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Abstract:  
The present study proposes a novel indium gallium 

phosphide/aluminum gallium indium phosphide 

(InGaP/InAlGaP) double junction solar cell without an 

anti-reflection coating that includes an upper InGaP cell, a 

lower InAlGaP cell, and a gallium arsenide (GaAs) tunnel 

junction. To increase the efficiency of the cell, a new 

window layer was used at the upper junction. To achieve 

higher efficiency, the researchers also optimized the back 

surface field layer of the lower cell. The results were 

analyzed via numerical modeling with Silvaco/Atlas 

software under the AM1.5 radiation spectrum. Findings 

suggested that using the sun=1 parameter, the obtained 

maximum values of short-circuit current, open-circuit 

voltage, fill factor, and efficiency parameters for the 

proposed solar cell structure were Jsc = 24.078 mA/cm2, 

Voc = 3.41886, FF = 91.1836, and Eff = 71.721%, 

respectively.  
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1. INTRODUCTION  

A rise in fuel prices, environmental issues, and fossil resource scarcity are 

factors driving industrialized countries to seek alternative energy sources to fossil 

fuels [1, 29]. A renewable energy alternative to fossil fuels is solar energy, which 

is the world's largest source of energy [2, 30]. When utilizing solar energy, it is 

crucial to take various factors, such as the photovoltaic effect, into account [31, 

32]. The photovoltaic effect occurs when light strikes a material, resulting in 

voltage and current generation [3, 30].  

Multi-junction solar cells are constructed from single cells with different band 

gaps [4, 5]. They absorb a broad spectrum of light and convert it to energy using 

the photovoltaic effect [3]. In simpler terms, photons are absorbed differently 

depending on the layer by utilizing semiconductors with different band gaps, such 

as indium gallium phosphide (InGaP) and gallium arsenide (GaAs) [6]. Because 

of their crystal lattice matching, direct band gap, and high absorption rates, InGaP 

and GaAs are ideal materials for making multi-junction solar cells [7, 8]. The 

simplest case for this structure is when two cells are arranged in succession [7, 8]. 

Multi-junction solar cells have a higher absorption capacity than single-junction 

cells [9].  

     Several studies have been conducted on methods and ways to enhance the 

efficiency of multi-junction solar cells. These studies dealt with the investigation 

of cell behavior indicators, cell geometry, and materials employed in such 

structures [9]. Among the effective factors in increasing the efficiency and 

performance parameters of multi-junction solar cells are the optimization and use 

of different materials and their effects in the tunnel area, the back surface field 

(BSF) layers, and the window layer [9–15]. Arzbin and Ghadimi [16] and 

Abbasian and Sabbaghi-Nadooshan [17] studied the effect of applying an anti-

reflective coating on the efficiency of dual-junction solar cells. Other researchers 

added a thin layer of optimized carbon nanotubes to increase efficiency [18]. One 

of the reasons for poor solar cell performance is the carrier recombination speed 

between the window and the emitter surface. Some investigations were conducted 

on this layer using optimization and changing the type of material employed [13, 

19]. 

 In multi-junction solar cells, carrier recombination occurs on the cell surface 

in addition to the middle parts of each cell. In this case, this recombination can be 

reduced by adding a window layer that prevents minority carriers from reaching 

the cell surface. This layer acts as a limiting layer due to its high band gap and 

increases the efficiency of the solar cell. Since the window layer is an effective 

layer that helps increase the absorption of sunlight, this study aimed to improve 

the efficiency of an indium gallium phosphide/aluminum gallium indium 
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phosphide (InGaP/InAlGaP) double junction solar cell without an anti-reflection 

coating by using a new window layer in the upper junction and optimizing the 

BSF layer in the lower junction. Calculations were made about how well the 

proposed cell would work, and the results were compared to those of other 

structures that had been proposed. 

