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Abstract 

In this work, a comprehensive numerical study of the optoelectronic properties of a single-junction 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 photovoltaic 

(PV) solar cell is presented. The influence of the indium composition, active-layer thickness, and illumination wavelength on 

the device performance parameters is investigated. The results show that increasing the illumination wavelength broadens the 

spectral response and enhances optical absorption, with the absorption coefficient reaching 𝛼 = 1.82 ×  10⁵ 𝑐𝑚⁻¹ for x ≈ 1. 

However, for indium compositions above 0.5, degradation of the crystalline quality leads to an increase in Shockley–Read–Hall 

non-radiative recombination, reducing the effective carrier generation rate g (cm-3·s-1) despite the improved optical absorption. 

Analysis of the photocurrent and output power reveals an optimal base thickness of 1.5 µm, beyond which recombination losses 

become dominant. The external quantum efficiency exhibits a minimum value of 94.7% around x ≈ 0.2 before increasing to 

97.1% for indium-rich compositions, indicating that absorption becomes increasingly concentrated within the depletion region, 

thereby enhancing carrier collection. Current–voltage characteristics show a gradual decrease in the open-circuit voltage from 

2.793 V to 2.245 V and a slight reduction in current from 0.0679 A to 0.06658 A as x increases from 0.1 to 0.2, highlighting a 

fundamental trade-off between optical absorption and output voltage. A maximum power conversion efficiency of approximately 

28% is achieved for x ≈ 0.13 at an illumination wavelength of λ = 0.68 µm. These findings identify the optimal operating 

conditions of the device and provide valuable insights for the design of high-efficiency InGaN multi-junction solar cells. 
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1. Introduction 

InGaN-based solar cells have attracted significant interest 

in the field of photovoltaic energy conversion due to their ex-

ceptional optoelectronic properties and their tunable bandgap, 

which can be modified by varying the indium content. A thor-

ough understanding of their spectral response under mono-

chromatic illumination is essential for optimizing device per-

formance and improving photovoltaic conversion efficiency 

[1, 2]. 

Several studies have shown that the indium content strongly 

influences the optical and electronic properties of InGaN solar 

cells. For example, Anderson et al. modeled carrier generation 

profiles using comprehensive optoelectronic simulations of 

non-uniform InGaN structures, thereby highlighting the cru-

cial role of spatial variations in material properties on carrier 

generation mechanisms [3]. Research on optimizing the ab-

sorption coefficient as a function of doping and thickness con-

firms that spectral absorption and interband transitions are 

sensitive to the indium fraction [4]. Furthermore, recent stud-

ies on InN/InGaN heterostructures have demonstrated that the 

indium composition determines the shift in absorption peaks 

and the strength of optical transitions, which in turn directly 

affects the generation of photogenerated carriers [4, 5]. This 

approach enables a quantitative analysis of the influence of the 

indium mole fraction (x), base thickness (z), and incident 

wavelength (λ) on the device performance [6, 7]. 

The results of this study are based on a comprehensive the-

oretical modeling of a single-junction 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 solar cell, 

limited to the base region. The optical and electronic parame-

ters, which depend on the indium composition and wavelength, 

are first determined in order to evaluate the carrier generation 

rate. Minority carrier transport is then described using a dy-

namic diffusion equation that incorporates the effects of re-

combination and frequency modulation. 

The analytical solution, combined with the interface bound-

ary conditions, allows us to extract the carrier density profiles 

and photovoltaic parameters analyzed in the following sec-

tions. 

Analysis of the carrier generation rate as a function of 

wavelength reveals the occurrence of a maximum at λ = 0.68 

µm, obtained for an indium composition x ≈ 0.1 and a base 

thickness z = 1.5 µm, indicating the existence of an optimal 

spectral condition. At this optimum point, the conversion ef-

ficiency reaches η ≈ 28%. In comparison, at both shorter 

wavelengths (λ = 0.52 µm) and longer wavelengths (λ = 0.74 

µm), the efficiency decreases to approximately η ≈ 20% [8, 9]. 

The optimization of 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 alloys is governed by a 

trade-off between spectral extension, driven by increasing in-

dium content x, and the deterioration of crystalline quality for 

x > 0.5, which enhances non-radiative recombination and de-

grades device performance. 

This work therefore provides key guidelines for spectral en-

gineering and structural optimization of InGaN solar cells for 

high-efficiency photovoltaic applications in the visible spec-

trum. 

