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Abstract  
The tunability of the InGaN band gap energy over a wide 

range provides a noble spectral match to sunlight, making 

it a suitable material for photovoltaic solar cells. The 

ineffectiveness of single junction solar cell to convert solar 

full spectrum into electrical energy leads to transparency 

loss in addition with excess excitation loss. An efficient 

BSF layer is an essential structural element to attain high 

efficiency in solar cells. In this work the impact of the BSF 

layer for InGaN single-junction and multi-junction solar 

cells is studied using the computational numerical 

modeling with Silvaco ATLAS simulation technique. The 

open circuit voltage (Voc) and circuit current density (Jsc) 

characteristics of the simulated cells and the variation of 

external quantum efficiency as a function of solar cell 

structures have been studied. For the optimized cell 

structure, the maximum Jsc = 14.6 mA/cm2, Voc = 3.087 

V, and fill factor (FF) = 88.15% are obtained under 

AM1.5G illumination, exhibiting a maximum conversion 

efficiency of 36.1%. 
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INTRODUCTION  

The significant appeal of wide band gap nitride-based semiconductors stems 

from their remarkable capabilities in high power and high frequency device 

utilization, leading to a recent surge of interest in this field [1,2,3,4]. In materials 

research, indium gallium nitride (InGaN) has garnered considerable attention due 

to its distinctive properties among the III-nitride semiconductor family such as 

high electron and hole mobility, low effective mass, high absorption coefficient, 

and a great radiation tolerance [5,6,7]. These characteristics lead scientists to use 

InGaN ternary alloy as a part of high efficiency solar cells. 

InGaN is more resistant than materials that are already used in the manufacture 

of high-efficiency solar cells (like GaAs, InGaP) and can sustain at least twice the 

radiation that damages those materials, by maintaining its optical and electronic 

properties [1,8]. 

Reaching high efficiency solar cells highly depends on the fine tuning of each 

layer in the solar cell structure [9,10,11]. Recombination occurring at the rear 

section of solar cells plays a critical role in reducing their overall efficiency. This 

phenomenon arises when charge carriers deviate slightly from the electric field 

and instead recombine, rather than being collected. To mitigate this issue, a highly 

doped layer known as the back surface field (BSF) layer is employed. The primary 

purpose of the BSF layer is to impede this undesired recombination process by 

redirecting minority carriers back into the cell and attracting majority charge 

carriers. Thus, an optimized and efficient BSF layer is indispensable for both 

single junction and multi-junction solar cells [12]. This layer mainly confines the 

photo-generated minority carriers and retains them to be efficiently collected 

inside the p-n junction. Researchers have directed their attention towards the 

potential challenge associated with the utilization of the BSF layer, namely the 

potential increase in the series resistance of solar cells. So, to improve the device's 

performance and eliminate design problems modeling and optimization of various 

layers within a solar cell is so important. However, in order to assess the influence 

of BSF layers on InGAN solar cells and optimize the structure, we have simulated 

single-junction and dual-junction InxGa1-xN- based solar cells. The characteristics 

of open circuit voltage (Voc), short circuit current density (Jsc), and the variation 

of external quantum efficiency in relation to different solar cell structures have 

been investigated through simulation. 

MODELLING AND SIMULATIONS  

Different structures have been simulated in this study; 𝐼𝑛0.2𝐺𝑎0.8𝑁 , 𝐼𝑛0.4𝐺𝑎0.6𝑁 

single junction and , 𝐼𝑛0.2𝐺𝑎0.8𝑁 / 𝐼𝑛0.4𝐺𝑎0.6𝑁 double junction solarcells; all with 
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and without BSF layer.  𝐼𝑛0.2𝐺𝑎0.8𝑁 / 𝐼𝑛0.4𝐺𝑎0.6𝑁 dual-junction solar cells 

structures consist of a top cell, and a bottom cell, which both cells have window 

layer and BSF. The optimized design is intended to enhance the solar cell's ability 

to absorb a broader spectrum of incident photons and therefore generate a 

maximum power output. The schematic of the simulated device and the details of 

thickness and doping are shown in figure1. 

 

 

 

Fig 1: The schematic diagram of the single 𝐼𝑛0.2𝐺𝑎0.8𝑁 solar cells. 

