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In this work, the design and simulation of an GaInP single junction solar cell are presented. 
The work focuses mainly on the optimization of the PN junction thicknesses of n-base and p-
emitter cell layers in order to improve the cell conversion efficiency. Besides this 
optimization, the layers of the cell window AlGaInP and an added buffer AlGaAs were also 
optimized in term of doping and thicknesses using Atlas tool of SILVACO TCAD. The cell 
is simulated under the conditions of 1 sun and AM1.5G solar spectrum at 25°C. The 
simulated GaInP solar cell demonstrates an efficiency (𝜂𝜂) of 22.42%. The cell shows 
different electrical behaviors in terms of short circuit current density (Jsc), open circuit 
voltage (Voc), fill factor (FF), and external quantum efficiency (EQE). The obtained results 
are compared with those reported in the literature. Simulation results of the cell are: a Jsc of 
18.35 mA/cm2, Voc of 1.41 V and FF of 86.81% with the corresponding n-base layer and p-
emitter layer thickness of 0.410 µm and 0.174 µm respectively and the total device thickness 
of 0.65 µm. According to these results, the proposed cell demonstrates an improvement in 
the efficiency and a reduction of the used GaInP material. 
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1. Introduction 
 
Ternary GaxIn1−xP, AlxGa1−xAs and quaternary (AlxGa1-x)yIn1−yP compound semiconductor 

materials are widely used in the area of optoelectronic devices. Particularly, GaxIn1-xP is a key 
material for the top cell in Multi-Junction Solar Cells [1]. Efficiency of GaInP and GaAs single 
junction and GaInP/GaAs double junction solar cells continues to improve with the optimized 
material quality and device processing [2]. 

The GaInP single junction solar cells (SJSC), proposed by T. Takamoto in 1994, show an 
efficiency (𝜂𝜂) of 17.4% using metalorganic chemical vapor deposition method with emitter and 
base thicknesses of 0.05 µm and 1.5 µm respectively [3]. In 1997, Ming-Ju Yang fabricated a 
GaInP SJSC on a GaAs and Si substrates by MOCVD that gives a record efficiency of 18.5% at 
AM I.5 with total thickness device of 2.38 µm [4]. J.W. Leem obtained a conversion of 13.34% 
with a 0.91 µm thickness solar cell by optimizing the base thickness of the top GaInP cell in 
2009[5]. In 2011, Shulong Lu achieved an efficiency of 16.4% at single concentration of one sun 
and air mass 1.5 global by using an AlInP as the window layer, GaInP as the back surface field 
(BSF) layer, and GaAs as the buffer layer and with a total cell thickness of 0.93 µm. The Lu's cell 
was designed using all solid-state molecular-beam-epitaxy (MBE) technique [2]. In another study, 
conducted by J. F. Geisz et al 2013, an efficiency of 20.08% was achieved for GaInP rear 
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heterojunction grown by atmospheric-pressure metalorganic vapor phase epitaxy (MOVPE) with a 
total thickness of 1µm [6]. In 2015, P.P. Nayak an efficiency of 21.85% at one sun and AM1.5 
global is attained by using an AlGaInP as the double BSF layer with a total cell thickness of 0.68 
µm for top cell [7]. In the paper presented by Ahmed Benlekhdim 2018, an efficiency of 18.55% 
was reported by optimizing the AlGaAs of both the layers of the window and the buffer; and the 
GaInP BSF layer with a solar cell thickness of 0.86 µm [8]. Moreover, in 2018, Kuan W.A. Chee 
optimized the thickness and doping of the base layer and then compared the Single Junction solar 
cells to the double junction solar cells in terms of their efficiency. Their study showed that the 
efficiency of the top cell (GaInP) under AM.0 illumination of 17.89% with a device thickness of 
0.66 µm [9].   

Recently, Martin A. Green et al. from the National Renewable Energy Laboratory (NREL) 
have demonstrated a high efficiency 22.00% for a GaInP solar cell measured under the global 
AM1.5 spectrum (1000 W/m2) at 25°C [10]. Also, in 2020, M. Benaicha used a GaInP layer as a 
top cell in a GaInP/Si multi-junction monolithic solar cell, with a cell thickness of 1.07 µm, which 
demonstrates an efficiency of 20.99% [11]. In addition, Manish Verma has obtained an efficiency 
of 21.59% for GaInP SJSC with a double layer BSF at AM1.5G spectrum and with a structure 
having a thickness of 0.725 μm [12]. 

