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This paper focuses on studying and simulating a GaAs1-xPx/Si1-yGey/Ge triple-junction 
solar cell structure. First, the strain and the bandgap energy associated to the SiGe layer 
have been studied. The optimal germanium concentration is 0.88 with a strain around 
0.45%. Then, the phosphor concentration effect on the strain and the bandgap energy of 
the upper layer GaAs1-xPx/Si0.12Ge0.88 has been optimized. At room temperature, the 
optimal output parameter reach Jsc=34.41mA/cm2, Voc=1.27V, FF=88.42% and η=38.45% 
for an absorber thickness of 4.5µm and x=0.47, with a strain that doesn’t exceed 1.5%. 
This study has enabled us to design a high-efficiency, low cost 3J solar cell. 
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1. Introduction  
 
Increasing the efficiency of a solar cell leads to the diminution of watt peak cost [1]. 

Among the technologies offering a boost in efficiency, we find the multijunction solar cell. This 
latter is based on the stacking of a set of semiconductor materials with different bandgap energies, 
this arrangement aims to absorb the maximum of the solar spectrum [2].  

In fact, the multijunction solar cell based on III-V compound materials presents higher 
efficiency and seem to be the future for photovoltaics applications. More and more, they have 
become the most prospective space solar technology [3,4]. However, the fabrication cost of these 
configurations still expensive. One of the techniques employed to reduce the cost is the use of the 
silicon substrate. Therefore, monolithically grown GaAsP/Si cells may be a suitable candidate to 
supply low cost and high efficiency solar power for space applications.  

Although, it is known that in experiments there is a difficulty to grow III-V materials with 
silicon due to the high lattice mismatch and the large difference in thermal expansion coefficients 
[5-8].A promising way to surmount these limitations and increase the III-V 3J solar cells efficiency 
of consists in using the germanium element as a bottom cell instead of silicon. The germanium is 
characterized by direct bandgap energy of 0.66 eV at 300K, so the absorption edge is steeper than 
Si, a greater spectral overlap of the solar irradiance spectrum and low cost materials. Besides, the 
germanium element can be grown with lattice match to III-V materials. This superiority of 
germanium makes it a promising material to absorb low energy photons [9,10]. For these last 
reasons, in the present work, germanium is adopted as a bottom cell. 

The integration of SiGe as a buffer layer between the III-V top solar cell and bottom cell 
can reduce the dislocation interface for III-V nucleation and give high quality of bottom solar cell. 
Fadaly et al. [11] demonstrated that the calculated lifetimes of Si1−yGey alloys approach those of 
group III–V semiconductors because they are theoretically predicted to combine a direct bandgap, 
wavelength tenability and strong optical transitions [11-13]. 

Moreover, an experimental structure GaAs0.79P0.21/Si0.18Ge0.82 double junction solar cell was 
elaborated as reported in [12]. In the goal to enhance their performances, a triple junction was 
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modeled and proposed in the present work. A simulation of optical and electrical properties such as 
current density voltage (J-V), the external quantum efficiency (EQE) and photoluminescence 
spectra (PL) were performed to optimize this 3J solar cell through studying the influence of base 
top solar cell phosphorus composition. Figure1 presents the adopted structure, which summarizes 
the parameters used along this simulation. This 3J solar cell consists of three solar cells arranged as 
follow: top solar cell made of GaAsP,   middle solar cell made of SiGe and a bottom solar cell made 
of Ge. Two highly doped tunnel junctions: p-GaAs/n-Si and p-Ge/n-Ge are placed between the 
top/middle cell and the middle/bottom solar cell, respectively.  

 

 
 

Fig. 1. Structure of GaAs1-xPx/Si0.12Ge0.88/Ge triple junctions solar cell [12]. 
 
 
2. Theoretical model 
 
The carrier recombination modeled by Shockely Read Hall (SRH) recombination using a 

concentration dependent lifetime model and the mobility of carrier dependent concentration 
described by Masetti model are given in detail in [14]. The Drift-Diffusion model is used to 
calculate the current density of electrons and holes; the Poisson equations are given by [15,16].The 
expression of EQE is given by [17]: 
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Where  Jph is the photocurrent supplied by the solar cell; F(λ) is spectral solar irradiance; λi is initial 
wavelength and λf is the final wavelength.   