2. Mathematical Modelling 

2.1. Cell Structure 

Thanks to the adjustable bandgap of the InGaN alloy (0.7–

3.4 eV), which covers a large part of the solar spectrum, the 

cell under study – with an area of 1 mm² and a bandgap of 

2.642 eV – shows great potential for photovoltaic applications 

[10, 11]. In this study, all calculations were carried out under 

ideal conditions, under standard AM1.5 solar irradiation (one 

sun) at a temperature of 300 K, based on the ideal single-diode 

model. 

 
Figure 1. Schematic diagram of an InGaN-based solar cell under monochromatic illumination. 
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2.2. Analysis of Physical Parameters 

2.2.1. Analysis of Optical Parameter 

This section is devoted to the study of the optical parame-

ters, including the bandgap energy, absorption coefficient, and 

refractive index [4, 12]. 

2.2.2. Bandgap Energy 

The bandgap energy 𝐸𝑔(𝑥) of the 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 alloy de-

pends on the indium fraction x. It is given by the following 

relation: 

𝐸𝑔(𝑥)  =  𝑥 ·  𝐸𝑔(𝐼𝑛𝑁) +  (1 −  𝑥)  ·  𝐸𝑔(𝐺𝑎𝑁)  −  𝑏 · 𝑥(1 −  𝑥)                 (1) 

where the bandgap energies of InN ( 𝐸𝑔(𝐼𝑛𝑁) ) and GaN 

(𝐸𝑔(𝐺𝑎𝑁) ) are 0.7 eV and 3.42 eV, respectively, and b is the 

bowing parameter (b = 1.43 eV) [12, 13]. 

2.2.3. Absorption Coefficient 

The absorption coefficient is a function of both the indium 

composition and the incident photon energy, and is given by [13]: 

𝛼(𝜆, 𝑥)  =  105. √[𝐶(𝑥)(𝐸𝑝ℎ −  𝐸𝑔(𝑥))  +  𝐷(𝑥)(𝐸𝑝ℎ −  𝐸𝑔(𝑥))2]                   (2) 

Where Eph denotes the incident photon energy, given by 

Eph = 1.24/λ, with λ being the wavelength expressed in mi-

crometers (µm). 

C(x) = 3,525 + 18,29x − 40,22x2 + 37,52x3 − 12,77x4    (3) 

D(x) = 0,6651 − 3,616x + 2,46x2          (4) 

2.2.4. Refractive Index 

The refractive index of the solar cell is also related to the 

incident photon energy and the indium fraction as follows [11, 

12, 14]: 

𝑁(𝜆, 𝑥)  =  √{𝐴(𝑥)  ·  (𝐸𝑔/𝐸𝑝ℎ)2  ·  [2 −  √(1 +  𝐸𝑝ℎ/𝐸𝑔)  −  √(1 −  𝐸𝑝ℎ/𝐸𝑔)]  +  𝐵(𝑥)}    (5) 

With 

𝐴(𝑥)  =  13,55(1 −  𝑥)  +  9,31𝑥        (6) 

𝐵(𝑥)  =  2,05(1 −  𝑥)  +  3,03𝑥        (7) 

The parameters 𝐴(𝑥) and 𝐵(𝑥) are empirical coefficients 

that depend on the indium fraction x in the InGaN material. 

These values are determined by linear interpolation between 

the properties of pure InN and pure GaN. For InN, the coeffi-

cients are A_InN = 13.55 and B_InN = 2.05. For GaN, the 

coefficients are A_GaN = 9.31 and B_GaN = 3.03. The inter-

mediate values for the InGaN alloy are obtained by linear in-

terpolation as a function of the indium composition [11, 15]. 

2.2.5. Electronic Parameters 

Electronic parameters are a key element in understanding 

the electrical behavior of InGaN photovoltaic cells. The joint 

analysis of these electronic parameters is essential for inter-

preting and optimizing the photovoltaic performance of the 

cell [7, 11]. 

2.2.6. Intrinsic Concentration 

The intrinsic carrier concentration is closely dependent on 

the indium fraction and can be expressed by the following re-

lation. 

