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In this research, indium gallium nitride (InGaN), gallium nitride (GaN), and silicon (Si) were combined 

to develop a heterojunction solar cell with optimal results using the Personal Computer One 

Dimensional (PC1D) simulation. This research investigates the impact of structural and design 

parameters, specifically; thickness and doping, on the performance of InGaN solar cells. The electrical 

properties of these solar cells were examined to determine their optimum conditions. Based on the 

findings, appropriate layer thickness, doping concentration, and operation temperature, all together 

contribute to enhance electron mobility and solar cell efficiency (η). The quantum efficiency at the 

highest temperature is the lowest among all the temperatures, resulting in poor photon absorption. 

Furthermore, η decreases with increasing temperature, from 25.13% at 300 K to 6.04% at 550 K. The 

InGaN solar cells demonstrated a short-circuit current (Isc) of 39.45 mA/cm², an open-circuit voltage 

(Voc) of 0.7464 V, a maximum power output (Pmax) of 0.2529 W, a fill factor (FF) of 85.89%, and an 

efficiency of 25.29%, showing improvements compared to previous works. 
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1. Introduction 

Indium gallium nitride (InGaN) solar cells have a wide 
operating temperature range, from room temperature to 
450 °C, with positive temperature coefficients reaching 350 
°C [1]. For example, low indium InxGa1-xN solar cells with 
complex architectures have been designed to improve solar 
cell efficiency (η). However, researchers have reported that 
as the indium (In) composition increases (more than 20% at 
room temperature), the increased potential barrier height 
at the InGaN/gallium nitride (GaN) heterostructure can 
significantly reduce carrier collection, hence reducing η [2]. 
Gallium nitride alloys have been found to be favourable for 
growth on silicon (Si) substrates because of their 
abundance, non-toxicity, cost-effectiveness, and ease of 
maintenance, which leads to a relatively low cost per watt of 

solar cell devices, as mentioned in Ref. [3]. The GaN buffer 
layer improves crystalline quality, increases electron 
mobility in the structure, suppresses dislocation 
propagation, and reduces defect density. The selection of 
substrate materials is also important in producing high-
quality solar cells. Multijunction III-nitride solar cells offer 
several advantages over Si solar cells, including band gap 
tunability through elemental composition, higher photon 
absorption owing to their direct band gap energies, higher 
resistivity, and lower efficiency degradation due to heat. 
Moreover, III-nitride materials are cheaper and more cost-
effective than raw materials such as Si. In terms of operating 
temperature, III-nitride materials have excellent 
temperature tolerance, allowing them to work at both high 
and low temperatures. Meanwhile, Si solar cells perform 
poorly at low temperatures due to increased resistivity and 
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can be damaged at higher temperatures. Among the various 
photovoltaic software programmes available, the Personal 
Computer One Dimensional (PC1D) simulation was chosen 
as a simulation tool for this study as it is a user-friendly 
system. It is also the most widely used and possibly the 
simplest simulation software. This study proposes a high-
efficiency InGaN/GaN solar cell prepared using an Si 
substrate, with an In composition of x = 0.2, to increase the 
overall performance of the solar cell.  

2. MODELLING AND SIMULATION 

Originally, PC1D was developed for Si and conventional 
group III-V semiconductors. It is user-friendly and freely 
accessible for researchers to simulate solar cells without 
the need for fabrication, thereby saving costs and assisting 
researchers to predict future results. The selection of PC1D 
software for wide-band-gap nitrides, such as InGaN or GaN, 
is due to its ability to optimise doping concentration, layer 
thickness, and temperature, which are important for InGaN 
solar cells. Auger recombination, Shockley-Read-Hall 
(SRH) recombination, and band-gap narrowing (BGN) 
effects are available in PC1D, which are essential for 
obtaining accurate results for solar cells. The structure 
consists of an active layer of n-InGaN (0.001 μm) with a 
doping concentration of 1 × 1020 cm-3 and a buffer layer of 
0.01 μm with a doping concentration of 1 × 1019 cm-3. This 
study proposes an efficient InGaN/GaN solar cell using an 
Si substrate with a layer thickness of 250 μm and a doping 
concentration of 1 × 1017 cm-3 to enhance overall solar cell 