  

2. THE PROPOSED SOLAR CELL MODELING AND SIMULATION 

STEPS 

InGaP/InAlGaP Apparatus Structure 

     Simulation tools can be utilized by engineers to predict the real-world behavior 

of parts prior to their manufacturing [33]. Consequently, there is a reduction in 

both monetary and time-related expenditures. Silvaco/Atlas is a simulation 

program that can be utilized in the design of solar cells to demonstrate anticipated 

outcomes prior to the manufacturing process. This software conducts an analysis 

of the structure of the solar cell under consideration by employing a range of 

mathematical models, including Poisson's equation, the carrier continuity 

equation, the drift-diffusion model (DDM), the energy balance transfer model, as 

well as the LUMINOUS, OPTR, CONMOB, and SRH models. The solar cell 

configuration proposed in the present study consists of three distinct components, 

namely the upper InGaP cell, the lower InAlGaP cell, and the GaAs tunnel 

junction.  

     Each of the top and bottom cells has a window, base, emitter, and BSF layer. 

The first layer in multi-junction solar cells is the window layer. This layer has a 

high band gap and acts as a transparent coating on the emitter layer. It also absorbs 

the maximum amount of radiant light for the cell. Decreasing the recombination 

speed of the surface charges, reducing the series resistance of the cell, separating 

the electrons and holes that are near the junction before recombining, and 

conducting the radiated light to the lower layers are some of the main functions 

of this layer [20, 21].   

     Each individual cellular unit is equipped with a central p-n junction, known as 

the base layer and emitter layer. The aforementioned intersection serves as the 

locus of current production within a solar cell featuring multiple junctions. This 

region exhibits a significant degree of photon absorption. Upon the incidence of 

photons at the junction, a consequential generation of electron-hole pairs ensues, 

thereby instigating an output current through the segregation of the 

aforementioned electrons and holes at the junction [22, 23]. The implementation 

of BSF layers within cellular structures serves to mitigate the effects of carrier 

recombination and scattering that may arise between the base region and the upper 

cell's tunnel junction or between the emitter and the lower cell's tunnel junction. 

Through the incorporation of BSF layers, a formidable impediment is established 
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for the minority carriers within the base layer, effectively obstructing their 

recombination. The presence of a substantial amount of doping within these layers 

is notable. Through the establishment of an electric field between the metal 

contacts and the central p-n junction of each cell, the minority carriers are 

effectively repelled from the contacts. This results in a reduction of 

recombination, thereby increasing the current and voltage of the device, as 

evidenced by prior research [22, 23]. 

     The tunnel layer is one of the most important parts of a multi-junction cell and 

is placed as an interface between the upper and lower cells. This layer creates a 

path with low resistance for the flow of charge carriers [12]. Because there is a lot 

of doping in the tunneling region, its width is smaller than that of a normal p-n 

junction. This makes it possible for electrons to pass through the potential barrier, 

which creates a current [9]. In the proposed model of the present study, the upper 

cell had two window layers, which reduced the recombination of surface charges 

over a wider range. On the other hand, by optimizing the BSF layer, the scattering 

of carriers toward the tunnel junction was reduced, and finally, the efficiency of 

the solar cell increased. Table I shows the proposed dual-junction solar cell based 

on InGaP/InAlGaP materials. The doping and thickness of each layer are also 

listed. 
Table I 

The proposed dual-junction solar cell based on InGaP/InAlGaP materials 

0.03μm             Window       InAlGaP           p=2e18cm-3 

0.40μm             Window       InAlGaP           p=2e17cm-3 

0.05 μm            Emitter        InGaP               p=2e18cm-3 

0.55 μm            Base            InGaP               n=7e16cm-3 

0.03 μm            BSF             InAlGaP           n=2e17cm-3 

0.03 μm            BSF             InAlGaP           n=2e18cm-3 

0.025 μm         Tunnel         GaAs                n=5e19cm-3 

0.025 μm         Tunnel          GaAs                p=3e19cm-3 

0.04 μm           Window       InGaP                p=2e18cm-3 

0.5 μm             Emitter        InAlGaP            p=3e18cm-3 

3.0 μm             Base            InAlGaP           n=2e17cm-3 

2.0 μm             BSF             InAlGaP           n=5e18cm-3 

0.2μm              Sub             GaAs                  n=1e18cm-3 

https://doi.org/10.30495/jopn.2023.31721.1285
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Selection and Properties of Materials Used in the Proposed Dual-junction 

Solar Cell 

 The selection of materials for each subcell was determined by the crystal lattice 

constant matching condition, current matching, and optoelectronic characteristics. 