𝑛𝑖 =  √(𝑁𝑐 ·  𝑁𝑣)  ·  𝑒(−𝐸𝑔/2𝐾𝑏𝑇)        (8) 

𝑁𝑐 =  [0, 9𝑥 +  (1 −  𝑥) ×  2, 3] ×  1018[𝑐𝑚 −3] (9) 

𝑁𝑣 =  [5, 3𝑥 +  (1 −  𝑥) ×  1, 8] ×

 1019[𝑐𝑚 −3] (10) 

with 

1) 𝑛𝑖: intrinsic carrier concentration 

2) 𝑁𝑐: effective density of states in the conduction band 

3) 𝑁𝑣: effective density of states in the valence band 

4) 𝐾𝑏: Boltzmann constant (1.380649 × 10⁻²³ J/K) 

5) T: absolute temperature (K) 

2.2.7. Effective Mass  

In 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 alloys, the effective electron mass shows 

a notable dependence on the indium composition. In particular, 

increasing the indium fraction x generally leads to a decrease 

in the effective electron mass [16, 17]. 

𝑚 ∗ (𝑥) = (0,12. 𝑥 +  0,2. (1 −  𝑥))        (11) 
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2.2.8. Diffusion Coefficient 

Using the Einstein relation and taking into account the ef-

fective mass of the carriers, the diffusion coefficient imple-

mented in our numerical simulations is expressed as [13]: 

𝐷(𝑥)  =  
𝐾𝑏.𝑇.𝜏

(0,12.𝑥 + 0,2.(1 + 𝑥)).𝑚₀
             (12) 

1) D: represents the diffusion coefficient 

2) m₀: is the rest mass of the electron 

3) q: represents the elementary charge 

4) τ: is the lifetime of the charge carriers 

Where (m₀ = 9.1·10-31) represents the free electron mass. 

Knowing the relation between the mobility of the charge car-

riers and their effective mass (𝑚 ∗), expressed as: 

𝜇 =
𝑞𝜏

𝑚∗
               (13) 

3. Electrical Parameters 

The spatial and temporal distribution of minority carriers in 

the base of the solar cell is described by the following differ-

ential equation: 

𝐷(𝜔, 𝑥, 𝐵).
𝜕2𝛿(𝑧,𝑡)

𝜕𝑧2 −
𝛿(𝑧,𝑡)

𝜏
= −𝐺(𝑧, 𝛼, 𝑤, 𝑡) +

𝜕𝛿(𝑧,𝑡)

𝜕𝑡
    (14) 

where is the density of minority carriers: 

𝛿(𝑧, 𝑡) =  𝛿(𝑧)𝑒𝑥𝑝(𝑖𝜔𝑡)            (15) 

and is the generation rate 

G(𝑥, 𝜆, 𝑧)  =  g(𝑥, 𝜆, 𝑧)exp(iωt)        (16) 

g(z) and representing the spatial components, and the tem-

poral component. For monochromatic illumination from the 

front side of the solar cell, the spatial component of the gen-

eration rate is given by: 

g(𝑥, 𝜆, 𝑧) =  α(x, λ)I0(1 −  R(x, λ))exp(− α(x, λ). z) 

(17) 

where: 

g(𝑥, 𝜆, 𝑧) is the incident monochromatic light intensity, 

R(x) and are respectively the reflection and absorption coeffi-

cients at the wavelength. 

𝐷(𝜔, 𝑥, 𝐵) is the complex diffusion coefficient of the mi-

nority charge carriers [18]: 

𝐷𝑛(𝜔, 𝑥, 𝐵) =  𝐷0(𝑥, 𝐵) [
1−(𝜔.𝜏)2

[1−(𝜔.𝜏)2]2+(2𝜔.𝜏)2 +  𝜔. 𝜏 [
−1−(𝜔.𝜏)2

[1−(𝜔.𝜏)2]2+(2𝜔.𝜏)2] 𝑗]                       (18) 

where j is the imaginary unit (j² = -1). 

𝐷0(𝑥, 𝐵) the diffusion coefficient depending on the indium 

fraction, the doping rate N, and the magnetic field B [13]. 

𝐷0(𝑥, 𝐵) =
𝐷(𝑥)

1+(𝜇(𝑁)𝐵)2              (19) 

𝜇(𝑁) characterizes the carrier mobility and depends on the 

doping concentration expressed by [19]: 

𝜇ᵢ(𝑁) =  𝜇ₘᵢₙ, ᵢ +
𝜇ₘₐₓ,ᵢ − 𝜇ₘᵢₙ,ᵢ

1 + (
𝑁

𝑁𝑔,𝑖
)

ᵞ𝑖 
            (20) 

where i represents either electrons (e) or holes (h). is the dop-

ing concentration (𝑐𝑚⁻³), is the critical doping concentration 

of the material (𝑐𝑚⁻³), and is a constant. The values of the 

corresponding parameters are given in the following table: 

Table 1. Parameters used to calculate carrier mobility as a function of doping concentration. 

