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This work presents the development of PN, PIN, and P+PIN solar cells using GaAs and 
BGaAs in AM1.5G conditions. The structural modeling and simulation of the device were 
carried out using Silvaco applications. The efficiency of BGaAs and GaAs materials was 
examined by varying doping concentration and thickness. The study was designed to 
optimize the physical properties of PN, PIN, and P+PIN junction cell structures for high 
efficiency. First, the doping dosage and layer thickness were optimized to create the best 
possible design for the cells. Then, the conversion capacity, short-circuit current density, fill 
factor, and open-circuit voltage of the photovoltaic cells were evaluated. Finally, the 
optimized devices were compared against existing devices in the literature. While the 
simulated P+PIN structure efficiency reached 28.2%, compared to 25.2% for the PIN 
structure, homojunction GaAs attained an efficiency of around 22.4%, compared to the 
BGaAs/GaAs heterojunction, which only represents 19.6% efficiency. Each solar cell 
simulation was run at 300 K with 1 sun of normal solar spectrum AM1.5G light intensity. 
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1. Introduction 
 
To meet increasing global energy demands, solar energy has emerged as one of the most 

promising   renewable sources. A photovoltaic cell is a frequently employed device for collecting 
limitless, free electricity from the sun. Following the first basic single-junction solar cells, thin-film 
and multijunction photovoltaic panels were created for use in space applications [1]. In fact, direct 
band gap materials indicate how highly functional single- or multiple-junction photovoltaic cells 
can be produced by employing an ideal configuration. GaAs solar cells are becoming more and more 
common due to their bandwidth (1.42 eV), which is close to the typical wavelengths of radio waves 
[2]. However, the main issue is the material's recombination level, which prevents GaAs solar cells 
from growing 10% more efficient [3]. This problem has been successfully resolved by integrating 
boron into GaAs, which may have applications in the optoelectronics sector. Recent studies have 
focused on quaternary BInGaAs, suggesting that it might be used as an active layer in solar cells and 
yielding better performance than InGaAsN [4]. This study focuses on building a new solar cell and 
evaluating how it performs with very efficient III-V materials. Furthermore, an optimization method 
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was tested and suggested. The findings achieved with similar solar systems of existing devices are 
presented and compared. Unlike previous work on the simulation of InGaAs and GaAsN-based [5] 
solar cells, our study introduces a material level based on the III-V semiconductor BGaAs, which 
allows for the first time to use BGaAs as an active layer of high-efficiency solar cells. The goal is 
to achieve a band gap energy of 1.25 eV or 1 eV. This paper starts with a general overview of solar 
cells, followed by an explanation of the ATLAS simulator and the genetic software used in solar 
cells. The approach used is then presented, and the entire work is concluded in the last section. 

 
 

2. Modelling details 
 
The Silvaco TCAD technology is a complete software bundle that enables the modeling and 

examination of semiconductor devices and processes. One of its key components is ATLAS, a 
device simulator that utilizes physics to determine the electrical properties of the device's physical 
layout and bias conditions [6]. In this study, Silvaco ATLAS was employed to run the program in 
which we modeled III-V semiconductor-based photovoltaic cells in several configurations to 
maximize the attributes of a solar cell (efficiency, form factor...) [7]. The simulation result was 
visualized using tonyplot. When creating Silvaco ATLAS code, a few crucial stages must be 
followed as shown in Fig. 1 [8]. Several factors must be established before a solar cell structure and 
composition can be generated in ATLAS. Among these factors, one can cite the ATLAS two-
dimensional lattice mesh structure in the regions, the materials in each region, the kinds and 
concentrations of dopants for each material, and the simulated light spectrum specification. The 
performance of the photovoltaic cells can be estimated by evaluating the voltage during the open 
circuit and short circuit current after the current density has been removed from the modeling. 

Based on the modeling of optoelectronic devices (solar cells) generalized by semiconductor 
engineering, the fundamental query is: How can solar cells be made more affordable and efficient? 

To answer this question, we have selected three different structures to simulate: GaAs (p) 
/GaAs (n), GaAs (p) /BxGa(1-x) As (n), and P+ (GaAs (p) /BGaAs(i) /GaAs (n)).  

