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Abstract

This work focuses on the modeling and optimization of an InxGa(1-x)N based on photovoltaic cell subjected to a magnetic field
under monochromatic illumination. Using a mathematical model adapted to our photovoltaic cell, we solved the continuity
equation for excess minority carriers in the base in the presence of the magnetic field. This solution enabled us to determine
several fundamental parameters of the photovoltaic cell as a function of the intensity of the applied magnetic field, including: the
density of excess minority carriers in the base, the short-circuit current (Jcc), the open-circuit voltage (Moc), the power (P), the
form factor (FF), and the efficiency (n). We then conducted a numerical simulation to optimize the indium fraction (x) as a
function of the applied magnetic field and evaluate the impact of the latter on electrical performance, in particular power and
efficiency. Analysis of the results shows that low magnetic field values (B< 107 T) have virtually no effect on the efficiency of
the photovoltaic cell. However, efficiency gradually decreases for more intense fields (B > 10 T). The best performance of the
photovoltaic cell was obtained for an indium fraction x = 0.5 and a base thickness H=0.2pm. These optimal conditions result in a
maximum efficiency 1 = 28.40%, with a short-circuit current Jec = 0.024 A.cm’, an open-circuit voltage Voc = 1.3 V, and a form
factor FF = 90.2%. This efficacy value obtained is close to the 28.53% value reported by F. B. Pelap et al (2021), suggesting good
agreement between studies.
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1. Introduction

Today, the most commonly used material in the manufac-  efficiency is low. In order to improve the efficiency of pho-
ture of photovoltaic solar panels is silicon. However, in op-  tovoltaic cells and reduce the space required for large-scale
toelectronics and fast electronics, the properties of silicon are installations and to produce cheaper solar cells, it would be
insufficient, as it has relatively low carrier mobility and an  worthwhile to focus our research on other types of semicon-
indirect electronic transition [1]. As a result, its conversion  ductor materials that can meet these challenges. Among these
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materials, I11-V semiconductors such as indium gallium
nitride (InGaN) have interesting properties because they have
a wide spectral coverage ranging from near infrared (InN gap
=0.7eV) to ultraviolet (GaN gap = 3.39eV), a direct electronic
transition, and a gap energy that can be modulated with the
indium fraction, a high absorption rate, and strong interatomic
bonds. This makes it a promising material for electronic and
photovoltaic applications [1].

These particular physical properties have led to extensive
research into different InGaN basis solar cell structures in
recent years.

InGaN was first proposed for photovoltaic applications in
2003 by J. Wu et al. [2], highlighting its tunable energy gap
and resistance to high-energy radiation.

Several studies have been conducted, including the fol-
lowing:

Bouzid and Ben Machiche [3] simulated the spectral re-
sponse and current-voltage characteristics using a simulation
program designed in Visual Basic 5. The achievable effi-
ciency can be improved to 34% and 37% for tandems with
double and triple junctions respectively, obtained under
AML.5 illumination of 1 sun and at room temperature, using
realistic materials.

A. Khettou et al.[4] conducted a numerical study in 2020 on
an InGaN/GaN Schottky photovoltaic cell under AM1.5
illumination, obtaining an optimal efficiency of 21.69% for an
optimal indium concentration of 54%; however, VVco and Icc
were not specified.

In 2021, F. B. Pelap [5] examined the best indium fraction
(x) and critical depth (H) through numerical simulation of a
single-junction photovoltaic (PV) cell (InxGal-xN) with the
aim of optimizing its electrical efficiency. The best indium
fraction and depth of the solar cell at the point of optimal
electrical power are x = 0.6 and H = 1um (In0.6Ga0.4N),
respectively. Furthermore, under standard irradiation condi-
tions (0.1 W.cm?, T=25<C), they found maximum electrical
power and efficiency to be approximately 28.53 mw.cm? and
28.53%, respectively.

With the development of telecommunications, we will see
antennas installed in many locations, and these photovoltaic
cells are likely to be subjected to magnetic fields that can
disrupt their operation.

Our contribution focuses on the effect of magnetic fields on:
short-circuit current, open-circuit voltage, power, and con-

version efficiency.