Carrier Parameter Value 

Electrons 

𝜇ₘᵢₙ, ᵢ [cm2/V·s] 55 

𝜇ₘₐₓ, ᵢ [cm2/V·s] 1000 

ᵞ𝑖 2 

𝑁𝑔,𝑖 [cm-3] 2 × 10¹⁷ 

Holes 

𝜇ₘᵢₙ, ᵢ [cm2/V·s] 3 

𝜇ₘₐₓ, ᵢ [cm2/V·s] 170 

ᵞ𝑖 1 

𝑁𝑔,𝑖 [cm-3] 3 × 10¹⁷ 
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By substituting Equations (15), (16), and (17) into Equation 

(14), we obtain the new equation: 

𝜕2𝛿(𝜔,𝑥,𝑆𝑓,𝑆𝑏,,𝐻,𝑧,𝐵)

𝜕𝑧2 −
1

𝐿𝑤(𝜔,𝑥,𝐵)2 . 𝛿(𝑧)  +  
g(𝑥,𝜆,𝑧)

𝐷(𝜔,𝑥,,𝐵)
=

0         (21) 

𝐿𝑤(𝜔, 𝑥, 𝐵): is the complex diffusion length in the base, 

defined as [18, 19]: 

𝐿𝑤(𝜔, 𝑥, 𝐵) = √
𝐷(𝜔,𝑥,𝐵).𝜏

1+𝑗.𝜔.𝜏
             (22) 

The general solution of Equation (22) is given by: 

𝛿(𝜔, 𝑥, 𝐵) = 𝐴. cosh (
𝑧

𝐿(𝜔,𝑥,𝐵)
) +  

𝐵. sinh (
𝑧

𝐿(𝜔,𝑥,𝐵)
) + 𝐾. 𝑒−𝛼(𝜆,𝑥).𝑧           (23) 

𝐾 =  
𝛼(𝜆,𝑥).𝐼0(𝜆,𝑥).(1−𝑁(𝜆,𝑥)).⌈𝐿((𝜔,𝑥,𝐵)⌉2

𝐷(𝜔,𝑥,𝐵)⌈𝐿((𝜔,𝑥,𝐵))2.𝛼2−1⌉
        (24) 

The constants A and B are determined from the following 

boundary conditions: 

1) At the back surface 

𝐷(𝜔, 𝑥, , 𝐵).
𝜕𝛿(𝜔,𝑥,𝑆𝑓,𝑆𝑏,,𝐻,𝑧,𝐵)

𝜕𝑍
|𝑧=𝐻 =  

−𝑆𝑏 . 𝛿(𝜔, 𝑥, 𝑆𝑓, 𝑆𝑏, , 𝐻, 𝑧, 𝐵)|𝑧=𝐻          (25) 

2) At the junction 

D(𝜔, 𝑥, , 𝐵).
𝜕𝛿(𝜔,𝑥,𝑆𝑓,𝑆𝑏,,𝐻,𝑧,𝐵)

𝜕𝑍
|𝑧=0 =  

𝑆𝑓 . 𝛿(𝜔, 𝑥, 𝑆𝑓, 𝑆𝑏, , 𝐻, 𝑧, 𝐵)|𝑧=0         (26) 

4. Results and Discussion 

In this study, a numerical analysis of the optoelectronic 

properties of a single-junction 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 alloy-based so-

lar cell is carried out, focusing on the influence of key param-

eters such as the indium fraction 𝑥, the incident wavelength λ, 

the recombination velocity at the junction, and the base thick-

ness H. The simulations are performed under the following 

conditions: a magnetic field fixed at B = 5 × 10⁻⁵ T, a recom-

bination velocity at the back surface of 2 ×  10² 𝑐𝑚 · 𝑠⁻¹, 

and a doping rate N = 1019 cm-3, in order to isolate the effect 

of the parameters studied. 

4.1. Absorption Coefficient 

This section analyses the variation of the absorption coeffi-

cient as a function of the wavelength. It allows identifying the 

spectral range efficiently absorbed by the cell for different val-

ues of the wavelength a 𝑥 = 0,1. 