In this paper, we present a design of GaInP SJSC that improves the cell efficiency through 
the optimization of current matching between n-base and p-emitter layers. This is carried out by 
varying the thicknesses of both layers and with the optimization of the doping and thicknesses of 
the AlGaAs buffer and the AlGaInP window layers. The conversion efficiency and the external 
quantum efficiency (EQE) are investigated for different n-base/p-emitter layers thicknesses. The 
proposed optimization approach is based on the simulation of the solar cell under 1 sun and 
AM1.5G spectrum at room temperature of 25°C. The obtained results, using Atlas tool of 
SILVACO TCAD, are compared to the previously reported simulation and experimental results. 

 
 
2. Theoretical analysis 
 
2.1. Device Structure 
The designed solar cell is based on an GaInP PN junction with AlGaInP (p+) doped 

window, AlGaInP (n+) doped BSF and AlGaAs buffer (n+) doped. The energy bandgaps for the 
GaInP and AlGaAs at room temperature are calculated using formulas provided in [13,14]: 

 
( ) [ ] ( )21.35 0.73 0.7 1

g
E GaInP x x eV= + +   

 

( ) [ ] ( )21.9 0.125 0.143 2
g

E AlGaAs x x eV= + +  
 
Using these formulas, the energy bandgaps for Ga0.51In0.49P and Al0.7Ga0.3As are:  1.9 eV 

and 2.06 eV respectively. 
The Atlas simulation results of the solar cell structure with the thicknesses and the doping 

concentration of all the layers is presented in Figure 1 and summarized in table 1. 
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Fig. 1. Optimized Structure of GaInP SJSC.   
 
 

Table. 1 Thicknesses and doping concentrations of the layers of the simulated structure. 
 

Layer Material Doping type  Thickness (µm) Concentration (cm3) 
Window (Al0.7Ga0.3)0.5In0.5P P 0.019          5.0×1017 

Emitter Ga0.51In0.49P P 0.174          2.0×1017  
Base Ga0.51In0.49P N 0.410         7.0×1016 [15] 

Back Surface Field  (Al0.7Ga0.3)0.5In0.5P N        0.030 [16]          2.0×1018 [15] 
Buffer  Al0.7Ga0.3As N 0.020            4.7×1018 

 
 

2.2. Material Properties for different Layers 
The main optical properties of a semiconductor material are the refractive index and the 

absorption coefficient. These properties are very important for optoelectronic components since 
they govern the movement of light in the component. For example, in a component made of 
different materials, the light tends to propagate in the materials with the highest refractive index. 

The basic optical input parameters for Atlas-Silvaco simulation for each material are the 
refractive index n(λ) and extinction coefficient k(λ) [17]. These parameters are defined by using 
Adachi’s model for GaInP and AlGaAs compound materials as highlighted in Figures 2 and 3 
[1820]:  
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Fig. 2. Refractive index (n) and extinction coefficient (k) versus photon energy of GaxIn1-xP. 
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Fig. 3. Refractive index (n) and extinction coefficient (k) versus photon energy of Al0.7Ga0.3As 
 
 
The parameters of each layer of the ternary materials Ga0.51In0.49P, Al0.7Ga0.3As and 

quaternary (Al0.7Ga0.3)0.5In0.5P used in this structure are presented in Table 2 [14,17, 19,21, 22,23]: 
 
 

Table. 2 Parameters of the materials used in this design. 
 