performance. Figure 1(a) illustrates the schematic 
construction of the InGaN/GaN/Si heterojunction solar cell, 
which consists of three layers: n-InGaN, n-GaN, and p-Si as 
the substrate layer. Figure 1(b) depicts the energy band 
diagram of the conduction and valence bands of the 
InGaN/GaN/Si heterojunction solar cell. The band gap is an 
important term in materials, which refers to the minimum 
energy required for electrons to move to a higher energy 
level. The mobility, absorption coefficients, and 
recombination rates of InGaN and GaN were taken from 
previous studies [4]. A standard illumination setting of one-
sun and AM1.5G solar radiation with a constant intensity of 
0.1 W/cm2 was used to investigate the solar cell 
performance in PC1D simulation. When the heterojunction 
device is under illumination, the flat band potential is 
displaced negatively, altering the depletion layer and 
affecting device performance. The PC1D solver is widely 
used in simulating one-dimensional crystalline solar cell 
devices, allowing for adjustments in various design 
parameters in solar cells.  

To investigate the stability of the geometrical properties 
of the solar cell, the operating temperature of the optimised 
parameters was studied at temperatures ranging from 300 
K to 550 K. Table 1 lists several electrical and optical 
parameters, including energy band gap, intrinsic 
concentration, doping concentration, bulk recombination, 
dielectric constant, refractive index, and others.  

 

 

  
Fig. 1. (a) The three-dimensional schematic device structure and (b) the energy band diagram of the InGaN/GaN/Si solar cell. 

 
Table 1. Simulated variables of the InGaN-based solar cell. 

Variables Value 

Active area 10 cm2 

Section n-InGaN n-GaN p-Si 

Depth 0.001 μm 0.01 μm 250 μm 

Band gap 2.6 3.4 eV 1.12 eV 

Background doping 1 × 1020 cm-3 1 × 1019 cm-3 1 × 1017 cm-3 

Dielectric constant 10.8 8.9 11.9 

Refractive index 2.41 2.29 3.58 

Excitation mode One-sun (transient; 16 timesteps) 

AM1.5G 

0.1 W/cm2 

Spectrum 

Intensity 
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      Fig. 2 shows the electron flow in the depletion zone 
between n-InGaN, n-GaN, and p-Si. When the cell is 
illuminated, photons with energy exceeding the 
semiconductor's band gap energy generate electron-hole 
pairs. During the charge exchange process, the separation 
of the excess charge carriers takes place in the space charge 
region. The width of this region is in proportion to the 
height of the potential barrier. This barrier does not allow 
the flow of electrons from the metal to the semiconductor, 
as expressed in Ref. [5]. As the depletion region expands, 
the bound charges create a potential difference, resulting in 
the creation of an electric field within the region. These 
processes are vital for increasing photocurrent output and 
η. 

 
Fig. 2. The depletion region in the InGaN/GaN/Si-based solar cell. 

      The PC1D models applied in this work are presented in 
Equations (1) – (7), which are used for optimising the 
performance of solar cells.  

𝐽𝑝 = 𝜇𝑝. 𝑝. ∇𝐸𝐹𝑝  (1) 

𝐽𝑛 = 𝜇𝑛. 𝑛. ∇𝐸𝐹𝑛 (2) 

where 𝐽𝑛 and 𝐽𝑝 are the electron and hole current densities, 

respectively, and 𝑛 and 𝑝 are the electron and hole 
densities, respectively. 𝜇𝑛 and 𝜇𝑝 are the electron and hole 

mobilities, respectively, and 𝐸𝐹𝑛 and 𝐸𝐹𝑝  are the diffusion 

coefficients.  

𝜕𝑛

𝜕𝑡

=
∇. 𝐽𝑛

𝑞
+ 𝐺𝐿 − 𝑈𝑛 (3) 

𝜕𝑝

𝜕𝑡

=
∇. 𝐽𝑝

𝑞
+ 𝐺𝐿 − 𝑈𝑝 (4) 

∆2𝜙 =
𝑞

∈
(𝑛 − 𝑝 + 𝑁𝑎𝑐𝑐

− − 𝑁𝑑𝑜𝑛
+ ) (5) 

      Equations (3) and (4) are derived using the 
conservation of charge or the continuity equation. The 
generation and recombination rates are assigned as 𝐺𝐿 and 
𝑈𝑝, respectively. Equation (5) is the Poisson's equation for 

calculating the electrostatic potential, where 𝑁𝑎𝑐𝑐
−  and 𝑁𝑑𝑜𝑛

+  
are the doping concentrations of acceptor and donor 
elements, respectively. 