In order to have a crystal lattice of the desired quality, materials with close lattice 

constants were used.  

 Failure to match the crystal lattice of any material or other growth defects will 

reduce the efficiency and electronic characteristics of the device. In other words, 

points with crystal defects cause recombination and the loss of light-produced 

minority carriers, which reduce the photovoltaic effect of devices [9, 19]. Current 

matching is another important factor in multi-junction solar cells. According to 

Kirchhoff's current law, since the sub-cells are connected in series, a similar 

current passes through the junction. In this case, the total current of the multi-

junction solar cell is limited to the minimum current of the sub-cells. The 

produced current is also dependent on the number of photons with energy greater 

than the band gap, the thickness of the layers, the photogeneration rate, and the 

absorption coefficient of the materials used in each layer. The correlation between 

the intensity of incoming light and the quantum of photons absorbed by the cell 

is directly proportional. Since the upper cell absorbs a significant portion of the 

sun's spectrum, it is necessary to choose a material for the window layer that has 

a high band gap and a suitable thickness to produce current matching [16, 24]. 

Finally, the use of materials with a high absorption coefficient, increasing the 

lifetime of minority carriers and increasing mobility, increases the optoelectronic 

performance of the device [25,34].  

 In our proposed structure, InAlGaP material was used due to its high band gap 

and the limiting property of the recombination speed of surface charges in the new 

window layer.  

 

Adding A New Window Layer 

 The window layer facilitates the augmentation of minority carriers and their 

channeling towards the junction in multi-junction solar cells. In this particular 

scenario, electrons and holes produced by light undergo segregation via the p-n 

junction. Through the implementation of an auxiliary domain, the minority 

carriers are efficiently transported towards the p-n junction by means of the BSF 

layer, thereby reducing surface recombination. Consequently, the device's short-

circuit current and optical power exhibit an increase [10]. Our proposed structure 

has been optimized through the incorporation of a new window layer composed 

of InAlGaP, which possesses a bandgap of 2.3 eV. This has allowed us to 

determine the ideal doping amount and thickness for our structure. The values 
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extracted from Silvaco/Atlas software for the three distinct types of doping are 

presented in Tables IIa–IIc.   

 
Table IIa  

The changes applied to the new window layer with doping 𝐚𝐜𝐜𝐞𝐩𝐭 = 𝟐𝒆𝟏𝟕 

thickness(um) Js(mA/cm2) Voc(v) FF(%  ) Eff(%  ) 

0/1 21.0242 3.39997 91.4042 62.4275 

0/2 22.7282 3.40077 91.4385 67.5284 

0/3 23.5881 3.40008 91.2585 69.9311 

0/4 24.0781 3.39864 90.7533 70.9586 

0/5 23.4961 3.3969 91.3173 69.6381 

0/6 21.6555 3.39505 92.6635 65.0936 

 
 

Table IIb  
The changes applied to the new window layer with doping 𝐚𝐜𝐜𝐞𝐩𝐭 = 𝟐𝒆𝟏𝟖 

thickness(um) Jsc(mA/cm2) Voc(v) FF(%  ) Eff(%  ) 

0/1 16.3385 3.38974 91.2893 48.3074 

0/2 16.0594 3.38666 91.498 47.5475 

0/3 16.1795 3.38474 91.6083 47.9336 

0/4 16.4306 3.38322 91.6485 48.6771 

0/5 16.7085 3.38184 91.6055 49.4569 

0/6 16.9706 3.38048 91.4811 50.1444 

0/7 17.1987 3.37895 91.2467 50.6652 

0/8 17.3868 3.37731 90.7714 50.9278 

0/9 17.1534 3.37566 90.7847 50.2269 

1 15.9269 3.37401 92.3694 47.4265 

1/1 14.81 3.37235 92.9988 44.3793 

1/2 13.7907 3.3707 93.3767 41.4725 

 
The comparison of the obtained values shows that the absorption of photons 

increased effectively with a thickness of 400 nm and a doping of 𝑝 = 2𝑒17 𝑐𝑚−3. 