The bandgap energy of GaAs1-xPx is written as [18]: 
 

𝐸𝐸𝑔𝑔 𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠1−𝑥𝑥𝑃𝑃𝑥𝑥 = 𝐸𝐸𝑔𝑔𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 ⋅ (1 − 𝑥𝑥) + 𝐸𝐸𝑔𝑔𝐺𝐺𝐺𝐺𝐺𝐺 ⋅ 𝑥𝑥 − 𝑏𝑏 ⋅ 𝑥𝑥 ⋅ (1 − 𝑥𝑥)                         (2) 
 
where EgGaAs and EgGaP are the bandgap energies of GaAs and GaP at room temperature 
respectively. The bandgap energies of GaAs and GaP are 1.42 and 2.26 eV [19], respectively, b is 
the Bowing parameter of GaAs1-xPx(b= 0.1eV). The unstrained bandgap energy of Si1-yGeystructure 
is given by [20]: 

 

𝐸𝐸𝑔𝑔 (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)(𝑦𝑦) = �1.17 − 0.47𝑦𝑦 + 0.24𝑦𝑦2,       𝑦𝑦 < 85
5.88 − 9.58𝑦𝑦 + 4.43𝑦𝑦2,        𝑦𝑦 ≥ 85

                                      (3) 

 
While, the strained bandgap energy of Si1-yGey structure is given by [20]: 
 

𝐸𝐸𝑔𝑔 (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)(𝑦𝑦) = 1.17 − 0.94𝑦𝑦 + 0.34𝑦𝑦2                                                  (4) 
 
The lattice parameter of the ternary material GaAs1-xPx as function of the x composition is 

calculated by using the Vegard’s law: 
 

( ) xaxaa GaPGaAsPGaAs xx
⋅+−⋅=

−
1

1                                                       
(5) 

 
Where  aGaAsP,  aGaAs and aGaP are respectively the lattice constant of GaAsP, GaAs and GaP, they are 
given as: aGaAs =5.65Å and aGaP= 5.45 Å [21].  

The strain produced between Si1-yGey   and Ge is given by: 
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with aGeis 5.66 Å [21].       
 
 
The strain produced between GaAs1-xPx and Si0.12Ge0.88 is defined as: 
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with 
88.012.0 GeSia is 5.63 Å.  

The physical and optical parameters of materials used along this simulation are taken from 
[15,16,22] and summarizes in Table 1. 

 
Table 1. The parameters of the materials used in the simulation. 

 
 GaAs GaP Si0.12Ge0.88 
Eg(eV) 1.42 2.26 0.82 
εr 13.1 11.10 15.5 
χe (eV) 4.07 4.4 4.17 
a(Å) 5.65 5.45 5.63 
NC(1/𝑐𝑐𝑐𝑐3) 4.7.1017 1.76.1018 1.25.1019 
NV(1/𝑐𝑐𝑐𝑐3) 7.1018 8.87.1018 0.65.1019 
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3. Results and discussion 
In these parts of the work, numerical simulations have been carried outat room temperature 

under the AM0 solar spectrum with a light source at normal incidence. In order to improve the 
performance of the proposed solar cell based on GaAs1-xPx /Si0.12Ge0.88 /Ge materials, the 
phosphorus concentration (P) effect of the basic top cell is investigated. In this simulation, the drift 
diffusion and Poisson equations described in [15,16] are coupled and solved numerically to present 
and discuss the important characteristic J-V parameters and external quantum efficiency (EQE) of 
this exposed solar cell. After that, we simulated the structure of the triple-junction solar cell. The 
J-V and EQE characteristics were compared with experimental tandem solar cells.  