For absorbing maximum solar radiation, a window layer consists of a material 

with a high band-gap are usually used in solar cell structures [13,14,15]. The 

selection of materials for the top and bottom cells in a double-junction structure 
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is based on a progressive increase in band-gap from top to bottom. This 

arrangement allows the top cell to absorb the shortest wavelengths of solar 

radiation, while the bottom cell absorbs the longest wavelengths. By efficiently 

capturing the solar radiation across a wide range of wavelengths, effective 

absorption of solar energy is achieved [16].  

The BSF layer plays a crucial role in the design of a highly efficient solar cell. 

It serves to confine the photo-generated minority carriers within the cell, ensuring 

their efficient collection within the p-n junction. Highly doped 𝐼𝑛0.2𝐺𝑎0.8𝑁 and 

𝐼𝑛0.4𝐺𝑎0.6𝑁 are used as BSF layers in the studied structures.  

The solar cell simulation process was carried out using Silvaco ATLAS. The 

capabilities of this software extend to analyzing the performance of multi-junction 

solar cells based on III-nitrides, showcasing its potential in this field which has 

already been reported in some recent works [16,17,18,19]. The Silvaco simulator 

employs multiple models to compute the cell structure and physical parameters. 

These include the energy balance transport model, the Concentration-Dependent 

Low Field Mobility (CONMOB) model, the drift-diffusion transport model, the 

Optical Recombination (OPTR) model, and the Shockley-Read-Hall (SRH) 

recombination model. The main parameters utilized to characterize a solar cell 

include the short circuit current density (JSC), open circuit voltage (VOC), total 

current (Itotal), field factor (FF), and conversion efficiency (η). These parameters 

can be determined using the following equations [20,21,22]:

 

VOC from the ideal diode equation is given by 

 

𝑉𝑂𝐶 =
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐽𝑆𝐶

𝐽0
+ 1),                                                                               (1) 

 

where J0 is the saturation current density, k is the Boltzmann constant, T is the 

temperature. J0 in equation (5) for each subcell is given by 

 

𝐽0 = 𝑞𝑁𝐶𝑁𝑉 [
𝐷𝑛

𝑁𝐴𝐿𝑛
+

𝐷𝑝

𝑁𝐷𝐿𝑝
] exp(−

𝐸𝑔

𝑘𝑇
),                                                        (2) 

 

where Di and Li are the diffusion coefficients and the diffusion lengths, 

respectively, and subscript i denotes either electrons (n) or holes ( p ). ND and NA 

are the doping concentrations for donors and acceptors, respectively. 

 

𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽0 [𝑒𝑥𝑝 (
𝑞𝑣

𝑛𝑘𝑇
) − 1] − 𝐽𝑆𝐶 ,                                                                (3) 
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𝜂 =
𝑉𝑂𝐶𝐼𝑆𝐶𝐹𝐹

𝑃𝐼𝑁
,                                                                                                   (4) 

 

𝐹𝐹 =
𝑉𝑂𝐶−𝑙𝑛(𝑉𝑂𝐶+0.72)

𝑉𝑂𝐶+1
,                                                                                   (5) 

 

Here, VOC represents the open-circuit voltage that is normalized to the thermal 

voltage, denoted as kT/q. 

The efficiency of conversion is determined by multiplying the values of VOC, 

JSC, and FF, and dividing the result by the input power density. 

 In this study, the characteristics of both single cells, In0.2Ga0.8N and In0.4Ga0.6N, 

are examined both with and without BSF layers. Subsequently, the characteristics 

of the double junction structure are investigated. Table 1 displays the key 

parameters for the ternary materials In0.2Ga0.8N and In0.4Ga0.6N employed in this 

design. 
 