The goal of this project was to create a photovoltaic device and then enhance its 
performance. A numerical inquiry was carried out utilizing “Silvaco TCAD” simulation software to 
assess the impact of physical and geometric features on the performance of the analyzed structures 
to identify a solar cell's attributes (efficiency, shape...). To evaluate the performance of our 
structures, a comparative analysis was conducted with other fundamental III-V cells before the 
conclusion. The ATLAS code was written using TCAD Silvaco software to create the three cells 
with a gold metal contact on top of the structure. Beneath this gold metal contact, there is a window 
layer followed by the PN junction for the cells' homo- and heterojunction (the n-type GaAs emitter 
(or BxGa(1-x) As) and p-type GaAs base) or the P+ (PIN junction (GaAs (p)/BGaAs (i)/GaAs(n)).  

         
 

 
 

Fig. 1. The major principles related to every Atlas Command Group. 
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After that, we applied a GaAs buffer layer and a GaAs base, and lastly, a silver contact was 
attached to the bottom cell. The purpose of the window layer in these solar cells was to capture as 
much photon from the light source as possible and facilitate the flow of charge without current 
voltage energy dissipation. The simulation of a PIN structure is very effective in photovoltaic 
conversion because it decreases the rate of recombination in the heterojunctions surface and volume. 
Moreover, it increases photo-current by using the electric field to separate the electrons-holes pairs 
formed in the intrinsic region (This region is undoped) [9]. The structure of P+PIN junction cell 
(GaAs/BGaAs/GaAs) is shown in Fig. 2. Therefore, the design of the structure was tested and 
simulated digitally. 

Test 1: GaAs (p) and GaAs (n) homojunction cellular structure without buffer and cap 
layer 

Test 2: GaAs (p) and BGaAs (n) heterojunction cellular structure without buffer and cap 
layer 

Test 3: GaAs/BGaAs/GaAs PIN structure with buffer  
Test 4: GaAs/BGaAs/GaAs P+PIN structure with buffer and cap layer 
 

 
 

Fig. 2. P+PIN (GaAs/BGaAs/GaAs) solar cell structure. 
 
 
The data inputs for the suggested solar cells are displayed in Table 1. The literature on Sopra, 

which is connected to Silvaco, provided the refractive indices of the different materials as well as 
all the crucial information needed for modeling solar cells [10,11,12]. Each simulation was 
performed under standard AM1.5G illumination, with an incident power density of 100 mW/cm² 
and an ambient temperature of 300 K. 

 
 

Table 1. Principal simulation parameters [13,14,15,16,17,18]. 
 

 
Parameters 

 
Designation 

 
GaAs 

 
BxGa(1-x) As (x=1.46%) 

Eg (eV) Band gap 1.42 1.39 
ℇ𝐬𝐬

ℇ𝟎𝟎�  Permittivity 13.1 7.1119 
τn (S) Electron lifetime 1 ×10-9 1×10-9 
τp (S) Hole lifetime 2×10-8 1×10-9 
χ (eV) Affinity 4.07 4.18 

Nc (cm-3) Electron density of state 4.35×1017 1×1017 
Nv (cm-3) Hole density of state 8.16×1018 5.99×1018 

MUN (cm². V− 1. s− 1) e− mobility 8800 100 
MUP (cm². V− 1. s− 1) h+ mobility 400 _ 
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Our Silvaco ATLAS tool simulated a III-V semiconductor-based solar cell. To improve the 
solar cell, it is crucial to choose the simulation's physical models properly. The main physical models 
utilized when building any solar cell are Recombination Shockley-Read-Hall (SRH), Auger, 
Mobility Depend on Concentration and Temperature (ANALYTIC), and Fermi-Dirac Statistics 
(FERMI). In greater detail, recent studies on B(In)GaAs layers [19] indicated that there is a 
distribution of states in the band gap due to the difference in size and electronegativity between B 
and Ga host atoms. The aforementioned distributions result in stress fields and potential fluctuations 
that enhance phonon and impurity scattering. Consequently, charge carriers undergo a greater 
frequency of momentum-relaxing collisions, thereby reducing their effective mobility. Furthermore, 
the introduction of boron atoms, functioning as acceptor dopants, results in the formation of 
localized states within the band gap. These states facilitate Shockley-Read-Hall recombination, thus 
increasing non-radiative losses and reducing carrier lifetimes. The ATLAS user manual provides a 
detailed description of each tool model [20].  

