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Abstract. In this work, a GaAs-based quantum well solar cell with a 25-layer 

InAs/GaAs intermediate layer is simulated in Silvaco Atlas TCAD software. In order to 

reduce the recombination caused by the presence of the quantum layers and increase 

the absorption of photons, electron blocking layers (EBLs) and hole blocking layers 

(HBLs) have been added to the solar cell in an In0.5(Al0.7Ga0.3)0.5P semiconductor. The 

results show that the efficiency of the proposed solar cell increases 17.38% by 

obtaining impurity the thickness and doping of the EBL and HBL layers. It can be 

concluded that the use of the In0.5(Al0.7Ga 0.3)0.5P semiconductor with EBL and HBL 

layers decreases the open circuit voltage (Voc) caused in the quantum wells. The 

efficiency of the proposed solar cell with EBL and HBL layers was found to be 44.65%.  
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1. INTRODUCTION 

The increasing human need for energy has drawn the attention of many researchers to 

renewable energy. Solar cells are a clean energy source that absorb and convert solar 

energy into electricity. Much research has been done on solar cells with semiconductors 

from the III-V group because of their high efficiency. Barnham et al. improved quantum 

solar cell function by inserting a quantum well as the middle layer in a p-i-n cell [1]. 

Paxman et al. found that the density of the optical current and conversion efficiency 

increased in p-i-n structures with GaAs/AlGaAs quantum wells [2]. In fact, a quantum 

well in the intermediate layer produces an additional electron-hole pair by absorption of 

photons with less energy and improves the spectral response by absorbing different 

energy photons. The increase in the shortcircuit current (Jsc) increases absorption, but the 

increase in the recombination of carriers in the quantum well causes Voc to decrease [2-
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3]. An EBL layer with a band gap larger than the p-n junction in the solar cell creates an 

electric field and prevents reconciliation of carrier density [4-5]. Therefore, the EBL and 

HBL layers cause an increase the Jsc without reducing the Voc and increasing the gain in 

the p-i-n solar cells. In 2015, Feroz Ali et al achieved a 26.285% efficiency in Si solar 

cell by designing an EBL layer with 2.1ev bandwidth [6]. Denis et al showed in 2010 that 

InAs /GaAs quantum dot cells increase photon absorption [7]. Peter James et al then 

designed a GaSb/GaAs quantum dot cell in 2011 [8]. Wei-Sheng designed an InAs/GaAsSb 

quantum dot in 2012 to increase short-circuit current by 8.8% [9]. In 2013, Xiaoguang et al 

achieved 17% efficiency by investigating the effects of Si-doping on InAs/GaAs quantum 

dots [10]. The effect of electric field on different layers of InAs/GaAs quantum dots was 

investigated by Yushuai et al in 2014 [11]. In 2015, Inigo et al designed the InAs/InGaP 

Quantum-Dot cell [12]. Utrilla et al increased the range of InAs/GaAs quantum dots in 

2016 using semiconductors in InAs/GaAs cells [13]. An analytical study on InAs/GaAs 

quantum dots solar cells was conducted in 2017 by Sayantan et al [14]. In 2018, they 

conducted studies on the optical properties of InAs/GaAs quantum dots cells [15]. The 

effects of temperature on InAs/GaAs quantum dots were investigated by Abdelkader et al 

in 2019 [16]. 
The present study was undertaken to simulate a GaAs/InAs multi-quantum well solar 

cell using Silvaco Atlas TCAD software [17]. As can be seen in [18], the BSF layer of 
the semiconductor In0.5(Al0.7Ga0.3)0.5P  enhances the adsorption of charge carriers and 
promotes the solar cell yield. The proposed solar cell simulation confirms the increase 
efficiency with experimental  results compared in this paper. In the present article, we 
used the EBL and HBL layer, which is similar in performance to BSF, and improved it 
via semiconductor In0.5(Al0.7Ga0.3)0.5P  .The efficiency of the solar cell of the addition of 
the In 0.5(Al 0.7Ga 0.3) 0.5P semiconductor as the EBL and HBL layers is examined. The 
EBL layer (0.05 μm in thickness; doping 2×1015 1/cm3) and the HBL layer (2.0 μm in 
thickness; doping of 2×1019 1/cm3) increased solar cell efficiency 44.65%. 