Table 1: Major parameters for the ternary In0.6 Ga0.4N and In0.2 Ga0.8N materials 

used in this design 

𝐼𝑛0.2𝐺𝑎0.8𝑁 𝐼𝑛0.6𝐺𝑎0.4𝑁 Material 

2.6472 1.4448 Band gap Eg (eV) @300 K 

10.18 12.74 relative permittivity 

5.15 7.47 Electronic affinity χ (eV) 

1104.8 1314.4 e mobility (cm2/VS) 

171.3 173.9 h mobility (cm2/VS) 

2.02 × 1018 1.46 × 1018 State electron density Nc (cm−3) 
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2.5 × 1019 3.9 × 1019 State hole density Nv ( cm−3) 

1 1 
Lifetime of electrons and holes 

Ƭn0 and Ƭp0 (ns) 

 

RESULTS AND DISCUSSION 

The simulation outcomes of the aforementioned model are illustrated in Figures 

2-6. Specifically, Figure 3 displays the J-V curves of four single-junction solar 

cells comprising In0.2Ga0.8N and In0.4Ga0.6N, both with and without a BSF 

layer. The observed J-V curve pattern aligns with findings reported in previous 

studies [2324,25, 26]. The outcomes demonstrate that solar cells with In0.2Ga0.8N 

exhibit superior optical characteristics. The presence of a BSF layer leads to 

higher Jsc and Voc due to the elevated interface recombination velocity between 

the layers. 

Table 2 presents the values of Jsc, Voc, fill factor, and efficiency for the single-

junction solar cells showcased in Figure 3. It can be seen that there is a linear 

relation between VOC and Eg which is found by substituting the equation (2) into 

equation (1). Although based on equation (1), VOC is a function of JSC, but after 

the process of the natural logarithm, VOC varies almost little. In addition, with 

increasing Eg, JSC decreases with different declining gradients. Typically, 

photons are absorbed once their energy is higher than the Eg of the material. The 

declined trend of JSC is intelligible since a rise in Eg makes the practical power 

density in the spectrum reduced [27, 28]. The efficiency is calculated from 

equation (4) as a function of VOC, JSC and FF over the input power density. 

Consequently, an optimal efficiency can be reached by increasing the VOC and 

decline the JSC with ascending Eg. The calculated results indicate that single-

junction solar cells with In0.2Ga0.8N show higher efficiency than the single-

junction solar cells with In0.4Ga0.6N which this observation is consistent with the 

findings reported in reference [29]. 
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𝐼𝑛0.2𝐺𝑎0.8𝑁 

 
𝐼𝑛0.6𝐺𝑎0.4𝑁 

Fig 2: The J-V characteristics curve of cells without and with BSF layers. 
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The single-junction cell with In0.2Ga0.8N efficiency shown in Table 2 indicates 

a good prospect. Nevertheless, the simulated InGaN cells can be further optimized 

by incorporating a BSF window layer, thereby enhancing the achieved efficiency 

outcomes. It can be seen that the efficiency is significantly increased by adding 

BSF in both single-junction cells with In0.2Ga0.8N and In0.4Ga0.6N. 
The inclusion of a BSF layer in the structure resulted in higher values of Voc, 

Jsc, and FF compared to the cell without a BSF layer. This improvement can be 

attributed to the reduction in back surface recombination and enhanced formation 

of the back contact. As a result, the solar cell with a BSF layer exhibited a higher 

efficiency compared to the cell without one. Specifically, the single-junction cell 

with In0.2Ga0.8N achieved an efficiency of 26.7%, which is notably higher than 

the efficiency of 25.1% observed in single-junction Gallium Arsenide cell [Error! 

Bookmark not defined.]. 

  

Table2: Jsc, Voc, fill factor, and efficiency of the single-junction solar cells 

Efficiency 

)%( 

Fill 

Factor 

(FF) 
𝑉𝑂𝐶(𝑉) 𝐽𝑆𝐶 (𝑚𝐴 𝑐𝑚2⁄ ) Structure 

18.7 83.7 2.09 10.72 𝐼𝑛0.2𝐺𝑎0.8𝑁 cell without BSF 

26.7 81.5 2.2 16.55 𝐼𝑛0.2𝐺𝑎0.8𝑁 cell with BSF 

7.7 76.3 0.88 11.33 𝐼𝑛0.6𝐺𝑎0.4𝑁 cell without BSF 

14.2 73.4 1 19.44 𝐼𝑛0.6𝐺𝑎0.4𝑁 cell with BSF 

 