2. Theoretical Study

2.1. Presentation of the Model

The study focuses on a photovoltaic cell, one-dimensional
in static conditions under monochromatic illumination. It is
illuminated so that the radiation is perpendicular to the plane
of the emitter, as shown in Figure 1 below.
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Figure 1. Presentation of an Inx Ga(1-x) N based on photovoltaic
cell subjected to a magnetic field.

2.2. Optical Parameters of the Material

Gap energy
The gap energy is modulated according to the fraction of
indium denoted x through equation (1) [6, 7]:

E, = x. EgmN +(1 - x).EgGaN —b.x.(1—x) @

With E,™" being the band gap energy of the binary alloy
InN and E,“*" being the band gap energy of the binary alloy
GaN. Their values are 0.7 eV and 3.42 eV, respectively. The
curvature parameter is denoted by b and its value is 1.43 eV.

Absorption coefficient:

A semi-empirical model is used to evaluate this quantity,
adjusting the experimental data according to photon energy
and indium content.

The absorption coefficient is expressed as follows [5, 9,
10]:

a(2,x) = 10%/C(0). (Epn — Eg(x) + D(x). ((Epn — Eg(x))? )

C =3,525—18,29.x + 40.22.x% — 37,52.x% + 12,77.x* (3)

The refractive index is given by the following formula (6)

D = —0.6651 + 3.616.x — 2.460. x> (4)  [4-11]:
1,24
Epph = — (5) A E E
ph = 2 = Zph [ _Zph
A photon n(x, ) = \](@)2 [2 \/1 + 2 \/1 Eg] + B (6)
Eg

The reflection index:

180


http://www.sciencepg.com/journal/ajee

American Journal of Energy Engineering

http://www.sciencepg.com/journal/ajee

With
A=1355.x+931.(1—x) @

B =2,05.x + 3,03.(1 — x) ©)

2.3. Electrical Parameters

Intrinsic concentration:
It is related to the indium fraction by the following rela-
tionship [12]:

—Eg

ni =1[Nc.Nv.eW (9)

Where N¢ and Ny, are the respective state densities of the
conduction band and valence band. They are represented by
the following expressions:

Ne = ((0,9.x +23.(1 —x)).10%® (10)
Ny = ((53.x +1,8.(1 —x)).10*° (11)

Effective mass of carriers
The effective mass of carriers is given by the following
relationship: [13]

m, = ((0,12.x + 0,2. (1 — x))m, (12)

Diffusion coefficient:
Itis expressed in the presence of a magnetic field as follows
[14-16]:

«__ Dn
" 1+(unB)?

(13)

Where D,, is the diffusion coefficient in the absence of a

8n(x, B, Sf, Sb, 4, H, z) = Acosh (

with

magnetic field, given by equation (14), and y,, is the mobility
of minority carriers in the base.

_ KpT.1n

D, (14)

mn
w is the lifetime of minority carriers in the base and T
represents the temperature.
Excess minority carrier density in the base:
The minority carrier density of the base is obtained by
solving the continuity equation according to the mathematical
model presented as follows [17, 18]:

028n(x,B,Sf,Sb,A,H,z) 8n(x,B,Sf,Sb,A,H,z) G(x,z,A)
022 L2(x,B) ~ D*xB)

(15)

Where dn(x,z,A,B) is the minority carrier density of the base,
L is the diffusion length defined by:

L= B (16)

G(x) represents the number of charges created per unit
volume for a given irradiation:
It is expressed as:

G(x,2,2) = Bo(A). a(A, x). (1 — R(A, x)).e=30)7 (17)

Where @,( 4) represents the incident photon density per
unit wavelength, R(A,x) represents the reflection coefficient,
and its expression is given by [19]:

R = ()’ (18)

ni+n;

With n; the air index and n, the InGaN index
The solution to such an equation takes the form:

z

L(x.B)

) + Bsinh (L(;B)) + Ke~x(x)z (19)

K =

_ a(1,%).00(1).(1-R(A4,x)).Tn (20)
a(A,x)2.L(x,B)%2—1

The constants A and B are determined using the boundary conditions [20, 21].