On the other hand, a stronger potential barrier was created for the dispersion of 

minority carriers towards the junction, in which case the efficiency of the double-

junction solar cell reached a maximum of 70.9586%. Figure 1 shows the 

efficiency relative to the thickness of the new window layer and the appropriate 

doping in the upper cell. 
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Table IIc  

The changes applied to the new window layer with doping 𝐚𝐜𝐜𝐞𝐩𝐭 = 𝟐𝒆𝟏𝟗 

thickness(um) Jsc(mA/cm2) Voc(v) FF(%  ) Eff(%  ) 

0/1 14.1369 3.38368  91.1528  41.6609 

0/2 14.2007  3.38174 91.4169 41.9461  

0/3 14.5451 3.38061 91.5843 43.0277 

0/4 14.9596 3.37961 91.6622  44.2784  

0/5 15.3638 3.37849 91.664  45.4606 

0/6 15.7282 3.3773  91.5974  46.4887  

0/7 16.0412 3.37603  91.4467 47.318 

0/8 16.3018  3.37468 91.1568 47.9151 

0/9 16.5116  3.37327 90.5042  48.1642 

1 15.9265  3.37181  91.4659 46.9308  

1/1 14.8099  3.37033 92.5934  44.159  

1/2 13.7907 3.36863 93.1236  41.3347 

 
 

 
Fig. 1. The efficiency plot with respect to the thickness of the window layer in the upper 

cell. 
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Changing the Thickness of the BSF Layer of the Lower Cell 

 The BSF layer was one of the most significant layers in determining the 

efficiency of our proposed solar cell. The minority carriers that were moving 

toward the junction concentrated in the window layer. However, some of them 

tended to scatter in the opposite direction and move toward the back surface of 

the cell. To prevent this, very thin layers with high concentrations (the BSF layers) 

were made at the bottom of the cells. By forming an electrostatic field and a 

barrier against minority carriers, these layers stopped carriers from scattering 

toward the tunnel junction. This reduced surface recombination rates. Also, using 

two layers of BSF would help create an additional field around the junction and 

reduce the carrier recombination rate [25, 26]. At this stage, new results were 

obtained in the proposed structure by optimizing one of the BSF layers in the 

lower junction. As shown in Table III, the efficiency was maximized for the lower 

cell because of the improvement in performance parameters at 200 nm thickness. 

 

 

 

 

 

 
Table III  

The efficiency values obtained with various values for the BFS layer thickness in 

the lower cell 

thickness(um) Jsc(mA/cm2) Voc(v) FF(%  ) Eff(%  ) 

0/5    24.0781 3.39864 90.7533 70.9586 

1 24.0784 3.40999 90.9908 71.3828 

1/5 24.0786 3.41534 91.1085 71.5878 

2 24.0787 3.41886 91.1836 71.721 

2/5 24.0788 3.42118 91.2328 71.8087 

3 24.0789 3.42281 91.2822 71.8821 

3/5 24.0789 3.42407 91.3185 71.9371 

 

3. SIMULATION RESULTS AND DISCUSSION  

 In this study, the proposed structure was simulated under the AM 1.5G and 

sun 1000 standard spectra. The diagram of the spectrum function drawn by the 

Silvaco/Atlas simulator is shown in Figure 2. QTY.MESH and QTX.MESH were 

used to determine the mesh in horizontal and vertical directions. Figures 3 and 4 

show meshing and doping in different layers of the proposed solar cell.  