Figure 3 illustrates a visual depiction of a dual-junction InGaN solar cell. The 

thicknesses and doping levels of the cell remain consistent with those of the 

single-junction case involving In0.2Ga0.8N and In0.4Ga0.6N. In the dual-junction 

structure, two layers of single-junction InGaN solar cells are stacked on top of 

each other. The band gap of the materials decreases progressively from the top to 

the bottom. This arrangement enables the absorption and conversion of photons 

with energies greater than the band gap of each respective layer but less than the 

band gap of the higher layer [30]. 
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Fig 3: The schematic diagram of the dual-junction solar cells 

Figure 4 showcases the J-V curves of the dual-junction solar cell. It is worth 

noting that, in comparison to Figure 2, the J-V curve for Eg=2.64 eV remained 

unchanged, whereas the J-V curve for Eg=1.44 eV exhibited a decrease in current. 

This reduction in current was expected due to the attenuation of the input spectrum 

by the top cell.  
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Fig 4: The J-V characteristics curve of cells in double- junction solar cells 

 

Given that the junctions are connected in series, the overall J-V curve is 

constrained by the J-V curve with the lowest current level. as the same wayو the 

voltages of junctions in series are added. Table 3 presents the efficiency of the 

dual-junction solar cell, demonstrating a substantial enhancement from the single-

junction efficiency (26.7%) to the dual-junction efficiency (36.1%) in InGaN 

solar cells. This improvement serves as compelling motivation to further advance 

the development of InGaN solar cells. 
 

Table 3: Jsc, Voc, fill factor, and efficiency of the dual-junction solar cells 

Efficiency  )%(  
Fill 

Factor (FF) 
𝑉𝑂𝐶(𝑉) 𝐽𝑆𝐶(𝑚𝐴 𝑐𝑚2⁄ ) Structure 

36.1 88.15 3.087 14.6 
𝐼𝑛0.2𝐺𝑎0.8𝑁
/𝐼𝑛0.6𝐺𝑎0.4𝑁 
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Fig5: Different characteristics of InGaN-based solarcells with different structures 

Figure 5 displays the values of Jsc, Voc, fill factor, and efficiency for both 

single-junction and dual-junction solar cells based on InGaN. Using higher in 

concentration, decreases the InGaN bandgap and based on equations (1-5), effects 

on solar cells characteristics. Based on the findings depicted in the figure, it can 

be observed that as the cell's indium concentration increases, there is a decrease 

in the open circuit voltage, while the short circuit current density exhibits an 

increase. Although the inclusion of a BSF layer has led to a slight increase in the 

open circuit voltage of the single-junction cells, this increment is relatively 

insignificant. Despite the presence of a minor series resistance introduced by the 

BSF layer, its impact is overshadowed by the overall positive effect it has on 

improving the efficiency of the solar cell. 
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Fig 6: Efficiencies of InGaN-based solar cells with different structures 

 

The efficiency values of InGaN-based solar cells with various structures are 

depicted in Figure 6. The variations in the efficiency outcomes can be partially 

ascribed to the disparities in the previously discussed band gap formula. Notably, 

the inclusion of an effective BSF layer is a critical component in attaining high 

efficiency in a solar cell.  The findings indicate that the efficiency of dual-junction 

cells surpasses that of single-junction cells. These results align with previous 

experimental and theoretical studies conducted under similar parameters, thereby 

corroborating the earlier findings [5, 30]. Any minor deviations can be attributed 

to variances in the utilized material and optical parameters. 

CONCLUSION 

This paper presents the simulation results of single and dual-junction Solar 

Cells characteristics with Silvaco Atlas Software. The results indicate a 

significant enhancement in the short-circuit current density, open circuit voltage, 

and efficiency when a BSF layer is incorporated into single-junction cells. 
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Furthermore, it was observed that dual-junction cells exhibited higher efficiency 

compared to single-junction cells. This can be attributed to the inherent limitations 

of single-junction solar cells in efficiently converting the entire solar energy 

spectrum into electrical energy, leading to losses in transparency and excess 

excitation. The optimized InGaN cell achieved notable improvements in its 

performance, with a short-circuit current density (Jsc) of 14.6 mA/cm2, an open 

circuit voltage (Voc) of 3.087 V, and a remarkable increase in conversion 

efficiency, reaching up to 36%. 
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