Figure 2 shows the variation in strain between the layers formed by the Si1-yGey and Ge 
materials. It also shows the impact of the germanium concentration (y) on the bandgap energy in 
the unstrained and strained cases. The results for the unstrained bandgap energy were validated by 
experimental results from ref [23-25]. We note that the experimental results are in very good 
agreement with the simulation. The blue-sky curve shows the bandgap energy of SiGe in the 
strained case. When the Ge concentration varies from 0 to 1, the strained bandgap energy varies 
from 1.12 to 0.67eV. This simulation allows us to optimize the y concentration. After this 
simulation we were able to take up y equal 0.88, i.e. Eg=0.95eV. The red curve illustrates the 
influence of the concentration y on the strain ε. For y=0.88 the strain does not exceed 0.45%. The 
structure Si0.12Ge0.88/Ge is consequently stable. 
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Fig. 2.Strain and bandgap energy of Si1-yGey/Ge as function of Germanium composition [26,27]. 
 
 

Figure 3 shows the phosphorus concentration (x) effect on the strain between the two 
layers GaAsP and Si0.12Ge0.88. Also, the influence of the concentration x on the unstrained and 
strained bandgap energy has also been simulated. When the concentration x changes from 0 to 1 
the bandgap energy increases from 1.17 to 2.7eV. This simulation allows us to optimize the 
bandgap energy of the top solar cell structure (GaAsP). Besides, the unstrained bandgap energy 
(ε=0) has been validated by experimental results presented by H. Soon et al [26].Our simulation 
results are in accord with the experimental results. This simulation allows us to optimize the 
concentration x in order to minimize the deformation. For example, for x=0.47 the deformation 
does not exceed 1.5%. This stress value is acceptable for making a sand structure. For a strain of 
1.5% the bandgap energy of the GaAsP absorber is around 1.55eV. Figure 4 shows the variation of 
the external quantum efficiency as a function of wavelength. The characteristic parameters of this 
structure are listed in table 2. We observe that the absorption range of the proposed structure varies 
from 225 to 900nm with the amplitude of EQE =90%. These results were validated by two other 
measured results from refs [27] and [28].We notice that the absorption range obtained by [27,28] 
varies from 300 to 778 nm. The absorption range of our structure is larger than the absorption 
range found by refs [27,28]. So we got a relative absorption gain of 29.12%. 
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Fig. 3. Strain and bandgap energy of GaAs1-xPx/Si0.12Ge0.88 as function of Phosphorus composition [27]. 
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Fig. 4. EQE spectrum of both simulated GaAsP top sub-cell and experimental GaAsP top sub-cell [27,28]. 
 
 

Table  2 . Electrical parameters of triple solar cell withvarious phosphorus compositions. 
 

x 0.17 0.27 0.37 0.47 0.57 
JSC(mA/𝑐𝑐𝑐𝑐2) 36.41 35.88 35.25 34.41 33.23 

VOC(V) 1.06 1.13 1.21 1.27 1.24 
FF (%) 87.47 87.99 88.22 88.42 87.58 

Efficiency(%) 33.89 35.81 37.64 38.45 36.10 
 
 

Figure 5 shows the variation of the current density of three single solar cells and the total 
solar cell as a function of voltage. The results show that the open circuit voltage reaches 1.27V and 
the short circuit current density is around 35mA/cm2. The proposed optimized solar cell efficiency 
exceeds 38% for x=0.47, y=0.88 with εSiGe/Ge=0.45% and εGaAsP/SiGe=1.5%.For a concentration 
x=0.57 the efficiency begins to decrease and is equal to 36.10%. This degradation due to increase 
in stain which exceeds 1.75%. 
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The effect of phosphorus concentration on the 3J solar cell parameters, (short circuit 

current density and open circuit voltage) was also investigated. Figure 6shows the J-V 
characteristic of the proposed solar cell for different phosphorus concentrations. We notice that JSC 
and Voc change with increasing phosphorus concentration. When changing x from 0.17 to 0.47 
with d=4.5µm, the density Jsc decreases and the voltage Voc increases. The decrease in Jsc is 
ΔJsc=3.7mA/cm2 and the gain in Voc is around 0.21V, with a strain that doesn’t exceed 1.25%.  
Based to the table 3, we note that when we increase the thickness, the efficiency is boosting until it 
gets a maximum of about 38.45 % at a thickness of 4.5 µm. 
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Fig. 6.  J-V of triple junction solar cell for different P concentration. 