2. QUANTUM-WELL SOLAR CELL STRUCTURE 

In a p-i-n solar cell, due to the presence of an intermediate band in the band gap (Eg), 

the bandwidth of the conduction and valence bands absorbs more inlet photons. As 

shown in Fig. 1, the semiconductor band gap (Eg) is divided into two smaller band gaps, 

EL and EH. Absorbing photons with less energy than the band gap (Eg) leads to an increase 

in electron and hole production. 

 

Fig. 1 The photon absorption processes in structure of an intermediate band  
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To generate a pair of electron holes using photon absorption with less energy than the 

band gap (Eg), an electron moves from the valence band to the middle band and places 

the hole in its bond. In the form of this transfer, the number 1 is displayed, and an 

electron from the midband to the conduction band is displayed with the number 2. 

By absorbing photons with energy higher than the energy band gap (Eg), the transfer 

of an electron from the valence band to the conduction band causes the normal 

production of the electron-hole to be coupled with the number 3 (as shown). To improve 

both transitions 1 and 2, the middle band is first filled with the electron. The middle band 

receiving electrons from the valence band to the middle band and electron transfer from 

the middle band to the conduction band [19]. 

Usually, longer wavelengths cannot direct the electron–hole generated in solar cells 

from the conduction band to the valence band because of low energy levels. In the 

intrinsic (i) region of a p–i–n solar cell, the quantum wells producing a pair of electrons 

and holes. As seen in Fig. 2, the electrons and holes produced in the quantum wells are 

released by heat and tunneling, and through the electric field in the p-i-n solar cell, they 

collide and move toward the contacts [20]. 

 

Fig. 2 Quantum wells solar cell 

3. MATERIALS SELECTION FOR DIFFERENT LAYERS 

Table 1 shows the properties of the material for the various layers of the proposed 

cell. As shown in Table 1, the In0.49Ga0.51P, InAs and In0.5(Al0.7Ga0.3)0.5P semiconductors 

prevent the recombination of electrons and holes by lattice matched to GaAs. 

Table 1 Major parameters for the ternary In0.49Ga0.51P, InAs and quaternary 

In0.5(Al0.7Ga0.3)0.5P lattice matched to GaAs materials used in this design [21-25]. 

InAs InAlGaP InGaP GaAs Material 

0.36 2.3 1.9 1.42 Band gap Eg (eV) @300 K 
15 11.7 11.6 13.1 Permittivity (es/eo) 

4.03 4.2 4.16 4.07 Affinity (eV) 
0.024 2.85 3 0.063 Heavy e- effective mass (me*/m0) 
0.471 0. 64 0. 64 0.5 Heavy h + effective mass (mh*/m0) 
30000 2150 1945 8800 e- mobility MUN (cm2/V× s) 
240 141 141 400 h + mobility MUP (cm2/V× s) 

8.7e+16 1.20e+20 1.30e+20 4.7e+17 e- density of states NC (cm-3) 
6.6e+18 1.28e+19 1.28e+19 7.0e+18 h + density of states NV (cm-3) 
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4. MODELING PROCEDURES 

4.1. Cell structure 

Figure 3 shows the structure of the proposed model. The top of the cell is a window layer 

with a band gap of 1.9 eV, and a thickness of 0.05 μm. The quantum well contains 25 layers, 

each 0.005 μm in thickness with InAs and GaAs semiconductors. The lattice constant for InAs 

is 6.0584 Å and for GaAs is 5.6533 Å, Which results in a non-matching of the lattice constant 

between the two semiconductors in the middle quantum layers. This problem is solved by 

making thin InAs layers without exceeding the critical thickness 7 Å, growing in the direction 

of 001. Further thicknesses create trap alignments in the structure [17]. Aluminum (0.7%) was 

added to the In0.49Ga0.51P to increase the band gap, producing a In0.5(Al0.7Ga0.3)0.5P 

semiconductor with a 2.3 eV band gap. Research shows that this semiconductor has a lattice 

constant matching and GaAs [21-22]. Also, In0.5(Al0.7Ga0.3)0.5P with creation of an electric 

field in the EBL and HBL layers reduces recombination of the electrons and holes. 