𝑛 = 𝑁𝐶𝐹1/2 (
𝑞𝜓 + 𝑉𝑛 − 𝑞𝜙𝑛,𝑡 + 𝑙𝑛(𝑛𝑡,0/𝑁𝑐)

𝑘𝑩𝑇
) (6) 

𝑝 = 𝑁𝑉𝐹1/2 (
−𝑞𝜓 + 𝑉𝑝 − 𝑞𝜙𝑝,𝑡 + 𝑙𝑛(𝑛𝑡,0/𝑁𝑉)

𝑘𝑩𝑇
)  (7) 

      By combining three fundamental equations with finite 
element calculation, the optimum conditions for fabricating 
solar cells with optimum accuracy can be determined. 
Different parameters were used to optimise solar cell 
performance, as presented in Equation (8). 

𝜂 =
𝑃𝑚𝑎𝑥

𝐼𝑖𝑛

=
𝐽𝑚𝑝𝑝𝑉𝑚𝑝𝑝

𝐼𝑖𝑛

=
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝐼𝑖𝑛

 (8) 

where 𝜂, 𝑃𝑚𝑎𝑥 , and 𝐼𝑖𝑛 are the efficiency, maximum output 
power, and incident power, respectively. While,  𝐽𝑚𝑝𝑝 and 

𝑉𝑚𝑝𝑝  are the current and voltage at the maximum power 

point (MPP). Subsequently,  𝐽𝑠𝑐 , 𝑉𝑜𝑐  and FF are short-circuit 
current, open-circuit voltage, and fill factor, respectively. 

3. Results and Discussion 

In this initial simulation, the thickness of the InGaN 

layer was varied from 0.001 μm to 0.04 μm, while the 

concentration (1x1020 cm-3) remained constant across all 

devices. Figures 3(a)–(d) present the electrical properties 

of the simulated solar cells. Figure 3(a) shows that the 

short-circuit current (Isc) decreases as the thickness of the 

InGaN layer increases. Table 2 indicates that increasing the 

thickness of the InGaN active layer from 0.001 μm to 0.04 

μm leads to lower η. This suggests that changes in the 

thickness of the InGaN layer affects all cell characteristics. 

The increased Isc implies that increasing η is directly related 

to the rate of energy absorption. Moreover, recent studies 

have reported that the efficiency of solar cells remains 

unchanged for the p-InGaN thickness between 0.001 µm 

and 0.01 µm. Due to the limitations of the PC1D software, 

the thickness of any material modelled on this platform 

must be at least 0.001 µm and at most 100,000 µm. Other 

factors, such as a higher In content of InGaN, can adversely 

affect the efficiency of solar cells [6]. Furthermore, as the 

thickness of the InGaN layer increases, so does the density 

of dislocations, which reduces the quality of the layer [7]. 

The thinnest InGaN active layer, at 1 × 10-3 μm (25.29%), 

achieved the highest η of layer thickness influence, with Voc 

= 0.7464 V, Isc = 39.45 mA/cm², Pmax = 0.2529 W, and FF = 

85.89%.  

      The intensity of the photons that pass through the 

material will be directly affected by the level of doping 

since the absorbing and transporting properties of the 

semiconductor will be as indicated in Ref. [8]. Furthermore, 

it is believed that optimising the doping concentration of 

the solar cell's active layer may enhance solar spectrum 

absorption, hence increasing the cell's η.  

      In the second simulation, the concentration of the InGaN 

layer was changed, starting at 1 × 1017 cm-3 and reaching a 

maximum of 1 × 1020 cm-3. The thickness of the InGaN layer 

(0.001 μm) stayed the same for all the devices. In Figure 

4(a), the Isc increases from 1 × 1017 cm-3, reaching a peak at 

1 × 1020 cm-3, and then decreases as the doping 

concentration continues to increase. Figure 4(b) shows 

that the maximum output power does not differ 

significantly across doping concentrations. Figures 4(c) 

and 4(d) illustrate that the solar cells' FF and η increase 
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with increasing InGaN doping concentration, peaking at 1 × 

1020 cm-3 with 85.89% and 25.29%, respectively, before 

decreasing at 1 × 1021 cm-3.  

