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Abstract. In this article, we propose a modelling and optimization of an 
InxGa1-xN based PV solar cell in the frequency-dynamic regime under monochro-
matic illumination. 

We first elaborated a mathematical model of the InxGa1-xN based solar cell in 
order to study its behaviour when subjected to monochromatic illumination in the 
frequency-dynamic regime. We were able to establish the electrical parameters as 
a function of the pulsation and wavelength of the illumination. 

Next, we optimized the indium proportion as a function of the nature of the 
illumination by simulating the efficiency of the PV solar cell, for different wave-
length of the illumination and values of the pulsation, as a function of the indium 
fraction. This enabled us to obtain, for an illumination pulsation ranging from 0 
to 106 rad. s−1, the optimum values for the indium fraction, which are xop = 0.28 
and xop = 0.26 respectively for wavelengths of 0.5 μm and 0.9 μm, corresponding 
to optimum efficiencies of 28.7% and 26.6% respectively. Above a pulsation of 
106 rad. s−1, the increase in pulsation leads to an increase in the indium fraction, 
resulting in a decrease in efficiency for both short and long wav elengths.

Keywords: Frequency · Optimization · Efficiency · Wavelength · Optimum 
indium fraction 

1 Introduction 

Fossil fuels, which emit high levels of carbon dioxide (CO2), account for the vast majority 
of the world’s energy consumption. These fuels account for almost 85% of the world’s 
energy consumption. Renewable energies (wind, photovoltaic) account for around 3% 
of global consumption [1]. To reduce the use of these polluting energies, the share of 
renewable energies in the energy mix should be considerably increased. Huge efforts 
are currently being made worldwide to develop these ‘clean’ renewable energies. 

There are many expectations in the photovoltaic (PV) sector: increased conversion 
efficiency, lower production costs, reduced environmental impact, and so on. Currently,
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the PV filière is largely dominated by crystalline silicon technology, with almost 93% of 
global production in 2016 [2]. However, the production of silicon-based PV solar cells 
remains costly and requires a large quantity of materials. In addition, silicon solar cells 
currently have a maximum laboratory efficiency of 25.6% [3], which is very close to the 
maximum theoretical limit for a single-junction cell [4]. As a result, the growing need 
for photovoltaic energy has prompted research into the use of other alternative materials, 
although this in no way means that research in the silicon field has come to a halt. Today, 
this wide-ranging research is focused mainly on thin-film technologies. These include 
technologies based on III-V materials, which are highly promising in terms of efficiency. 
InGaN alloys have a direct and variable band gap from 3.42 eV to 0.76 eV that covers 
the entire solar spectrum. They have a very high coefficient of absorption (105 cm-1) so 
that a few hundred nanometers of thickness are suffiscient for absorbing the majority of 
incident light. This alloy began to emerge as a promising material for PV applications 
after its considerable developments for light-emitting diode (LED) blues [5]. With the 
aim of contributing to the optimization of the electrical parameters of InGaN-based 
solar cells, we propose in this work the modelling and optimization of an InxGa1-xN-
based solar cell under monochromatic illumination in a dynamic frequency regime. A 
mathematical model will be proposed to obtain the various parameters of the solar cell. 

Finally, using simulation, we will propose an optimization method to 
Obtain the best performance from the solar cell. 

2 Mathematical Modelling 

2.1 Introducing the Solar Cell 

In this study, we consider a solar cell as shown in Fig. (1). The parameter H designates 
the thickness of the cell base. In practice, the dimensions of the base along the axes 
perpendicular to the z axis are very large compared with the depth of the solar cell. Thus, 
the current is neglected by these directions. By hypothesis, the diffusion coefficient of 
the minority carriers in the emitter is considered negligible compared with that of the 
base. Thus, our analysis is developed only on the base of the solar cell. We also take the 
origin of our reference frame from the emitter of the solar cell [6]. 

Fig. 1. Presentation of the InxGa1-xN based solar cell subjected to frequency illumination
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2.2 Optical Parameters 

Our study is based on (InxGa1-xN), where the magnitude x represents the indium fraction. 
The solar energy band gap is related to the indium fraction as follows [7]. 

Eg = x · EgInN + (1 − x) · EgGaN − b · x · (1 − x) (1)

where the energy of the band gap of l’InN (EgInN)  et  GaN  (EgGaN) are respectively 
0,7  eV  et  3,42  e  V et b = 1,43 eV.

The absorption coefficient is also given as a function of the indium fraction and the 
incident photon as follows [8]: 

α(λ, x) = 105
√
C(x)

(
Eph − Eg(x)

) + D(x)(Eph − Eg(x ))2 (2)

where Eph = 1,24/λ represents the energy of the photon and λ the w avelength.