 
Figure 2. Impact of wavelength and indium fraction on the absorp-

tion coefficient 𝑥 = 0,1. 

Figure 2 shows that the absorption coefficient α globally 

decreases with increasing wavelength λ. It reaches a maxi-

mum value of approximately 1.8 ×  10⁵ 𝑐𝑚⁻¹ in the short-

wavelength range, then gradually decreases to about 1.3 ×

 10⁵ 𝑐𝑚⁻¹ for λ ≈ 1.2 μm. This evolution reflects the de-

crease in photon energy: as it approaches the bandgap energy, 

absorption becomes less efficient [11, 20]. 

4.2. Generation Rate 

Figure 3 presents the evolution of the optical generation rate 

g (𝑐𝑚−3. 𝑠−1) as a function of wavelength for different val-

ues of the indium fraction x in the 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 alloy. Its ex-

pression is defined as follows: 

 
Figure 3. Variation of the carrier generation rate as a function of the 

normalized wavelength for different indium compositions and depths 

within the base region (z = 2 µm). 

Figure 3 presents the evolution of the optical generation rate 
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g as a function of the wavelength λ for different indium frac-

tions x in the 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 alloy. 

It is observed that, for all compositions, the generation rate 

increases rapidly at short wavelengths, then reaches a maxi-

mum located around λ ≈ 0.68 μm, with values reaching up to 

g ≈ 5 × 10²² 𝑐𝑚⁻³ · 𝑠⁻¹ for low indium fractions (x ≈ 0.1). 

This region corresponds to strong optical absorption and effi-

cient generation of electron-hole pairs. 

Beyond this zone, the generation rate exhibits fluctuations 

followed by an overall decrease as the wavelength increases. 

This decrease is related to the reduction in photon energy, 

making interband transitions less efficient as the photon en-

ergy approaches the bandgap energy. 

The influence of the indium fraction is also significant: an 

increase in x leads to a progressive decrease in the amplitude 

of the generation rate. Indium-rich compositions (x ≥ 0.5) 

show lower values of g, which can be attributed to the degra-

dation of the crystalline quality of the material and to the in-

crease in non-radiative recombination mechanisms. 

Thus, low indium fractions appear more favourable for high 

optical generation, reflecting a compromise between efficient ab-

sorption and the limitation of recombination losses [3, 5, 21]. 

4.3. Diffusion Coefficient 

Figure 4 illustrates the variation of the complex minority-

carrier diffusion coefficient, Dn, with the logarithm of the 

modulation frequency, log (Wm), for various indium mole 

fractions, x. The angular frequency ω is related to the modu-

lation frequency Wm by ω=2πWm. 

 
Figure 4. Variation of the minority-carrier diffusion coefficient with 

modulation frequency for various indium mole fractions, under the 

conditions B=5×10−5 T. 

Figure 4 reveals that the minority-carrier diffusion coeffi-

cient remains almost constant in the low-frequency region, 

with values ranging from 15 to 21 𝑐𝑚. 𝑠−1  as the indium 

mole fraction increases from x = 0.1 to x = 0.5. This trend can 

be attributed to the decrease in the effective mass and the re-

sulting improvement in carrier mobility. For 7 ≤ log (Wm) ≤ 

9, a pronounced drop in Dn is observed for all indium compo-

sitions, marking the transition to a dynamic transport regime 

where ωτ ≈ 1. At higher frequencies, carrier transport is sig-

nificantly hindered, emphasizing the critical role of fre-

quency-dependent transport phenomena in InGaN solar cells. 

4.4. Photogenerated Current Density 

Figure 5 shows a comparative study of the photocurrent 

density Jph (defined in equation (27)) as a function of wave-

length for seven different values of the active layer thickness 

H, ranging from H = 1 μm to H = 7 μm, allowing a systematic 

assessment of how this parameter affects the device's optoe-

lectronic properties. 

𝐽𝑝ℎ(𝜔, 𝑥, 𝑡, 𝑠𝑏 , 𝑠𝑓 , 𝐻, 𝐵) = 𝑞.
𝜕𝛿(𝜔,𝑥,𝑡,𝑠𝑏,𝑠𝑓,𝐻,𝑧,𝐵)

𝜕𝑧
|𝑧=0    (27) 

 
Figure 5. Photocurrent density profile as a function of wavelength 

for different values of thickness H for 𝑥 = 0,1, λ = 0,68 µm, B = 5 

×  10−5 T, Sb = 2 × 10² cm·s-1 et Wm = 8.108Hz. 