      Table 3 shows no significant difference between Isc and 

Voc; however, both FF and η increase with increasing doping 

concentration, and decrease when doping concentration 

exceeds 1 × 1020 cm-3. At a doping concentration of 1 × 1020 

cm-3, InGaN doping achieved the maximum η (Voc = 0.7464 

V, Isc = 39.45 mA/cm², Pmax = 0.2529 W). For optimal solar 

cell performance, InGaN doping concentrations must be 

between 1 × 1017 cm-3 and 1 × 1020 cm-3.  

  

  
Fig. 3. (a) I–V characteristics, (b) P–V characteristics, (c) FF, and (d) η for different InGaN thicknesses. 

Table 2. Electrical properties of solar cells in relation to InGaN thickness. 
Thickness of n-

InGaN (μm) 

Short-Circuit 

Current  

(A) 

Open-Circuit 

Voltage  

(V) 

Maximum 

Power  

(W) 

Fill Factor 

(%) 

Efficiency 

(%) 

0.001 0.3945 0.7464 0.2529 85.89 25.29 

0.01 0.391 0.7462 0.2506 85.89 25.06 

0.02 0.3875 0.746 0.2483 85.87 24.83 

0.03 0.3844 0.7458 0.2462 85.88 24.62 

0.04 0.3815 0.7456 0.2442 85.85 24.42 
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Fig. 4. (a) I–V characteristics, (b) P–V characteristics, (c) FF, and (d) η for different n-type InGaN concentrations. 

 
Table 3.  J-V parameters of experimental and simulated outcomes. 

N-InGaN Dop. Conc. (cm-3) Short-Circuit 

Current  

(A) 

Open-Circuit 

Voltage  

(V) 

Maximum 

Power 

(W) 

Fill Factor 

(%) 

Efficiency 

(%) 

1 × 1017 0.3945 0.7464 0.2518 85.51 25.18 

1 × 1018 0.3945 0.7464 0.2526 85.79 25.26 

1 × 1019 0.3945 0.7464 0.2528 85.85 25.28 

1 × 1020 0.3945 0.7464 0.2529 85.89 25.29 

1 × 1021 0.3945 0.7464 0.2528 85.85 25.28 
 

 

       The presence of dislocation density in InGaN solar cells 
reduces the Voc, Isc, and η. These effects can be attributed to 
dislocations acting as non-radiative recombination centres, 
which increase the probability of electron-hole pair 
recombination after exposure to illumination [9]. The 
thickness of the InGaN layer is vital in determining the solar 
cell performance. An increase in InGaN thickness can lead 
to the formation of dislocation loops, which degrade the 
intensity of photoluminescence and the performance of 
solar devices [10]. Moreover, several processes can explain 
why electron mobility increases at high doping 
concentrations. One of them is the reduction of scattering 
effects, where a high doping concentration reduces the 
scattering of charge carriers, and the free carriers from the 
dopants reduce the scattering effects from impurities and 
defects [11]. It has been suggested that higher doping 

concentrations can enhance electron conductivity and 
mobility as they have more option to move into the material 
[12]. 
      This study used various thicknesses of InGaN for the 
simulation, starting from 0.001 µm to 0.04 µm. As shown in 
Table 2, the efficiencies for 0.001 µm and 0.01 µm are 
almost identical, which increase as the thickness increases. 
This can be explained by the fact that increasing the InGaN 
thickness may lead to dislocations, which reduce the 
photointensity and device performance [10]. A similar 
trend was observed for doping, where the doping rate 
ranges from 1017 to 1018 cm-3. However, according to Table 
3, the doping concentrations of 1 × 1020 cm-3 for InGaN and 
1 × 1019 cm-3 for GaN exhibit nearly the same efficiency and 
show an insignificant difference with other devices with 
lower doping concentrations.  
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      Building a junction using large band gap materials 
reduces surface recombination and allows solar energy to 
reach the Si depletion region, hence reducing carrier loss 
[13]. The principal function of a buffer layer in a 
heterojunction is to form a junction with the absorber layer 
while allowing the spectrum to pass through to the junction 
region and absorber layer.  
      In the third simulation, the thickness of the GaN layer 
was changed, starting from 0.01 μm to 20 μm. The 
concentration of the GaN layer (1x1019 cm-3) stayed the 
same for all the devices. Figure 5 displays the device 
performance for all parameters. As the thickness of the GaN 
buffer layer increases, the Isc decreases but the Pmax does not 
change significantly. The highest percentage of FF was 
observed at 5 μm, and the percentage decreases gradually 
as the thickness of the GaN layer increases. The thinnest 
layer (0.001 μm) exhibits the highest peak η, which declines 
with increasing layer thickness. 
      As the thickness of the GaN layer increases, the 
percentage of external quantum efficiency (EQE) decreases 
and the absorption range shortens. A wide range of solar 
spectrum absorption is necessary to improve η. A thin GaN 
buffer layer enables the solar cell to absorb a long-range 
wavelength spectrum (middle UV to near IR), thus 
increasing η and improving cell performance. The thinnest 
GaN buffer layer (0.01 μm) achieved the highest η of 