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

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

The refractive index of the solar cell is given as a function of the photon energy and 
the indium fraction as follows [9, 10]: 

N (λ, x) =
√√√√A(x) · ( Eg

Eph 
)2 ·

[
2 −

√
1 + 

E ph
E g 

− 

√
1 − 

E ph
E g

]
+ B(x) (5)

where 

A(x) = 13,55 · x + 9,31 · (1 − x); B = 2,05 · x + 3,03 · (1 − x) (6)

2.3 Electronic Parameters 

The concentration of intrinsic carriers is also given by the indium fraction and takes the 
following form [10]: 

ni =
√
Nc · Nv · e 

− Eg
2·Kb ·T (7) 

With Nc and Nv being the density of state in the conduction band and valence band 
respectively. Their expressions are given respectively in the form: 

Nc = (0,9 · x + 2,3 · (1 − x)) · 10 9(IV − 8) (8)

Nv = (5,3 · x + 1,8 · (1 − x )) · 1019 (9)

The follows equation give the expression of the carrier’s effective mass [8] 

mn = (0,12 · x + 0,2 · (1 − x)) · m0 (10)

The intrinsic diffusion coefficient used in the simulation is [10]: 

D0 = Kb · τ · T
(0,12 · x + 0,2 · (1 − x) · m0

(11)
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2.4 Continuity Equation 

The equation governing the variation in the density of photo-generated minority charge 
carriers in the base of a photovoltaic cell in static equilibrium is [11]: 

D(ω) × 
∂2δ(z, t)

∂z2 
− 

δ(z, t )
τ 

=  −G(z,  α,  w, t) + 
∂δ(z, t)

∂t 
(12) 

With: 
δ (z, t) is the minority carrier density as a function of space z and time.

δ(z, t) = δ(z).e−j.ω .t (13)

G  (z,  α, ω, t) is the generation rate of carriers.

G(z,  α,  ω, t) = g(z, ω).e −j.ω.t (14)

with. 

g(z, ω) = α(λ, x).I0(λ).(1 − R(λ, x)).e−α(λ , x).Z (15)

where: 
I0(λ) is the intensity of the incident monochromatic light. 
R  (λ, x) and α (λ, x) are the reflection and absorption coefficients respectiv ely.
The continuity equation becomes, by replacing the Eq. (14) and (15) in (16): 

∂2δ(z, t )
∂z2 

− 
δ(z, t )
L2(ω) 

=  −  
g( z,ω)

D(ω) 
(16) 

L(ω) is the complex of the diffusion length in the base [7], 

L(ω) =
√

D(ω).τ 
1 + j.ω.τ 

(17)

The solution to this equation gives: 

δ(z,  ω)  = A · cosh
(

z

L(ω)

)
+ B · sinh 

(
z

L(ω)

)
+ K · e−α(λ,x)· z (18)

with: 

K = 
α(λ, x) · I0(λ, x) · (1 − N (λ, x )) · [L(ω)�2

D(ω)
⌈
L(ω)2 · α2 − 1 

] (19)

The coefficients A and B are determined through the boundary conditions [10]: 

• At the junction: 

D(ω) · ∂δ(z , ω)

∂Z

∣∣∣∣
z=0 

= Sf · δ(z,  ω)
∣∣
z=0 (20)



42 B. Fickou et al.

• on Back face: 

where Sf and Sb are the recombination speeds at the junction and at the back of the solar 
cell, respectively. 

D(ω) · ∂δ(z , ω)

∂z

∣∣∣∣
z=H 

=  −  Sb · δ(z,  ω  )|z=H (21)

As a function of the minority carrier density in the base, the photocurrent density is given 
by the expression (22)  [11]: 

Jph = q · D(ω) · ∂δ (z, ω)

∂z

∣∣∣∣
z=0 

(22) 

When the solar cell is illuminated, a photovoltage is produced, the expression for 
which is given by Boltzmann’s Eq. (23)  [12]: 

Vph = VT · ln ·
(
1 + 

Nb

n2 0 
· ∂δ(z,  ω)

∣∣∣∣∣
z= 0

)
(23)

The diode current is a leakage current which characterizes the losses of charge 
carriers. 

photogenerated. It is given by the following relationship [13]: 

Id
(
Sf ,  ω

) = q · Sf · n
2
0

Nb 

⎛ 

⎝e

(
Vph(Sf ,w )

VT − 1 

⎞ 

⎠ (24)

Equations (22), (23) and (24) give the expression for the electrical power supplied 
by the solar cell for monochromatic illumination: 

P(Sf ,  ω)  = (
Jph

(
(Sf ,  ω)  − Id

(
Sf ,  ω  

)) × Vph(Sf , ω) (25)

3 Results and Discussion 

3.1 Power Study 

Figure (2) shows the power as a function of the recombination rate for different frequency 
values. 

These power profiles as a function of the recombination rate Sf can be analysed along 
three axes: 

• For values of Sf between 0 and 2.102 cm.s−1 the power is almost zero, which can be 
explained by the fact that at this speed range the photocurrent density is low or even 
zero due to the proximity of the open circuit [6].