 

https://doi.org/10.30495/jopn.2023.31721.1285
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Fig. 2. The standard AM 1.5G spectrum used in the simulation of the proposed solar cell 

structure. 

 
 

Fig. 3. The meshing of the proposed dual-junction solar cell structure. 
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Fig. 4. The doping of the various layers used in the proposed solar cell structure. 

 
     Figure 5 shows the structure of the proposed double junction solar cell, 

separated by different layers.  

 
Fig. 5. The structure of the proposed dual-junction solar cell. 

 

    In what follows below, the results of the simulation of the proposed model 

using the Silvaco/Atlas simulator are presented in Figures 6–12. The 

photogeneration rate, which indicates the number of photons produced in each 

https://doi.org/10.30495/jopn.2023.31721.1285
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layer, is a critical parameter in determining the efficiency of a multi-junction solar 

cell. Figure 6 shows the photogeneration rate in different layers of our proposed 

solar cell. Since the proposed cell works over a wide range of wavelengths, it can 

be said that the photogeneration in solar cells depends solely on the photovoltaic 

properties of the material. The value of this rate is calculated from equation (1): 

 

0

yp
G e

hc


  

 
(1) 

where 𝐺  is the photogeneration rate, p is the cumulative effect of reflection, 

transmission, and loss due to the absorption of radiation, 𝑦 is the relative distance 

of a given ray, 𝜂0 is the internal quantum efficiency, ℎ is Plank’s constant, 𝜆 is 

the wavelength, 𝑐  is the speed of light, and 𝛼  is the absorption coefficient 

calculated for each pair (𝑛, 𝑘) using the following equation (2) [13, 14]: 
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(2) 
     Figure 6 shows details of the photogeneration rate in different layers. The 

photogeneration rate was higher at the surface of the cell, where most sunlight 

was received. Considering that there was an accumulation of charge carriers near 

the BSF layer, the light production rate was also at its maximum in this layer. 

 

 
Fig. 6. The photogeneration rate in different layers of the proposed solar cell structure. 
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     The diagram of the energy band of the proposed solar cell at zero bias is shown 

in Figure 7. The new window layer added to the upper cell created a potential 

barrier against minority carriers in the emitter layer. The bandgap and quality of 

the material used in the window layer must have been selected in a way that would 

reduce the effect of surface recombination. In our proposed structure, InAlGaP 

with a bandgap of 2.3 eV was used in the new window layer. The BSF layers also 

created a potential barrier that prevented the minority carriers of the base layer 

from recombining. These layers attempted to provide maximum photon 

transparency while also assisting photons in reaching the lower cell.  

 

 

 
 

Fig. 7. The energy band diagram of the proposed solar cell. 

 
     Figure 8 presents the potential distribution of each layer of the proposed cell. 

Due to the existence of an internal built-in potential during the formation of p-n 

junctions, the highest voltage drop occurred in the discharge areas related to p-n 

junctions. 

     Figures 8 and 9 show the distribution of the electric field in different layers 

of our proposed solar cell structure. Because of the appearance of the voltage 

drop across the junction as a result of the built-in potential inside the structure, 

the electric field was generally higher in the junction area [15, 23]. 

 

https://doi.org/10.30495/jopn.2023.31721.1285
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Fig. 8. The distribution of potential in each layer of the proposed solar cell structure. 

 
 

Fig. 9. The distribution of the electric field in each layer of the proposed solar cell 

structure. 
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Fig. 10. The electrical field at the junction region of the proposed solar cell structure. 

 
     Quantum efficiency and spectrum response are additional elements that must 

be considered while analyzing solar cells. Figure 11 shows the spectral response 

curve of our proposed cell. The spectral response was composed of three light 

currents: the light source current (photocurrent source), the available light current 

(photocurrent), and the cathode current. The light current (photocurrent) source 

indicates the number of emitted photons. In our proposed solar cell, the absorbed 

photons made up the available light current (photocurrent), and the cathode 

current controlled the output current of the absorbed photons. The spectral 

response was conceptually similar to quantum efficiency. Figure 12 shows the 

quantum efficiency diagram of our proposed cell, which shows the number of 

electrons output from the solar cell compared to the number of photons in the 

device [17, 21, and 28]. 