Material GaInP AlGaInP AlGaAs 
Band gap Eg[eV] at 300K 1.90 2.33 2.06 
Lattice constant [Å] 5.65 5.65 5.66 
Relative dielectric permittivity 11.79 11.70 11.2 
Electron Affinity [eV] 4.08 4.20 3.54 
Heavy e– effective mass [me*/m0] 3 2.85 2.40  
Heavy h+ effective mass [mh*/m0] 0.64 0.64 0.755  
e– mobility MUN [cm2/(V×s)] 1945 2150 2000  
h+ mobility MUP [cm2/(V×s)] 141 141 138  
nie (per cc) 7.4×104 1 1.37×103 
vsatn (cm/s) 1.0×106 1.0x106 7.70×106 
vsatp (cm/s) 1.0×106 1.0x106 7.70×106 

 
 
2.3. Physical Models 
Among the numerous mechanisms of generation-recombination used to simulate solar 

cells in Atlas tool of SILVACO TCAD, the Shockley-Hall-Read is the most useful. The SRH 
model provides the best results which are close to the experimental results [23]. In the present 
work, Shockley-Read-Hall recombination (SRH) model is used to simulate the recombination 
effects that occur inside the various part of the device surface. The SRH model used in this work is 
given by [17,24]: 

 

𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆 = �𝑝𝑝𝑝𝑝−𝑛𝑛𝑖𝑖𝑖𝑖
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�                                                             (4) 

 
where p(n) is the number of electrons (holes), nie is the intrinsic carrier concentration, Etrap is the 
difference between the trap energy level and the intrinsic Fermi level, TL is the lattice temperature 
in Kelvin, vn(p) is the electron (hole) lifetime, N is the total impurity concentration, NSRKN(P) is a 
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constant which determines the concentration from which the electron (hole) lifetime start to 
deteriorate.  

 
2.4. Solar cell characteristic parameters 
The main parameters of the solar cell are the Jsc, Voc, FF, η, and the total external quantum 

efficiency (EQEtot). The EQE or spectral response (SR) is the standard function that provide the 
information about the generation and recombination physical phenomena of the solar cell [24].  

The EQEtot of an ideal cell with a total thickness (w) of the three regions of the PN 
junction composing the structure is defined by the sum of the EQEs, that is, (EQEBase, EQEemitter 
and EQEdepletion) as given by the standard equations [25,26]. 

 
𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐸𝐸𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐸𝐸𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐸𝐸𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒−𝛼𝛼(𝑑𝑑𝑒𝑒+𝑤𝑤)                                (5) 
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The quantities µb(e), Lb(e), and Sb(e) are, respectively, the mobility, diffusion length, and 

surface recombination velocity for the minority carriers in the base(emitter), and T is the absolute 
temperature, and de, db, and w are thicknesses of base, emitter and depletion layers respectively.  

The relation that gives the dependance of EQEtot to the total thickness of the device 
d=de+w+db is as follows:  

 
𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡(𝜆𝜆) = 1 − 𝑒𝑒−𝛼𝛼(𝜆𝜆)𝑑𝑑                                                             (10) 

 
The Jsc is determined by the EQE and by the flux of the spectrum photon (𝜙𝜙inc) at AM1.5G 

as shown by the following expression [25]: 
 

𝐽𝐽𝑠𝑠𝑠𝑠 = 𝑞𝑞 ∫ 𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡(𝜆𝜆)𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖𝐴𝐴𝐴𝐴1.5𝜆𝜆2
𝜆𝜆1

(𝜆𝜆)𝑑𝑑𝑑𝑑                                               (11) 
 
where q is the elementary electron charge, λ1 is the cutoff wavelength of the solar spectrum and λ2 
is the GaInP cutoff wavelength determined by the absorption coefficient α, and it is approximately 
equal to hc/Eg, where Eg is the energy gap of GaInP [27].  

 The Voc and FF are calculated using the following relations [28]: 
 

𝑉𝑉𝑜𝑜𝑜𝑜 = 𝑛𝑛𝑛𝑛𝑛𝑛
𝑞𝑞
𝑙𝑙𝑙𝑙 �𝐽𝐽𝐿𝐿

𝐽𝐽0
+ 1�                                                              (12) 

 

max max

sc oc

J V
FF

J V
=                                                                        (13)    

where, 
 K is Boltzmann’s constant; 
 JL is the light generated current density; 
 T is the temperature; 
 n is the ideality factor;  
J0 is the saturation current density.  
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The efficiency of the solar cell is given by the ratio of the available maximum power 
(Pmax) to the incident power of AM1.5G spectrum (Pinc) that obtained through the following 
equation [29]: 

 
𝜂𝜂 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖
(𝑉𝑉𝑜𝑜𝑜𝑜𝐽𝐽𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹)

