination centers that impede electrons and 
holes from reaching the electrodes. It reduces the energy conversion efficiency and leads to faster 
degradation of the PV cells which impacts their lifespan and reliability [73]. Figure  5C presents 
the thickness’s influence on the base layers’ performance. JSC (Figure  5C(j)) and VOC (Figure  
5C(i)) increase steadily with the thickness up to 1200 nm before decreasing. This suggests that 
thicker layers absorb more photons which generates more electron-hole pairs and potentially 
increases JSC. The FF (Figure  5C(k)) and the PCE (Figure  5C(l)) rise with the thickness up to 900 
nm but decline slightly beyond that, likely due to charge carriers generated far from the junction 
traveling longer distances, reducing current and FF [70]. The optimized parameters obtained are 
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hole and electron capture cross-section σ (10-18 cm-2), defect density Nt (1012 cm-3), and thickness 
(nm) of 1200, 900, and 400 for InGaP, InGaAs, and Ge, respectively.  

Figure  5. Variation of InGaP/InGaAs/Ge solar cell parameters as a function of A- capture cross-section, B- defect 
density, and C- thickness.

Figure  6 compares the I-V characteristics of the experimental and the simulated structures for 
three configurations of a multi-junction solar cell. The blue curve corresponds to experimental 
measurements, showing an efficiency of 33.83%. It exhibits a lower current density of 0.012 A 
with a voltage of around 2.5 V. The red curve results from a numerical simulation based on 
theoretical parameters, achieving an efficiency of 49.83%. Compared to the experimental data, 
there is a significant improvement, with a higher VOC of 2.7 V and a slightly increased current. The 
green curve represents an optimized scenario, where parameters such as capture cross-section, 
layer thickness, and defect density have been adjusted.

Figure  6. Experimental and simulated I-V characteristics of InGaP/InGaAs/Ge solar cells.
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This optimization leads to an efficiency of 57.60% by reducing defects and recombination losses. 
The maximum performance is reflected in a VOC close to 3 V and a higher current of 0.02 A. This 
highlights the importance of optimizing key parameters such as capture cross-section, material 
thickness, and defect density to improve performance. The optimized curve demonstrates that 
adjusting key parameters can minimize losses and improve current matching between sub-cells. 
The achieved efficiency of 57.60% surpasses all previously reported efficiencies in MJSC, both in 
simulations and experimental studies. Table 4 compares the efficiency of solar cells from existing 
literature with the present findings, clearly demonstrating the high performance of the proposed 
solar cell. 

Table 4. Comparison of estimated 1-sun efficiencies for  multijunction solar cells at AM1.5G.
Structure Spectrum Jsc (mAcm-2) VOC (V) FF η(%) References
GaInP/GaAs/Ge AM1.5G 14,70 2,69 86,52 34,10 [71]
InGaP/GaAs/InGaAs AM1.5G 13,47 2,90 82 32,03 [73]
InGaP/InGaAs/Ge AM1.5G 119,1 2,86 84,0 45,0 [72]
GaInP/GaAs/GaInNAs AM1.5G 14,70 2,87 84,16 35,50 [34]
GaInP/GaInAs/Si AM1.5G 12,7 3,309 86,0 36,1 [74]
InGaP/InGaAs/Ge AM1.5G 2,52 11,8 91,51 33,83 This work
InGaP/InGaAs/Ge AM1.5G 2,66 20,94 89,44 49,83 This work
InGaP/InGaAs/Ge AM1.5G 2,96 20,96 92,91 57,60 This work

For context, the National Renewable Energy Laboratory (NREL) previously reported a six-
junction solar cell with a record efficiency of 47.1% under concentrated illumination [29]. More 
recently, a silicon-based multi-junction solar cell achieved an efficiency of 36.1%, marking the 
highest efficiency for silicon-based cells [21]. Therefore, an efficiency of 57.60% represents a 
significant advancement beyond these existing records using the proposed configuration. The 
proposed structure seeks to minimize the use of costly materials like InGaP, InGaAs, and Ge 
by incorporating more affordable electron and hole transport layers. This strategy enables the 
development of MJSCs that are cost-effective and highly efficient [74]. By integrating WS₂ and 
rGO, the model enhances charge carrier mobility, reduces recombination losses, and improves 
overall stability, providing a significant advantage over traditional designs. 

4. CONCLUSION

This study investigates and simulates InGaP/InGaAs/Ge-based solar cells using a model 
developed in SCAPS-1D, with characteristic parameters extracted via the Manta Ray Foraging 
Algorithm. Experimental and simulated results show strong agreement, validating the model. 
WS2 (electron transport layer) and rGO (hole transport layer) were integrated into the structure 
to enhance performance and reduce costs. This modification led to a significant efficiency 
increase from 33.83% to 49.83%, with the optimized design reaching 57.60% through further 
parameter tuning (capture cross-section, thickness, and defect density). The optimized multi-
junction structure demonstrates the potential to overcome the limitations of conventional solar 
cells by utilizing a broader solar spectrum. This is particularly beneficial for aerospace and 
dense urban environment applications, where space efficiency is crucial. Replacing expensive 
materials (InGaP, InGaAs, and Ge) with more cost-effective WS2 and rGO enables significant 
cost reductions without compromising performance, promoting the wider adoption of high-
efficiency solar technologies. Beyond cost efficiency, WS2 and rGO offer compatibility with 
flexible substrates, paving the way for lightweight and flexible solar panels suitable for wearable 
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electronics, smart textiles, and architectural integration (e.g., facades, and windows). In space 
applications, where multi-junction cells already power satellites, integrating robust materials 
like graphene could improve performance and durability while reducing payload weight. 
Furthermore, using sustainable materials and energy-efficient fabrication techniques aligns 
with global efforts toward eco-friendly PV solutions, minimizing environmental impact. Future 
research should improve WS₂ and rGO compositions for better charge transport and stability. It 
should also explore new fabrication methods, develop and test prototypes, and study long-term 
stability. Cost-effective production techniques and industrial feasibility should also be evaluated. 
This study outlines a promising approach for achieving high-efficiency, low-cost, and sustainable 
MJSC, offering broad potential for emerging PV technologies.
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