 

https://doi.org/10.30495/jopn.2023.31721.1285
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Fig. 11. Spectral response curve of the proposed solar cell structure. 

 
 

Fig. 12. Quantum efficiency curve of the proposed solar cell structure. 
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4. COMPARING THE RESULTS 

 The voltage-current diagram of our proposed optimized model is shown in 

Figure 14. As can be seen, the current increased significantly after applying the 

changes.  

 
Fig. 13. The current-voltage plot of the proposed model. 

 
     In Table IV, the values obtained from our proposed cell show that the double-

junction InGaP/InAlGaP solar cell without anti-reflection coating with a new 

window layer and optimization of the lower BSF layer was more efficient 

compared to the model presented by Nayak et al. [23]. 

 
Table IV 

Comparing our proposed double-junction InGaP/InAlGaP solar cell with Nayak et 

al. [23] 

(V)               FF(%  )            Efficiency(%)OC(mA/cm2)           VSCJ sun         sun        Solar cells          Spectrum 

ref [21]             Am1.5                1000         1761.9                3.73          92.14                60.5452 

 

Our proposed mod  Am1.5           1        24.0787              3.41886          91.1836             71.721 

 

  The parameters obtained from the simulation of the proposed structure were also 

compared with those of prior studies. Table V provides these results. 

 
Table V 

Comparing the parameters of the proposed cell structure with those of prior 

studies for AM 1.5G spectrum 

https://doi.org/10.30495/jopn.2023.31721.1285
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Solar cells Spectrumsun sun VOC(V) JSC(mA/cm2) FF(%  ) Efficiency(%) 

Lueck et al. [11] AM1.5G 1.0 2.23 1.09E-10 79.00 23.6 

Leem et al. [12] AM1.5G 1.0 2.30 1.06E-10 87.55 25.14 

Singh & Sarkar 

[13] 
AM1.5G 1000 2.66 1.06E-8 89.50 36.67 

Nayak et al. [23] AM1.5G 1000 2.66 1.733E-8 66.67 39.15 

Dutta et al. [15] AM1.5G 1000 2.668 1.823E-8 88.29 40.879 

Sahoo et al. [21] AM1.5G 1000 2.7043 1.898E-8 88.88 43.603 

Abbasian [17] AM1.5G 1.0 3.347 1.759E-10 90.90 53.51 

Abbasian [17] AM1.5G 1000 3.7304 1.7619E-7 92.14 60.5452 

Arzbin [18] AM1.5G 1.0 2.522 29.09 88.49 62.04 

The proposed 

model of the 

present study  

AM1.5G 1.0 3.41886 24.0787 91.1836 71.721 

 
5. CONCLUSIONS 
 In this paper, we present a novel design of a double junction solar cell 

structure Without an Anti-Reflection Coating by Adding a New Window 

Layer in the Upper Junction and Optimizing the Back Surface Field Layer. 

Considering that solar cells will be a viable alternative to fossil fuels in the 

future, increasing the efficiency and improving the parameters of solar 

cells, along with reducing construction costs, is one of the most important 

goals of researchers in this field. In the present study, in order to optimize 

the efficiency of our proposed solar cell, a new window layer was used at 

the upper junction. In addition, the BSF layer of the lower cell was also 

optimized. The parameters of open circuit voltage, short circuit current, fill 

factor, and efficiency in the proposed structure were extracted using the 

Silvaco/Atlas software simulation. The AM 1.5 G spectrum, 𝑠𝑢𝑛 =  1, 

and 𝐽𝑠𝑐 = 24.0787 𝑚𝐴/𝑐𝑚2 parameters were used in the simulations 

executed. The following outcomes were obtained from these simulations: 

Voc = 3.41886 𝑉 , FF = 91.1836 , and Eff =  71.721% , indicating the 

efficiency of our proposed solar cell structure.   
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