 
Fig. 3 Schematic of the proposed cell 

4.2. Analysis of proposed model 

The current density of the pin solar cell is obtained from Eq. 1: 

  ( )    (   ),   (    ⁄ )   -    ,   (     ⁄ )   -      (1) 

where K is the Boltzmann’s constant, T, the absolute temperature, q, the electron charge, 

J0, the reverse saturation current densities, ΦB is the net flux of incident photons with 

energies   band gap energy 

   
       

 

  
 and             (2)                     

β is the ratio of the current required in the intrinsic region at equilibrium to the usual 

reverse drift current, W is intrinsic region width, AB is the nonradiative coefficient and niB 
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is the equilibrium intrinsic carrier concentration and BB is the barrier recombination 

coefficient.  

In Eq. 3, the current to voltage in the solar cell (MQW) is shown [26]: 

        (     ),    (    )   -  (        )  ,    (     )   -     ⁄⁄    (3) 

where  

        ,      
    *(    )⁄   +- and         ,         *(     )  ⁄  +-(4) 

fraction  fw  of  the  intrinsic  region  volume  substituted  by  quantum  well  material                     

                ⁄  is the recombination coefficient enhancement factor,      
      ⁄  is the effective volume densities of states enhancement factor, and        
    Short-circuit current density in pin solar cell (MQW) is obtained from Eq. 5: 

         ,     (       )  (    )-  (5) 

Where Nph(    >    ) and Nph(>    ) is the net photon flux density corresponding to the 

energies between     and     for the bulk solar cell. The open circuit voltage in the 

solar cell pin (MQW) is obtained from Eq. 6 [27]: 

           ,
  (     )      

  (     )
-  (6) 

4.3. Model simulation 

In this study, the performance of the proposed cell was simulated under the standard 

AM 1.5 spectrum using Atlas Tcad, and it was segmented by a mesh-structured solar cell 

with different densities. The CONMOB model was used to calculate the electron and hole 

excitation capability and to combine the two OPTR and SRH models. The solar cell 

exposure process was done using the LUMINOUS module [17]. 

5. RESULT AND DISCUSSION 

5.1. Optimization of thickness and doping in the EBL and HBL layer 

Investigating the doping and thickness of In 0.5(Al 0.7Ga 0.3) 0.5P in the EBL and HBL 

layers of the proposed solar cell is essential for efficient detection. Fig. 4a shows that the 

highest efficiency for the EBL layer was at a thickness of 0.05 μm. Fig. 4b shows the 

highest efficiency occurred by adding an EBL layer to a base cell at a doping of 2×1015 

1/cm3. Figs. 5a and 5b show the effect on the thickness and doping of efficiency by 

adding a HBL layer. Maximum efficiency was achieved at a thickness of 2.0 μm and 

doping of 2×1019 1/cm3. It is clear that the addition of In0.5(Al0.7Ga0.3) 0.5P  as EBL and 

HBL layers in the GaAs-based multi-quantum well solar cell as an intermediate layer 

increased the efficiency 17.38%. 
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Fig. 4 a) Different values of the EBL doping (thickness = 0.005(μm)), b) Different 

values of the EBL thickness (doping = 5×1015( 1/cm3)) ,  

 

Fig. 5 a) Different values of the HBL doping (thickness = 0.005(μm )), b) Different 

values of the HBL thickness (doping = 5×1019( 1/cm3)) . 

5.2. Electric field 

The maximum field at the p-n junction can be calculated using Eq. (7) as: 

    
     

  
 

     

  
 (7) 

Where q is the Charge of the electron, NA is the acceptor impurity density, ND is the donor 

impurity density,    is the relative dielectric permittivity of the semiconductor, xp is the 
depletion region's width of the p-side, and xn is the depletion region's width of the n-side.  

The electric field in the junction's region is obtained through Eq. 8 where NB is the 
impurity density in the semiconductor which has widest depletion region.  
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  (8) 

The width of depletion region in a p-n junction can be calculated using Eq. (9) as: 

   √
   

 
.

     

    
/       (9) 

where Vbi is the internal potential in both sides of the junction [28].  The in vitro findings of 

references [29] and [30] were used to conclude that In0.5(Al0.7Ga0.3)0.5P semiconductors 

increase the open-circuit voltage and the Vbi in the semiconductor.  The Eqs. (8) and (9) 

shows increased the electric field in the region. As seen in Fig. 6, an additional field was 

created at the interface between the p and EBL layers and the maximum field strength 

increased from 2.5×104    to 2.2×105. At the interface between the n and HBL layers, the 

maximum field strength increased from 3.8×104 to 6.9×105, which reduced recombination in 

the proposed cell. 