The engineering of solar power cells is examined using performance parameters. These 
components must be incorporated into the method of optimization. The dark (unilluminated) current-
voltage characteristic shifted by the short-circuit current Isc describes the current in an illuminated 
solar cell [21]. This relationship is mathematically described by the Shockley equation:  

 
I= 𝐼𝐼0 [exp (qV/nkT)-1]-𝐼𝐼𝑝𝑝ℎ                                                              (1) 

  
Here I corresponds to the resultant current in the solar cell circuit,𝐼𝐼𝑝𝑝ℎ  is photogenerated 

current, V is the applied voltage,𝐼𝐼0 is diode saturation current (reverse), q denotes the electron 
charge, n is diode ideality factor, T is temperature in Kelvin, and k is the Boltzmann’s constant. 

The ISC is defined as the current through the solar cell when V=0: 
 

Isc = Iph 

 
Jsc = Isc/A 

 
Jsc is the short-circuit current density (in mA/cm²) from a solar cell when short-circuited 

while under illumination, A is active area of the photovoltaic cell (cm² or m²). 
The open circuit's voltage Voc is another measurement used to characterize a cell that 

produces electricity when there is no current running through it in the open circuit condition.  
By putting I = 0 in equation (1) [22], The Voc may be derived  

 
𝑉𝑉𝑜𝑜𝑜𝑜=(nkT/q) Ln [(𝐼𝐼𝐿𝐿/𝐼𝐼0)+1]                                                           (2) 

 
As demonstrated in [23], the fill factor FF may be ascertained empirically. Usually, it is 

expressed as a percentage (%). 
 

FF = Pmax/ 𝑉𝑉𝑜𝑜𝑜𝑜*Isc                                                                    (3) 
 
Here Pmax is the maximum power output of the solar panels. 
The perpendicularity of the curve of the dependence of the current on the solar electricity 

cells voltage is indicated by the fill factor. The solar cell performs better when the I-V curve is 
squarer-more shaped. In general terms, it denotes the solar cell's maximum power extraction 
capacity relative to its optimum power [24]. The concept of efficiency is the most frequently 
employed metric to compare the results of various solar cells. 

The percentage of incident power adapted to electrical power is the measure of a direct 
sunlight cell's productivity (η) [25]. 

 
η=( Voc ∗ Isc ∗ FF ∗ 100 / Pin *S)                                                          (4) 

 
where Pin   is the incident power of the sun ((in W/m², often 1000 W/m² under STC Standard Test 
Conditions), S in m2 is the cell area, and Isc is the short circuit current. 
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3. Results and discussion   
 
Figs. 3 and 4 present the current-voltage (I-V) and power-voltage (P-V) properties of the 

GaAs(n)/GaAs(p) reference cell using the simulation results from Silvaco. First, we explore the 
influence of the n-type film thickness (The enriched layer's thickness, n ranges from 0.05 to 0.3 µm), 
while the doping concentration was set at 1×1018  𝑐𝑐𝑐𝑐−3  and 1×1019 𝑐𝑐𝑐𝑐−3 for n-type and p- type 
regions, respectively, and the deposition thickness of the p-type layer was set at 5 µm. 

 

 
 

Fig. 3. Electrical characteristic current-voltage of GaAs (n) /GaAs (p) solar cell with constant p-GaAs 
thickness (5 µm) and variable n-GaAs thickness. 

 
 

 
 

Fig. 4. Power dependence of a GaAs (n)/GaAs (p) solar cell with variable n-GaAs thickness and constant p-
GaAs thickness (5 µm) on voltage P(V). 

       
 
The obtained data suggest that the dimension of the n-type doped GaAs region has little 

effect. Therefore, we use a thicker GaAs of 0.1 µm. Next, figs. 5 and 6 depict the current-voltage 
and power-voltage curves for varying p-GaAs layer thicknesses (DGaAs ranges from 0.5 to 6 µm), 
respectively, to draw attention to the effect of the layer's thickness. These outcomes are attained by 
keeping the n-GaAs layer thickness constant at 0.1 µm. When adding a new p-type layer, the most 
crucial part is figuring out how thick it should be. The yield (η), open-circuit voltage (Voc), and 
short-circuit current density (Jsc) must all be calculated in relation to the top cell's raised base 
thickness.  
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Fig. 5. Current-voltage dependence of a GaAs (n)/GaAs (p) solar energy device in variable p-GaAs 
thickness and a constant n-GaAs thickness of 0.1 µm. 