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖

                                                                       (5) 

 
 
3. Simulation results and discussions 
 
The optimization of the n-base/p-emitter was carried out by finding the layer thicknesses 

that maximize the Jsc of the solar cell. The investigated thickness range, (LP, LN), is 0,05 to 0,30 
µm for the n-base and 0,10 to 0,70 µm for the p-emitter. The obtained corresponding diagram band 
energy of the GaInP cell is presented in Fig.4. And the corresponding Jsc as a function of the n-
base thickness for different thickness values of the p-emitter layer is presented in Fig. 5. 
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Fig. 4. Schematic energy band diagram of the GaInP SJSC.  
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Fig. 5. Short-circuit current density as a function of the n-base thickness (LN) for p-emitter  
various thickness (LP).  

 
 
Figure 5 shows the variation of the cell short-circuit current density in term of both the 

thicknesses of the n-base and the p-emitter layers. This variation shows that there is more 
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absorption of optical photons, which leads to a higher short current, with the increase of the both 
LN and LP. This Jsc saturates when it reaches 18.30 mA/cm2 which corresponds to 0.70 µm of n-
base thickness. At this level the Jsc is independent of p-emitter thickness.  

Figure 6 presents the variation of the voltage open circuit (Voc) as function of both the 
thicknesses of the n-base and the p-emitter layers. It shows a slight variation (decrease) with the 
increase of the thickness of the p-emitter layer (LP). Therefore, the Voc it is relatively independent 
of the p-emitter layer thickness (LN). 
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Fig. 6. Open-circuit voltage as a function of the n-base thickness (LN) for various 
 p-emitter thickness (LP). 

 
 
The fill factor (FF), which describes the quality of a solar cell, is shown in Fig. 7. The FF 

demonstrates a big dependence on thickness of the n-base layer. This can be explained by the 
variation of the bulk resistance of the absorber layer, which depends on the thickness of the n-base 
layer. 
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Fig. 7. Fill Factor as a function of the n-base thickness (LN) for various p-emitter thickness (LP). 
 

 
According to these results, the best value of the FF falls in the regions delimited by the 

thickness interval {0.15-0.20} of the p-emitter layer and the thickness interval {0.35-0.45} of the 
n-base layer. Additionally, as shown in Fig. 7, when LP and LN increase, the FF decreases. 

The results shown in Fig.8 are the variations of the EQE with respect to wavelength for 
different thickness of the n-base and the p-emitter layers. The optimum value of EQE is 0.688 for 
the GaInP cell. This value is achieved with the thicknesses of 0.410 µm and 0.175 µm of the n-
base and p-emitter layers respectively. The optimized value of the EQE is obtained in the 
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wavelength range of 550 nm.  This result is very significant if compared to that reported in the 
literature, an optimum value of EQE for the top cell of 0.672 [30]. 

According to eq. 10, since the EQE depends on the thicknesses of both p-emitter and n-
base layers, it can be improved by optimizing these thicknesses. 
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Fig. 8. External quantum efficiencies as a function of wavelength for various LP/LN thicknesses  
under AM1.5 illumination. 

 
 
The Variations of both thicknesses of the base and emitter layers affect the properties of 