1). At the junction z = 0, we have:

a8n(x,B,Sf,Sb,A,H,z)

oz lz=0 = D*(x,B)

2). At the rear face z=H we have:

a8n(x,B,Sf,Sb,A,H,z)

n(x, B, Sf,Sb, A, H, z) | ,—¢ (21)

9z lz=n = D*(x,B)

8n(x, B, Sf,Sb, A, H, 2) | ,— (22)

Sf and Sb are the recombination velocities of minority carriers at the junction and at the rear surface, respectively.
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Solving the system formed by the two equations gives:

(%—x(ﬂ,@).e—“@xw +< Df}’: B)+o<(,1,x)>.L(x.B).x

A=K|. (23)
FLGEB).
SDL*(X,';)X”
—L(x.B).y<D*f£ X () )4 SLLED | o= (A0) e~ H
B=K|. SFLB)X < ) (24)
D*xB) ¥
Photocurrent density:
This is obtained from the density of excess minority carriers in the base according to the following relationship [22-24]:
Jph(x H, 2,B,S,Sb) = q.D" (x, B) ZAEHAESDD || (25)
This allows us to obtain:
Jph(x,H, 4, B, Sf, Sb) = q.D*(x, B). <$ - K. (4, x)> (26)
Photovoltage:
When a photovoltaic cell is illuminated, a voltage appears across its terminals, given by Boltzmann's equation [25-27]:
Vph(x, H, A, B, Sf, Sb) = Vy.In (1 + 2 8n(x,H, ,B, Sf, Sb, z)|z=0) @7)
Where N, is the doping level of the base in impurity atoms: N, = 10" cm™[13].
V7 is the thermal voltage:
Vp =2 (28)
q
q: is the elementary charge;
Kg: Boltzmann's constant: Kz = 1.38. 10‘23]/0K;
T: the temperature, which is set at 300K throughout our work
This gives us:
Vph(x,H, 4, B, Sf, Sb) = % In [1 +2b 4 - K)] (29)

Short-circuit current (Jcc):

The short-circuit current is obtained from the photocurrent limit when the recombination velocity at the junction tends towards
infinity.

It is therefore defined by the following expression [14]:

Jec(x,H,4,B,Sb) = lime_,oo Jpn(x,4,B,Sb,H) (30)

We then obtain:

(tgeco)esomn

X.Ln(x,B) X.Ln(x,B)

]CC(XI Hl)'l B; Sb) = q-D*(X, B)K

+o (x, 1) (31)

Open-circuit voltage (Voc):
This is obtained when the photovoltage limit as a function of the recombination rate at the junction tends toward zero [14]:
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V,.(x,H,1,B,Sb) = limsfq0 Vporn (%, H,4, B, Sb, Sf) (32)
Which gives us:
Voo ((x,H,4,B,Sb)) = % In [1 + %(p] (33)
With:
X.Ln(x,B).oc(x,A)+(%—o<(x,/1)).e'°‘(xmﬂ
¢ =K. v -1 (34)

3. Results and Discussion

3.1. Influence of Indium Concentration on Short-circuit Current and Open Circuit Voltage

Figure 2 show the variation in short-circuit current (a) and open-circuit voltage (b) as a function of base thickness for different
values of indium concentration and for fixed values of magnetic field, wavelength, and rear-surface recombination velocity.
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Figure 2. Short-circuit current (a) and open-circuit photovoltage (b) as a function of base thickness, for different values of indium concen-

tration. Sh=2.10% cm.s™%, 1=0.48um, B=0.000IT.

We can see in Figure 2(a) that the short-circuit current in-
creases proportionally with the indium concentration. This is
because an increase in indium concentration leads to a de-
crease in the band gap energy, thereby promoting an increase
in the flow of minority carriers that can cross the junction.

We can also note that the short-circuit current increases
with the thickness of the base up to a limit value for each
given indium fraction value.

Increasing the thickness of the base leads to an increase in
the minority carriers in the base, which enhances the flow of
particles that can cross the space charge region. However, this
thickness is limited to a maximum value.