 
 

Table 3. Electrical parameters of triple solar cell with various base GaAs1-xPx absorber thicknesses. 
 

GaAsP absorber 
Thickness (µm) 1.5 3 4,5 6 7,5 

JSC(mA/cm2) 28.58 32.52 34.41 39.53 36.27 
VOC(V) 1.24 1.26 1.27 1.27 1.28 
FF (%) 87.48 88.09 88.42 88.22 88.19 
η (%) 30.92 35.97 38.45 39.92 40.91 
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Figure 7 illustrates the power variation of the proposed solar cell as a function of voltage 
for different phosphorus concentrations. Increasing the phosphorus concentration causes a 
significant increase in the maximum output power density. When varying phosphorus 
concentration from 0.17 to 0.47, the maximum power density changes from 32mW/cm2 to 
37.20mW/cm2, that is to say we have a gain of Δg=5.2mW/cm2.  
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Fig. 7.  P-V of triple junction solar cell for different P concentration. 
 
 
Figure 8 shows the effect of the GaAsP structure absorber thickness (d) on the total solar 

cell (3J) output parameters Jsc, Voc, FF and η. Figure 8.a illustrates the variation of Jsc and Voc as a 
function of the GaAs1-xPx absorber thickness for x=0.47 with ε=1.25%.  

We note that increasing the thickness d from 1.5 to 6µm induces a considerable increase in 
Jsc from 28to 39mA/cm2, i.e. a gain of 11mA/cm2. While, the variation of the thickness has a small 
effect on Voc with a gain of around 0.026V is obtained. 

For the same phosphor content and the same strain as in Figure 8.a, the effect of the 
GaAs1-xPx absorber thickness d on the 3J solar cell FF and efficiency is illustrated in Figure 8. b. 
As increasing GaAsP absorber thickness, a positive change is imposed on both parameters FF and 
η. When changing the thickness from 1.5 to 6µm, the FF varies from 87.48 to 88.22%, which 
represents an increase of 0.74%. In addition, we find that the efficiency increases rapidly from 
30.92to 39.92%, i.e. a gain of 9%. Based on this investigation, the optimal efficiency of the 
proposed solar cell corresponds to x=0.47, ε=1.25%, d=4.5µm and y=0.88. Under these 
conditions, the output parameters reach: Jsc=34.41mA/cm2, Voc=1.27V, FF=88.42% and 
η=38.45%.  
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Fig. 8 (a,b).Variations of the proposed solar cell output parameters as a function of the thickness d of the 

GaAsP absorber layer, a) Effect of d on the Jsc and Voc, b) Effect of d on the FF and η. 
 
 

Figure 9 provides a comparison of a double-junction solar cell proposed by K. J. 
Schmieder et al. [12] and Martin Diaz et al. [27] with the present work results concerning the 
GaAs0.53P0.47/Si0.12Ge0.88/Ge solar cell for d=1.5µm. It can be noticed that the proposed 2J solar 
cell in [12] has an efficiency of 15%. Also, the solar cell in [27] presents experimental and 
calculated efficiencies of 17.80% and 18.90% respectively. Whereas, with a thickness of d=1.5µm, 
our proposed solar cell, which is based on GaAs0.53P0.47/Si0.12Ge0.88/Ge, exhibits a better efficiency 
of about 30.92%.  
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Fig. 9. J-V characteristic of both simulated triple junction solar cell (d=1.5µm) and experimental tandem 
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83 
 

4. Conclusion 
 
In the present work, a novel structure of GaAs1-xPx/Si1-yGey/Ge triple junction solar cell has 

numerically simulated and optimized. The bandgap energy of the two layers SiGe and GaAsP has 
been optimized. The bandgap energies of the absorber layers are Eg(y=0.88)=0.95eV and 
Eg(x=0.47)=1.55eV respectively. For an upper cell absorber layer thickness of d=4.5µm and a 
phosphorus composition at x= 0.47, the optimum efficiency is around 38.45% with εSiGe/Ge=0.45% 
and εGaAsP/SiGe=1.5%. In the future, we aim to extend our research to solar cells based on new alloys, 
mainly quaternary and quinary alloys, to model and optimize 4- and 5-junction solar cells. 
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