 
 

 
 

Fig. 6. Power dependence on the voltage of GaAs (n)/GaAs (p) solar cells with constant n-GaAs thickness 
(0.1 µm) and varying p-GaAs thickness. 

 
 
It is evident from Figs. 5, 6, and 7 that the values of Voc, Jsc, FF, and η rose in direct 

proportion to the p-GaAs layer's thickness. Fig. 7b displays the maximum power, which is 23.998 
mW/cm2. However, above 5 µm, these features attained their maximum values. In general, the 
carrier transfer length needs to be greater than the base thickness when designing solar cells. Before 
recombination, the photovoltaic cell p-n junction separates the carrier molecules produced by light 
[26]. Since doping is a physical parameter that affects a pn junction's performance and defines a 
semiconductor's conductivity, we first fixed the structure's parameters and then vary the level of 
doping between regions n and p, which affected the current that the structure provides. These 
features, shown in Table 2, revealed that when the doping dose rose above 1×1018 cm−3 (with the 
type P doping level at 1×1019 cm−3), it increased, and the structure’s morphology may deteriorate 
[27].  

 
Table 2. Cell characteristics as a function of Nd emitter doping. 

 
Transmitter 
doping Nd 

(𝑐𝑐𝑐𝑐−3) 

Jsc 

(mA/cm²) 
Voc 
(V) 

FF (%) η (%) 

1×1016 26.622 0.883 86.020 20.2 
1×1017 26.627 0.981 85.247 22.3 
1×1018 26.661 1.085 82.773 23.9 
5×1018 26.721 1.179 87.594 27.6 
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(a)                                                                  (b) 

 
Fig. 7. (a) Variation of Voc and Jsc depending on the thickness of the p-GaAs region, (b) Fill factor and η 

fluctuations based on p-GaAs level thickness. 
 
 
The same logic was applied to the p area, based on Na, while keeping the doping level in 

the n region at 1×1018 𝑐𝑐𝑐𝑐−3. Fig. 8 displays the resultant current-voltage curve, which demonstrates 
that the strongest current increased with the concentration of doping shifts. As excessive doping 
lowers current and consequently carrier mobility, we suggest gently doping the p area to achieve a 
maximum current [28,29]. Therefore, doping concentration is a parameter that affects the structure's 
performance, nevertheless, in order to prevent the possibility of a Schottky contact, critical levels 
must not be exceeded [30]. As a conclusion, 1×1015cm− 3 was chosen to dope region p and 1×1018 
cm−3 to dope region n.      

 
 

 
 

Fig. 8. (a) Current dependence on GaAs(p)/GaAs(n) homojunction cell voltage by varying the doping 
concentration of the Nd donor level, (b) Influence of varying GaAs region doping concentration on cell 

performance. 
 
 



586 
 

With the same input parameters already recorded in Table 1, a preliminary study conducted 
on Silvaco allowed us to simulate the two structures GaAs-p/GaAs-n and BxGa(1-x) As-p/GaAs-n 
(x=1.46%) and to examine the effects of the geometric and physical attributes of the 
GaAs(p)/GaAs(n) homojunction cell to determine the most efficient parameters. According to the 
data in Table 3 and with the help of literature [31], a homojunction cell outperforms a heterojunction 
cell in terms of efficiency. The GaAs-p/BGaAs-n heterojunction structure optimized following this 
simple comparison. The simulated values of Voc (0.893 V) and Jsc (30.999 mA/cm²) are consistent 
with previously reported values for III-V material-based devices [32]. This finding serves to 
substantiate the reliability of the model. Subsequent experimental endeavors are scheduled to 
produce analogous structures and provide direct validation of these findings.  

 
 

Table 3. Output parameters of structure pn. 
 

Solar cells Voc (V) Jsc (mA/cm²) FF (%) η (%) 
GaAs(p)/GaAs(n) 0.893 30.999 81.245 22.5 
BxGa(1-x) As(p)/GaAs(n) 0.716 32.493 84.302 19.6 

 
 
The electrical characteristics of current-voltage and power-voltage are illustrated in Fig. 9. 

According to Fig. 9b the GaAs(n)/GaAs(p) homojunction cell's maximum power Pmax is 22.497 
mW/m².  In order to guarantee maximum photogeneration, a PIN structure was simulated, which is 
more efficient than a PN structure [33].  