For H = 1 μm, Figure 5 shows that all the curves have three 

regimes: a steady increase of Jph for 0 ≤ λ ≤ 0.48 μm, a max-

imum plateau between 0.044 and 0.046 A·cm−2 for 0.48 μm 

≤ λ ≤ 0.66 μm, and then a decline to residual values for λ > 

0.84 μm. Jph increases with H until it saturates at H ≥ 3 μm, 

while H = 2 μm is a critical threshold below which absorption 

drops by 15–20%. A dip around λ ≈ 0.66–0.80 μm and oscil-

lations in the 0.84–1.0 μm range reflect, respectively, an opti-

cal resonance and interference effects in the layer. 

4.5. Current-Voltage Characteristic 

Many studies on single-junction InGaN solar cells have 

shown that increasing the indium fraction improves optical ab-

sorption and photocurrent, but it usually comes with a de-
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crease in open-circuit voltage and fill factor, revealing an in-

trinsic trade-off between current and voltage. [6, 18]. Here’s 

the expression for the photovoltage: 

𝑉𝑝ℎ(𝜔, 𝑥, 𝑡, 𝑠𝑏 , 𝑠𝑓 , 𝐻, 𝐵) =
1,38.10−23.𝑇

1,6.10−19 . ln (1 +
𝑁𝑏

𝑛𝑖(𝑥)
2 [𝐴. (𝜔, 𝑥, 𝑡, 𝑠𝑏 , 𝑠𝑓 , 𝐻, 𝑧, 𝐵) + 𝐾(𝜔, 𝑥, 𝑡, 𝑠𝑏 , 𝑠𝑓 , 𝐻, 𝑧, 𝐵)])    (28) 

 
Figure 6. Current-voltage (I-V) characteristics as a function of the 

indium fraction x for: λ = 0,68 µm, B = 5 ×  10−5 T, Sb = 2 × 10² 

cm·s-1 et Wm = 8.108Hz. 

The figure shows that the short-circuit current stays almost 

constant (J𝐶𝑆 ≈ 0.066–0.067 A·cm−2) for x ∈ [0.1; 0.2], as the 

improvement in optical absorption is balanced by increased re-

combination [1, 22]. On the other hand, 𝑉𝑐𝑜  gradually drops 

from 2.793 V to 2.456 V as x increases, revealing a fundamental 

trade-off: the gain in current doesn’t make up for the loss in 

voltage, which limits the performance of the single-junction 

InGaN cell. 

Table 2. Electrical settings extracted from I-V characteristics. 

Indium frac-

tion x 
λ (μm) Jsc (A·cm−2) Voc (V) 

0,10 0,68 ≈ 0,0679 2,79 

0,20 0,68 ≈ 0,0668 2,45 

4.6. InGaN Cell Power 

4.6.1. Optimization of the Indium Fraction 

Figure 7 shows how the electric power of an InGaN-based 

solar cell changes depending on the recombination rate at the 

Sf junction (cm·s-1), for different indium mole fractions x 

ranging from 0.1 to 0.8. 

 
Figure 7. Effect of the composition x on the electric power of an 

InGaN cell for x = 0,1, λ = 0,68 µm, N = 10¹⁹ 𝑐𝑚−3, B = 5 ×  10−5 

T, Sb = 2 × 10² cm·s-1 et Wm = 8.108Hz. 

Figure 7 shows the electrical power of the InGaN cell as a 

function of Sf for different molar fractions x. All the curves 

show a peak around Sf ≈ 4·10⁴ cm·s-1, followed by a decrease 

due to surface recombination. The maximum power drops sig-

nificantly as the indium fraction increases, going from 0.023 

W·cm-2 for x = 0.1 to 0.012 W·cm-2 for x = 0.8. This trend 

confirms that low indium contents provide a better spectral 

match with the wavelength λ = 0.68 µm, leading to better pho-

tovoltaic performance. 

4.6.2. Wavelength Optimization 

Figure 8 shows the change in the electric power of an 

InGaN solar cell as a function of the logarithm of the recom-

bination rate at the junction log (Sf), for different wavelengths 

λ ranging from 0.38 µm to 0.76 µm. 