the solar cell as shown in Figures 5, 6 and 8. In addition, reducing the recombination rate in the 
P/N layers can improve the solar cell efficiency. This reduction can be done by reducing the 
junction area. Figure 9 shows the efficiency of the GaInP solar cell as a function of the 
simultaneous variation of the n-base and p-emitter thicknesses. From this result, we can extract the 
two thicknesses LN and LP that can lead to the optimal energy conversion of the solar cell. 
Accordingly, the optimal conversion is obtained for LN and LP of 0.410 µm and 0.174 µm 
respectively. 
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Fig. 9. Efficiency of GaInP solar  cell as a function of n-Base/p-Emitter thicknesses. 
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The window and the buffer layers play an important role to minimize the dispersion of the 
carriers so that the charge carriers accumulate near these window and buffer layers, therefore 
increasing the rate of photogeneration [31]. Additionally, the presence of the AlGaAs buffer 
causes a relative increase in Jsc, FF and 𝜂𝜂 due to the reduction of the recombination rate in this 
area. The maximum value of the efficiency is attained by optimizing the thicknesses (Lwin, Lbuff) 
and the doping concentration (Nwin, Pbuff) of the window and the buffer layer. Figures 10 and 11 
present the diagrams of the efficiency of the proposed solar cell as a function of two parameters - 
doping and thickness of the window and buffer layers. The optimal values of (Lwin, Nwin) and (Lbuff, 
Pbuff) which corresponds to the maximum efficiency are: (Lwin=0.019 µm, Nwin = 5.019×1018 cm-3) 
and (Lbuff =0.020 µm, Pbuff =4.754×1018 cm-3). 
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Fig. 10. Efficiency of GaInP solar cell as a function of window thickness and doping. 
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Fig. 11. Efficiency of GaInP solar cell as a function of buffer thickness and doping. 
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The current voltage (J-V) and power voltage (P-V) characteristics of the solar cell, 
corresponding to the optimized parameters, are depicted in Fig.12. From these characteristics, it 
can be concluded that the thickness of the n-base/p-emitter layers has a significant effect on the 
shape of the J-V characteristic of the GaInP solar cell with AlGaAs as a buffer and AlGaInP as 
both BSF and window layers. 
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Fig. 12. J-V and P-V curves of the optimized single junction solar cell. 

 
 
Table 3 gives the different characteristics and parameters of the simulated solar cell and 

the single junction GaInP solar cells reported in the literature. The comparison of these results 
brings out that the optimal P/N thicknesses is obtained when an AlGaAs buffer layer is added to 
the GaInP solar cell. Consequently, this improves the efficiency conversion of the solar cell and 
helps to reduce the total thickness of the solar cell which reduces the cost of the solar cell. It can 
also be used to improve the absorbance of the bottom solar cell for a dual-junction solar cell, this 
subject will be explored in future studies.  

 
 

Table. 3 Comparison of the important parameters in the proposed design and the published designs under 
AM1.5 illumination. 

 
 

Description [Ref] cell thickness (µm) Jsc (mA/cm2) Voc (V) FF (%) 𝜂𝜂 (%) 
GaInP SJSC [3]  2.380 28.79 1,39 86.90 17.40 
GaInP SJSC [4] 2.380 15.12 1.39 87.90 18.49 
GaInP SJSC [5]         0.910 10.60 1.26 85.25 13.34 
GaInP SJSC [2] 0.930  13.50 1.37 88.00 16.40 
GaInP SJSC [6] 1.000 16.00 1.46 89.30  20.80 
GaInP SJSC [7] 0.680 16.79 1.50 90.25 21.85 
GaInP SJSC [8] 0.860 14.80 1.41 88.67 18.55 
GaInP SJSC [9]  - 16.63 1.47 90.20 22.00  
GaInP SJSC [10] 1.070 16.75 1.45 86.11 20.99 
GaInP SJSC [11] 0.725 18.33 1.44 85.60 21.59 
GaInP [our work] 0.650 18.35 1.41 86.81 22.42 
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4. Conclusion 
 
In this work, the design and simulation of an GaInP single junction solar cell was carried 

out using Atlas tool of SILVACO TCAD. The solar cell was optimized by varying both 
thicknesses of the n-base layer and the p-emitter layer of the GaInP solar cell and by adjusting the 
window thickness and doping level. Also, by adding the AlGaAs buffer layer to basic solar cell 
structure. The test performance parameters of the optimized solar cell are an efficiency (𝜂𝜂) of 
22.42%, a short circuit current density (Jsc) equal to 18.35 mA/cm2, an open circuit voltage (Voc) 
equal to 1.41V and a fill factor (FF) equal to 86.81%.  

These optimal values were obtained using 0,410 µm and 0,174 µm for n-base layer (LN) 
and p-emitter layer (LP) respectively and the thicknesses (Lwin, Lbuff) and doping concentrates (Nwin, 
Pbuff) of the window and the buffer layers: (Lwin=0.019 µm, Nwin = 5.019×1017 cm-3) and (Lbuff 
=0.020 µm, Pbuff =4.754×1018 cm-3). From the solar cell simulation results, it follows that the 
reduction of thickness of the solar cell is about of 0.65 µm, which is smaller than what is reported 
in the listed literature studies.  
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