 
 

 
 

Fig. 9. (a) the variation of current as a function of the voltage for the GaAs(p)/GaAs(n) cell and the 
BGaAs(p)/GaAs(n) cell, (b) power variation as a function of the voltage for the GaAs(p)/GaAs(n) cell and 

the BGaAs(p)/GaAs(n) cell. 
       
 
Therefore, in this context we developed our study by improving a conception or “design” 

most widely used in field solar cells. GaAs-based PIN solar cells have a distinctive set of advantages, 
including high efficiency, wide spectrum response, low-light performance, durability, and stability. 
These attributes make solar cells perfect for a variety of applications requiring specialized and 
demanding solar products. The p- layer is crucial to the distribution of the electronic field [33], since 
it only slightly interferes with the absorption of the sun's radiation spectra, necessitating the addition 
of a p+ layer in a new configuration (see Fig. 2). In fact, a structure's layer graduation helps to raise 
both its fill factor (FF) and yield (η). Furthermore, significant doping of the p layer (emitter) results 



587 
 
in electron-hole pairs, which encourage light to enter the intrinsic area and boost efficiency (see 
Table 4) [34]. 

 
 

Table 4. Output parameters based on P+PIN and PIN structure: GaAs/BGaAs/GaAs. 
 

Solar cells Voc (V) Jsc (mA/cm²) FF (%) η (%) 
PIN (GaAs.p/BGaAs.i/GaAs.n) 1.034 27.527 88.534 25.2 
P+PIN (GaAs.p+/GaAs.p/BGaAs.i/GaAs.n) 1.038 30.759 88.509 28.3 

 
 
As a result, the P+PIN structure showed an improvement in the FF and η quality because a 

thin window layer was deposited above the P layer, which maximized photon absorption and 
increased the formation of photo-carriers [35,30]. Stated differently, enhancing the window layer's 
doping results in a decrease in the potential barrier and an increase in Z.C.E., which in turn enhances 
the collection of photo-generated carriers (see Table 4 and Fig. 10).  

 
 

 
 

Fig. 10. (a) Current dependence on voltage for both PIN and P+PIN structures, (b) power evaluation as a 
function of the voltage of PIN and P+PIN cells. 

   
 
Table 5 demonstrates that the outcomes of our study are on par with those of other III-V 

based solar cells. In this test simulation, the P+PIN test's structure has a yield of about 28%. 
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Table 5. Solar cell conversion efficiency values for different III-V semiconductor structures. 
 

Solar cell yields reference 
PIN (GaAs/BGaAs/GaAs) 25.2% This work 
P+PIN(GaAs/GaAs/BGaAs/GaAs) 28.3% This work 
InGaP/GaAs 
 

26.9% 
 

[36] 

GaAlAs(p)/GaAs(n) 
 

25.8% 
 

[37] 

In0.5 Ga0.5 P(n)/GaAs(p)   
 

15.5-16.3% 
 

[38] 

InGaN PN junction 26.6% [32] 
single GaAs solar 29.7% [6] 
Single -junction III-V 25.4%           [39] 
Single -junction GaAs 19.7% [40] 
PIN InGaAs Solar Cell 33.7% [41] 

 
 
4. Conclusions  

  
The efficacy and rapidity of the multi-junction photovoltaic cell structure have been 

successfully developed through modeling and simulation. By discovering the "perfect" solution for 
doping levels and layer thickness, artificial intelligence can assist in searching the large solution 
space for the ideal specifications for high-efficiency solar electricity cells. On the other hand, PN, 
PIN, and P+PIN solar cells are created, modeled, and refined. The most efficient materials and 
parameters must be chosen because the "active layer" is an essential structural component of cell 
design. As a result, altering the emitter's thickness improved efficiency. Next, both the thickness and 
doping of the base are important considerations. Plotting and extracting simulation data, such as 
current-voltage and power-voltage characteristics, were performed. To find the most efficient 
combination of the three cells, a thorough simulation analysis was conducted. A comparison was 
made between the Voc, Jsc, FF, and efficiency of PN, PIN, and P+PIN solar cells. We have achieved 
a 3% improvement over the simple PIN structure.  

Therefore, we can validate that the BGaAs layer has a good response in the solar cell 
module. Moreover, when exposed to sunlight with an AM1.5G spectrum, the P+PIN solar cell 
exhibited the greatest capacity for conversion, reaching up to 28.3%. In conclusion, the advancement 
of economical, high-performance solar cells and layers must continue so as to open up opportunities. 
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