 
Figure 8. Influence of wavelength on the power of InGaN cells for 

Wm = 8 × 108 Hz, x = 0,1, 𝑆𝑏 =  2 ×  102𝑐𝑚 · 𝑠−1, H = 1,5 µm 

et B = 5 × 10⁻⁵ T. 
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All the curves show a rapid increase in power up to a stable 

plateau around log (Sf) ≈ 4. Beyond this value, the power de-

creases slightly due to increasing surface recombinations. The 

maximum power is obtained for λ = 0.68 µm, with a value 

close to 0.026 W·cm-2, which indicates an optimal spectral 

match with the bandgap of the InGaN alloy for x = 0.1. Con-

versely, wavelengths further from this value, particularly λ = 

0.76 µm, lead to the lowest powers due to less efficient ab-

sorption of incoming photons. These results highlight the im-

portance of choosing the right illumination wavelength to op-

timize the photovoltaic performance of the InGaN cell. 

4.6.3. Optimizing the Base Thickness 

 
Figure 9. Influence of Thickness on the Power of InGaN Solar Cells 

at Wm =8×108 Hz, x=0.1, λ=0.68μm, Sb=2×102cms−1, and 

B=5×10−5T. 

Figure 9 presents the electrical power output of the 

𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 solar cell as a function of the logarithm of the 

junction recombination velocity, log (Sf), for various base 

thicknesses, H, ranging from 1 μm to 2.5 μm. This analysis 

highlights the influence of the base thickness on the power-

generating capability of the device under different recombina-

tion conditions. 

All the curves show a peak around log (Sf) ≈ 4, followed by 

a slight decrease due to an increase in surface recombinations. 

The maximum power increases with the thickness of the base, 

going from about 0.016 W·cm-2 for H = 1 µm to 0.021 W·cm-

2 for H = 1.5 µm. Beyond this value, the power slightly de-

creases for thicknesses of 2 µm and 2.5 µm. This behaviour 

can be explained by the fact that an optimal thickness pro-

motes better absorption of incident photons while limiting 

losses related to carrier diffusion and recombination. Thus, a 

thickness of H = 1.5 µm appears to be the optimal value for 

achieving the best photovoltaic performance under the consid-

ered simulation conditions. 

4.7. External Quantum Efficiency (EQE) 

Figure 10 shows the variation in the external quantum effi-

ciency (EQE) (defined by Equation (31)) of an 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁, 

plotted both as a function of wavelength for a fixed indium 

fraction (x = 0.1), and as a function of the indium fraction x 

for a given wavelength (λ = 0.68 μm), in order to analyse the 

combined influence of spectral and compositional parameters 

on the efficiency of photogenerated carrier collection. The ex-

ternal quantum efficiency (EQE) is expressed as follows: 

EQE(𝜔, 𝑥, 𝑁, 𝐵) =  
𝛼(𝜆,𝑥)×𝐿(𝜔,𝑥,𝑁,𝐵)

𝛼(𝜆,𝑥)×𝐿(𝜔,𝑥,𝑁,𝐵)+1
        (29)

 
Figure 10. External quantum efficiency (EQE): (c) as a function of wavelength for x = 0.1, (d) as a function of the indium fraction x at λ = 

0.68 µm. 

The external quantum efficiency of the 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 cell 

shows little spectral dependence, with a moderate drop from 

95.6% to 94.2% as the wavelength increases (Figure 10c). The 

EQE rises slightly at short wavelengths, peaks, and then grad-

ually decreases due to the lower photon energy and absorption 

coefficient near the gap, leading to less efficient carrier gener-

ation and collection. 

On the other hand, the EQE depends heavily on the indium 

fraction, hitting a minimum of around 94.7% at about x ≈ 0.2 

before rising to 97.1% for indium-rich compositions. The in-

crease in EQE for x > 0.5 (Figure 10d) reflects better carrier 
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collection in the depletion region, while the overall generation 

rate drops due to non-radiative recombination dominating in 

the quasi-neutral regions, which explains why EQE can go up 

even with reduced overall generation. 