• From 3.102 to 4.104 cm.s−1 the power increases progressively until it reaches its 
maximum value, which corresponds to the maximum power of the solar cell.
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Fig. 2. Power as a function of recombination speed for different modulation frequency values (H 
= 3 μm, λ = 0,5 μm, x = 0,3, Sb = 2.10 2 cm.s−1).

• Above 4.104 cm.s−1 the power decreases sharply until it is completely cancelled out. 
This can be explained by the fact that as the solar cell approaches the short-circuit 
operating point, the voltage will tend towards zero [12]. 

We can also see that the maximum power value decreases with frequency. So we can 
say that an increase in frequency leads to a decrease in power. 

3.2 Optimization of the Indium Fraction as a Function of the Pulsation 
and Wavelength of the Illumination 

Our approach consists of simulating the efficiency of our solar cell for a wavelength λ 
equal to 0.5 μm and 0.9 μm as a function of the indium fraction for different frequency 
values. This method will enable us to obtain the optimum values for the indium fraction 
and the frequency, which will give the highest efficiency .

Figures (3) and (4) show the variation of the photocell efficiency as a function of the 
indium fraction for different values of the frequency for wavelengths λ = 0.5 μm and λ 
= 0.9 μm r espectively.

In Figs. (3, 4), as the indium fraction increases, we note an increase in the efficiency 
until it reaches a maximum which corresponds to its optimum value for a fixed frequency 
and wavelength. We also note that the maximum efficiency decreases as the frequency 
increases beyond 106 rad.s−1. This is because high frequencies do not allow minority 
carriers to diffuse, as many of them will be recombined either in the bulk or on the surface 
of the solar cell. This explains the decrease in the diffusion coefficient [12], which means 
that the maximum efficiency decreases with frequency. 

For a given frequency, the optimum indium fraction is obtained when the conversion 
efficiency reaches its maximum. Tables 1 and 2 summarise the optimum values for 
the indium fraction at wavelengths of 0.5 μm and 0.9 μm respectively, as well as the 
optimum electrical parameters of the solar cell as a function of pulsation: short-circuit
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Fig. 3. Cell efficiency as a function of indium fraction for different frequency values (λ = 0.5 
μm, H = 3 μm, Sf = 6.106 cm.s−1,  Sb  = 2.10 2 cm.s−1.)

Fig. 4. Efficiency as a function of indium fraction for different frequency values (λ = 0.9 μm, H 
= 3 μm, Sf = 6.106 cm.s−1,  Sb  = 2.10 2 cm.s−1).

current, open-circuit voltage, series and shunt resistances and conversion efficiency, for 
different frequencies of illumination. 

We note that for both wavelengths, we have an increase in the optimum indium frac-
tion for frequencies above 106 rad. s−1. This corresponds to a decrease in the efficiency 
of the solar cell. On the other hand, for pulses ranging from 102 to 106, the optimum 
indium fraction is independent of frequency but decreases slightly as the length increases 
from 0.5 μm  to  0.9  μm.

We also note that the optimum indium fraction is more sensitive to higher frequencies 
when the wavelength is short.
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Table 1. Optimum values for the indium fraction and electrical parameters for λ = 0,5 μm

ω(rad/s) Xop Jccop(A/cm2) Vcoop(V) Rshop (Ω.cm3) Rsop (Ω.cm2) Ƞ (%) 

102 to 106 0.28 0.071 3.8 8.5 104 0.3 28.7 

107 0.30 0.048 3.6 5.5 104 0.26 28.6 

108 0.44 0.033 2.7 2.6 104 0.18 26.3 

Table 2. Optimum values for the indium fraction and electrical parameters for λ = 0,9 μm

Ω (rad/s) Xop Jccop (A/cm2) Vcoop(V) Rshop (Ω.cm3) Rsop (Ω.cm2) Ƞ (%) 

102 to 106 0.26 0.061 3.1 4,5 104 0.28 26.6 

107 0.31 0.035 2.8 2.7 104 0.20 26.4 

108 0.36 0.022 1.7 1.6 104 0.10 26.3 

4 Conclusion 

In this paper we have modelled the electrical parameters of a thin-film solar cell based on 
indium gallium nitride as a function of the pulsation and wavelength of the illumination. 
Simulation of the power as a function of the recombination rate at the junction for 
different pulsations shows that as the recombination rate increases, the productivity of 
the cell decreases. 

We simulated the effect of the light modulation frequency and wavelength on the 
optimum indium fraction and on the power and efficiency of the solar cell. 

For wavelengths equal to 0.5 μm and 0.9 μm, we obtained optimum values for the 
indium fraction xopt equal to 0.28 and 0.26 respectively, corresponding to efficiencies 
equal to 28.6% and 26.6% respectively. 
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