25.29%, with Voc = 0.7464 V, Isc = 39.45 mA/cm², Pmax = 
0.2529 W, and FF = 85.89%. 
      The impact of various doping concentrations on the GaN 
buffer layer is examined to understand their effects on the 
solar cells' η. In the fourth simulation, the concentration of 
the GaN layer was changed, starting at 1 × 1015 cm-3 and 
reaching a maximum of 1 × 1019 cm-3. The thickness of the 
GaN layer (0.01 μm) remained the same for all the devices.  
      As shown in Figures 6(a) and 6(b), the Isc and Pmax do not 
differ significantly; however, the FF (in Figure 6(c)) and the 
η (in Figure 6(d)) increase with higher doping 
concentrations in the GaN buffer layer. An approach to 
improve solar cell efficiency is to increase the Voc by 
increasing the dopant concentration. However, this 
approach can lead to an increase in electron-hole pair 
recombination in highly doped regions. High doping 
concentrations in the buffer layer are necessary to absorb 
most of the solar spectrum, thereby reducing surface 
recombination and increasing electron mobility into the 
substrate layer. Table 5 presents the electrical properties of 
various doping concentrations in the n-GaN buffer layer.             
The modification of the doping concentration can be 
utilised to illustrate the electron mobility and η of the solar 
cells. However, excessive doping in this layer decreases the 
solar cell's reverse saturation current, hence increasing the 
Voc.  

 
 
 

 

  
Fig. 5. (a) I–V characteristics, (b) P–V characteristics, (c) FF, and (d) η for different GaN thicknesses. 
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Table 4. Electrical properties of solar cells in relation to GaN thickness. 

Thickness  

of n-GaN (μm) 

Short-Circuit 

Current  

(A) 

Open-Circuit 

Voltage  

(V) 

Maximum 

Power 

(W) 

Fill Factor 

(%) 

Efficiency 

(%) 

0.0l 0.3945 0.7464 0.2529 85.89 25.29 

5 0.3878 0.746 0.2486 85.93 24.86 

10 0.3855 0.7459 0.247 85.89 24.7 

15 0.3833 0.7458 0.2455 85.87 24.55 

20 0.381 0.7456 0.2439 85.85 24.39 
 

  

  

Fig. 6. (a) I–V characteristics, (b) P–V characteristics, (c) FF, and (d) η for different n-type GaN concentrations. 

Table 5. Electrical properties of solar cells in relation to GaN concentration. 

N-GaN Dop. Conc. (cm-3) Short-Circuit 

Current  

(A) 

Open-Circuit 

Voltage  

(V) 

Maximum 

Power 

(W) 

Fill Factor 

(%) 

Efficiency 

(%) 

1 × 1015 0.3948 0.7464 0.2513 85.28 25.13 

1 × 1016 0.3948 0.7464 0.2513 85.28 25.13 

1 × 1017 0.3948 0.7464 0.2514 85.31 25.14 

1 × 1018 0.3947 0.7464 0.2522 85.61 25.22 

1 × 1019 0.3945 0.7464 0.2529 85.89 25.29 
 

      In the fifth simulation, the thickness of the Si base layer 
was varied between 100 μm and 300 μm. The concentration 
of the Si base layer (1x1017 cm-3) remained the same for all 
the devices. The thickness of the Si base layer of the solar 
cell was varied between 100 μm and 300 μm to study the 
effect of substrate changes. The thickness of the Si substrate 
layer of 300 μm produced the highest current value, 

whereas 100 μm resulted in the lowest one, as shown in 
Figure 7(a). Figures 7(b) and 7(c) show that the Isc and Pmax 
increase with layer thickness, with the maximum FF 
(86.16%) obtained at 150 μm. Furthermore, Figure 7(d) 
depicts how efficiency varies with changes in Si layer 
thickness. The highest η (25.29%) was observed at 250 μm, 
decreasing as the Si layer thickness exceeds this value.   