 

Fig. 6. Maximum electric field at the junction region for base and proposed cell. 

5.3. Spectral response 

The spectral response demonstrates the absorption of photons in a solar cell. Fig. 7 

compares the produced and absorbed photons for the base and proposed cells. It can be 

 

Fig. 7 Generation of photocurrent of the base and proposed cell 
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observed that the photon absorption rate in the optical spectrum (0.75-2.5 μm) of the 

proposed cell is higher than in the base cell, which increases the gain in the proposed cell.  

5.4. Photogeneration rate 

The photons produced in a solar cell are defined in Eq. (10) 

     
  

  
         (10) 

In this formula, G is the Photogeneration rate, P is the total cumulative effect of 

reflections, transmissions and losses due to absorption over the ray path, y is the relative 

distance for the given ray, h is the Planck's constant,  is the wavelength, c is the speed 

of light, α is the absorption coefficient, and    is the internal quantum efficiency [31]. 

The absorption coefficient is obtained from the Eq. (11), k coefficient has a positive 

relationship with the absorption coefficient of a material [28]:   

  ( )  
   

 
         (11) 

Considering Eq. (11) and the investigation of the n and k coefficients in AlGaInP 

semiconductor from reference [28], it can be concluded that by inserting an AlGaInP 

semiconductor as EBL and HBL, the photogeneration rate will increase. Fig. 8 shows the 

concordance of the theoretical and simulation results for the proposed cell and the base 

 

Fig. 8 Photogeneration rate of the base and proposed model 

5.5. IV characteristics 

Fig. 9 compares the I-V curve of the proposed solar cell with EBL and HBL layers 

with the base cell without EBL and HBL layers. As seen, the In0.5(Al0.7Ga0.3)0.5P  

semiconductor in the EBL and HBL layers decreased recombination, which increased the 

Jsc and Voc increased to a value of  0.107 V, compensating for the voltage drop caused by 

the quantum well layer. 
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Fig. 9 Current density-voltage (J-V) characteristics of GaAs-based Multiple Quantum 

Well solar cells without EBL and HBL, with one EBL and HB 

5.6. Important parameters in solar cells 

Solar cell efficiency can be expressed as shown in Eq. (12) [32]. 

    
    

   
  

          

   
  (12)   

where Pmax is the maximum output power, Pin is the input power and FF is the fill factor. 

The total current of a solar cell can be obtained from Eq. (13). 

     0   .
  

   
/   1      (13)                                                                                                                                      

K is the Boltzmann constant, T is the temperature in kelvin, IL is the current produced 

by the photons and I0 is the current in a dark state. 

Short circuit current occurs when V = 0. Isc can be obtained using relation 13 by 

substituting relation 14. The open circuit voltage is obtained as [33]: 

 ISC =  −IL (14) 
 

for I=0 in Eq. (4) the open circuit voltage and fill factor are calculated in Eqs. (15) and (16). 

     
   

 
  (

  

  
  )  (15) 

    
       (        )

     
  (16) 

Table 2 shows the optimized proposed cell model with EBL and HBL layers and base 

cells without EBL and HBL layers. From the table, it is possible to compare important 

solar cell parameters such as Jsc, Voc FF and η. 

Table 2 Jsc, Voc, FF, and conversion efficiency of multiple quantum well solar cell 

without EBL and HBL layer, with EBL. 

Solar cells Spectrum Sun Voc(V) Jsc (mA/cm2) FF (%)  (%) 

Without EBL & HBL (25 layers q-well)[11] AM1.5G 1.0 0.907 34.71 86.63 27.27 

With  EBL & HBL (25 layers q-well) AM1.5G 1.0 1.014 51.10 86.20 44.65 
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6.  CONCLUSION 

In the present study, a In0.5(Al0.7Ga0.3) 0.5P semiconductor as EBL and HBL intermediate 

layers was added to a GaAs-based 25-layer InAs/GaAs quantum-well solar cell. The 

impurity density and optimum thickness of the new layers reduced the drop in Voc caused by 

the presence of the quantum layers. The optimized cell provides a Voc of 1.014 V, Jsc of 51.1 

mA/cm2, FF of 86.2 % and a conversion efficiency of 44.65% under 1 sun.      
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