 

4.8. Performance Yield 

Figure 8 shows how the efficiency of the solar cell changes 

depending on the indium fraction x for different wavelengths 

of the solar spectrum. This analysis helps to assess the com-

bined impact of indium composition and spectral response on 

the overall performance of the cell. Here’s the expression for 

the efficiency: 

𝜂(𝜔, 𝑥, 𝑡, 𝑠𝑏 , 𝑠𝑓 , 𝐻, 𝐵) =
𝐽𝑝ℎ(𝜔,𝑥,𝑡,𝑠𝑏,𝑠𝑓,𝐻,𝐵)×𝑉𝑝ℎ(𝜔,𝑥,𝑡,𝑠𝑏,𝑠𝑓,𝐻,𝐵)×𝐹𝐹(𝜔,𝑥,𝑡,𝑠𝑏,𝑠𝑓,𝐻,𝐵)

𝑃𝑖𝑛
                 (30)

With Pin = 1000 𝑚𝑊. 𝑐𝑚−2 for AM1.5 the incident power. 

 
Figure 11. Efficiency of the solar cell as a function of the indium 

fraction x for different wavelengths: Wm = 8 × 108 Hz, x = 0,1, Sf = 

2 × 10² cm·s-1, Sb = 2 × 10² cm·s-1, H= 1,5 µm and B = 5 × 10⁻⁵ T. 

The figure shows the evolution of the efficiency as a func-

tion of the indium fraction for different wavelengths. For λ = 

0.68 µm, the efficiency decreases monotonically with x, drop-

ping from 24% (x = 0.1) to less than 3% (x = 0.9), confirming 

the dominance of non-radiative recombination losses for in-

dium-rich compositions. In contrast, for λ = 0.72 µm, the effi-

ciency remains systematically lower than the other curves 

over the entire x range (18.5% at x = 0 versus 24% for the other 

wavelengths), while following the same decreasing trend, sug-

gesting that absorption in this spectral range remains less fa-

vourable for carrier collection. The maximum efficiency (28%) 

is reached for x ≈ 0.13 with λ = 0.68 µm, identifying this com-

position as optimal for single-layer applications. The effi-

ciency of about 28% obtained in this study results from a nu-

merical approach based on optimized conditions. Previous 

studies report similar, or even higher, performances in theo-

retical models of idealized InGaN cells [6, 23]. 

In contrast, current experimental realizations remain lim-

ited, with efficiencies generally below 5% due to technologi-

cal constraints such as crystalline defects and difficulties in p-

type doping [23]. 

These results should therefore be interpreted as an estimate 

of the maximum theoretical potential achievable under ideal 

conditions [13]. 

Table 3. Summary of Key Parameters — 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 Solar Cell. 

λ (µm) x H (µm)  η (%) Pmax (W·cm-2) 

0,68 ≈0,13 1,5  28 ≈0,028 

0,68 0,2–0,5 1,5  25–12 0,025–0,012 

0,68 0,6–1 1,5  <8 ≤0,008 

 

This study shows that a composition x ≈ 0.13, a thickness 

H = 1.5 µm and a wavelength λ = 0.68 µm make it possible to 

achieve a maximum efficiency of about 28%. Increasing the 

indium fraction improves optical absorption but promotes 

non-radiative recombination for x > 0.5. Multi-junction struc-

tures constitute a promising path toward improving perfor-

mance. 

5. Conclusion 

This study enabled a systematic analysis of the optoelec-

tronic properties of a single-junction 𝐼𝑛𝑥𝐺𝑎(1−𝑥)𝑁 solar cell 

as a function of the main structural and spectral parameters. 
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The results obtained reveal that increasing the indium fraction 

improves optical absorption and broadens the spectral re-

sponse toward longer wavelengths, but is accompanied by a 

degradation of crystalline quality for x > 0.5, resulting in an 

intensification of SRH-type non-radiative recombination and 

a progressive decrease in open-circuit voltage. The power 

analysis revealed the existence of an optimal base thickness 

(H ≈ 1.5 µm) beyond which recombination effects dominate 

the gain provided by additional absorption. The external quan-

tum efficiency, although showing a minimum at x ≈ 0.2, in-

creases for indium-rich compositions, reflecting a concentra-

tion of absorption in the depletion region favourable to carrier 

collection. The maximum conversion efficiency (28%) is ob-

tained for x = 0.13 with λ = 0.68 µm, identifying this compo-

sition as optimal for single-junction applications. These re-

sults highlight a fundamental trade-off between optical ab-

sorption and electrical quality, and suggest that adopting a 

multi-junction architecture constitutes a promising path to 

overcome the limitations inherent to the single-junction cell 

and make more effective use of the solar spectrum. 
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