200                                                                N.S. Khairuddin / Progress in Physics of Applied Materials 6 (2026) 193-204 

Furthermore, as the layer thickness increases, more 
photons are absorbed; however, carrier mobility decreases 
due to higher contaminants [14]. Table 6 indicates that the 
effectiveness of Si substrates increases with increasing 
layer thickness but decreases beyond 250 μm. The increase 
in substrate layer thickness gradually enhances η. The 
highest η was achieved at 250 μm (25.29%), with Isc = 39.45 
mA/cm², Voc = 0.7464, Pmax = 0.2529 W, and FF = 85.89%. 
      In the sixth simulation, the concentration of the Si 
substrate layer was changed, starting at 1 × 1014 cm-3 and 
reaching a maximum of 1 × 1018 cm-3. The thickness of the 
Si substrate layer (250 μm) continued the same for all the 
devices. Figure 8 depicts the effect of varying Si substrate 
concentrations on the electrical properties of the solar cells.   
Both Isc and Pmax decrease as the doping concentration of 
the Si substrate increases. Furthermore, increasing the 
doping concentration of the substrate elevates the rate 
closer to the interface, leading to a reduction in η. The 
electrical properties for different Si doping concentrations 
show that Pmax, FF, and η improve as the doping 
concentration increases from 1 × 1014 cm-3 to 1 × 1017 cm-

3, but decline at 1 × 1018 cm-3. The Isc and Voc exhibit no 
significant differences (refer to Table 7). The optimal 
parameters (1 × 1017 cm-3) are obtained at Voc = 0.7464 V, Isc 
= 39.45 mA/cm², Pmax = 0.2529 W, and FF = 85.89%.  
      In the seventh simulation, the temperature of the device 
was changed, starting at 300 K and reaching a maximum of 
550 K. The thickness and concentration of the device stayed 
the same for all the operating temperatures. As the 
temperature increases, the intrinsic carrier concentration 
increases because the higher temperature provides more 
energy for electrons to jump from the valence band to the 
conduction band, thus increasing the number of free charge 
carriers [15, 16]. The band gap of a semiconductor narrows 
as the temperature increases, a phenomenon known as 
BGN. This occurs because the increased thermal energy 
causes lattice vibrations that affect the band structure [15]. 
At high temperatures, Auger and SRH recombination 
processes have a more significant impact on solar cell 
performance. These processes are related to charge 
carriers and defects in the material [17, 18].  

 
 

 

  
Fig. 7. (a) I–V characteristics, (b) P–V characteristics, (c) FF, and (d) η for different p-type Si thicknesses. 

Table 6. Electrical properties of solar cells in relation to Si thickness. 

Thickness  

of p-Si (μm) 

Short-Circuit 

Current  

(A) 

Open-Circuit 

Voltage  

(V) 

Maximum 

Power 

(W) 

Fill Factor 

(%) 

Efficiency 

(%) 

100 0.377 0.7648 0.2476 85.87 24.76 

150 0.386 0.7568 0.2417 86.16 24.17 

200 0.3912 0.751 0.2528 86.05 25.28 

250 0.3945 0.7464 0.2529 85.89 25.29 

300 0.3967 0.7427 0.2525 85.7 25.25 
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Fig. 8. (a) I–V characteristics, (b) P–V characteristics, (c) FF, and (d) η for different p-type Si concentrations. 

Table 7. Electrical properties of solar cells in relation to Si concentration. 

P-Si Dop. Conc.  

(cm-3) 

Short-Circuit 

Current  

(A) 

Open-Circuit 

Voltage  

(V) 

Maximum 

Power 

(W) 

Fill Factor 

(%) 

Efficiency 

(%) 

1 × 1014 0.3969 0.7262 0.2253 78.17 22.53 

1 × 1015 0.3966 0.7265 0.2266 78.64 22.66 

1 × 1016 0.3964 0.7301 0.2403 83.03 24.03 

1 × 1017 0.3945 0.7464 0.2529 85.89 25.29 

1 × 1018 0.3454 0.7112 0.2072 84.35 20.72 
 

      To determine the best performance of a solar cell, we 
simulated its behaviour at several operating temperatures. 
The performance of a solar cell can be assessed in terms of 
Isc, Voc, and Pmax, whereas the I–V and P–V curves can be used 
to compute FF and η. Figures 9(a) and 9(b) show that the Isc 
does not change significantly across temperatures; 
however, both Voc and Pmax decrease as the operating 
temperature increases. The reduction in Voc with increasing 
operating temperature leads to an increase in the density of 
surface defects, resulting in a high junction resistance. 
Figures 9(c) and 9(d) indicate that as the operating 
temperature rises from 300 K to 550 K, both FF and η 
decrease. Consequently, lowering the operating 
temperature increases the density of surface imperfections, 
which increases resistance and decreases Voc and Isc [19]. 
Figure 10 depicts the effect of various operating 
temperatures on the quantum efficiency (QE) of 
photovoltaic (PV) solar cells. The QE value at the highest 

temperature (550 K) is the lowest among all temperatures, 
indicating insufficient photon absorption. Table 8 shows 
that there is no significant variation in Isc (0.39 A), while Voc, 
Pmax, and FF decrease with increasing temperature. The η 
declines as the temperature rises, from 25.13% (300 K) to 
6.04% (550 K). 
      Fig. 11 illustrates the electrical properties of the solar 
cells. The optimum point of (Ip, Vp) is determined as (0.38, 
0.66). The simulated solar cell achieved its maximum η at 
25 °C, with Voc = 0.7464 V, Isc = 39.45 mA/cm², Pmax = 0.2529 
W, η = 25.29%, and FF = 85.89%. Several reports using 
different In fractions for InGaN show efficiency results 
comparable to the current study [6, 20, 21]. Moreover, our 
findings are comparable to the very recent studies [6]. 
      Table 9 summarises the literature results for optimised 
solar cells in comparison with this research. It is evident 
that our simulated results are significantly higher than both 
the experimental and simulation results, indicating that our 
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proposed design and parameters are suitable for 
fabricating a high-efficiency solar cell. In the future, we 
would like to incorporate our InGaN solar cells with multi-
layers antireflective coating consisting of MgF2 & SiO2 [26], 

as we thought that the multi-layers ARC would help in 
reducing the reflection as well as increase the efficiency and 
performance of solar cells. 

 
 
 

 

  
Fig. 9. (a) I–V characteristics, (b) P–V characteristics, (c) FF, and (d) η for different operating temperatures. 

 
Fig. 10. The EQE under various operating conditions. 

Table 8. Electrical properties of solar cells in relation to temperature changes. 

Temperature 

(K) 

Short-Circuit 

Current  

(A) 

Open-Circuit 

Voltage 

(V) 

Maximum 

Power 

(W) 

Fill Factor 

(%) 

Efficiency 

(%) 

300 0.3945 0.743 0.2513 0.857347 25.13 

350 0.3946 0.6497 0.2115 0.824974 21.15 

400 0.3945 0.5545 0.1719 0.785828 17.19 

450 0.3943 0.4581 0.1319 0.730227 13.19 

500 0.3942 0.3608 0.0951 0.668648 9.51 

550 0.3937 0.2631 0.0604 0.58311 6.04 
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Fig. 11. Electrical properties of solar cell devices. 

Table 9. Comparison of literature results for optimised solar cells with this work. 

Device Structure Jsc Voc FF η References 

 (mA/cm2) (V) (%) (%)  

InGaN/Si 10.01 1.69 59.12 15 [22] 

In0.62Ga0.38N 33.57 0.912 87.51 19.8 [23] 

In0.07Ga0.93N 0.164 2.38 72.25 28 [24] 

In0.2Ga0.8N 36.9 0.71 84.83 22.1 [25] 

InGaN/GaN/Si 39.45 0.746 85.89 25.29 This work 

  

4. Conclusions 

In this study, a heterojunction solar cell structure 

comprising n-InGaN/n-GaN/p-Si was developed using 

PC1D simulation software, with an In composition of x = 

0.2. Utilising PC1D allows for a reduction in costs and 

expensive instrumentation time during the production 

process, while also generating reliable data for solar cell 

research. We have demonstrated that the parameters 

utilised in this study can enhance performance and identify 

the maximum η of a solar cell. Adjusting the layer thickness 

and doping concentration of the InGaN active layer 

improves solar absorption. Meanwhile, the GaN buffer 

layer optimises light transmission and increases electron 

mobility to the substrate. The optimised parameters 

showed that the optimal PV solar cell performance 

achieved the highest η of 25.29% with FF = 85.89% at room 

temperature (25 °C), Voc = 0.75 V, Isc = 0.39 A, and Pmax = 

0.253 W.  
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