In Figure 2(b), we see that the open-circuit photovoltage
decreases inversely to the short-circuit current for different
indium fraction values. This is because the energy gap of the

183

material decreases with increasing indium concentration, so
that the higher the indium fraction, the more minority carriers
can cross the junction. This leads to a decrease in the number
of carriers present at the junction and a drop in the
open-circuit photovoltage [5].

3.2. Influence of the Magnetic Field on the
Short-circuit Current and the Open Circuit
\oltage

Figure 3 shows the variations of the short-circuit current (a)
and open-circuit voltage (b) as a function of base thickness for
different magnetic field values and for fixed values of indium
fraction, minority carrier recombination velocity at the rear
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surface, and wavelength.
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Figure 3. Short-circuit current density (a) and open-circuit photovoltage (b) as a function of base thickness, for different magnetic field values.

Sb=2.10% cm.s™, A=0.48um, x=0.6.

In Figure 3a., we can see that:

1). For a very thin layer of 0.06 pm, the magnetic field has
almost no effect on the short-circuit current density.
This is because, for layers thinner than this, minority
carriers cross the junction without being blocked by the

magnetic field.
2).

Above this thickness, an increase in the magnetic field
causes a decrease in the short-circuit current density.

the magnetic field are responsible for the increase in

This drop is much greater than when the magnetic field

value is greater than 0.002T, which could be due to the
deflection of minority carriers before crossing the

junction.

In Figure 3b, we can see that the increase in the magnetic

Power

field causes a slight rise in the open-circuit photovoltage.
The minority carriers stored at the junction by the effect of

184

open-circuit photovoltage [28].

Similar work on silicon was carried out by Zoungrana et al.
[28] in 2017, Zerbo et al. [29] in 2016, and Diop et al. [14] in
2021, with effects related to the magnetic field similar to ours.

3.3. Influence of the Wavelength, the Indium
Fraction and the Base Thickness on the

Figure 4 shows the influence of wavelength on the power as
a function of the recombination velocity at junction of excess
minority carriers in the base.
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The photovoltaic cell was studied at several wavelengths
ranging from 0.4jum to 0.66 pm.

We can see that the maximum power was obtained at a
wavelength A=0.48m.

This wavelength, being very close to the peak of the solar
spectrum, would result in intense light, thus generating a
maximum number of photons and, consequently, maximum
power, which justifies the choice of this wavelength for all of
our work.

3.4. The Impact of the Indium Fraction and
Base Thickness on Power

Figure 5 shows the variation in power density as a function
of the recombination rate at the junction for different values of
indium concentration (a) and for different values of base
thickness (b).
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Figure 5. Power density as a function of recombination velocity at the junction for different values of indium concentration with H=0.02pm (a)
and different values of base thickness (b) for x=0.5, 2=0.48um, Sb=2.10% cm.s™*, B=0.0001T.

In Figure 5a, we see that the power increases with the in-
dium fraction for values of x between [0.4; 0.5] and above
x=0.5, the power decreases with the indium concentration, so
the best power value was obtained for x =0.5.

In Figure 5b, the power increases with the thickness of the
base up to 0.2 pm and then remains almost constant for the
other values of base depth chosen.

These variations in power as a function of indium concen-
tration and base thickness can be confirmed by the work
carried out by F. B. Pelap et al. [5] in 2021 based on a pho-
tovoltaic cell (InGaN).

Tables 1 and 2 illustrate the influence of indium composi-
tion (x) and base thickness (H) on power performance.

Table 1. Maximum power density (Pmax) as a function of indium concentration (x).

Pmax (W.cm™)

0.4

0.0282

0.5

0.0284

0.6

0.0265

185

0.7

0.0228

0.8

0.0184

0.9

0.0138

0.0093
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Table 2. Maximum power density (Pmax) and efficiency # as a function of base thickness (H).

H (pm) 0.01 0.05 0.1 0.2 0.6 0.8
Pmax (Wcm™®) 0.004 0.0161 0.0243 0.0284 0.0267 0.0267
n (%) 4 16.1 23.3 28.4 27.6 27.6

3.5. Influence of the Magnetic Field on the Power
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Figure 6. Power density as a function of the recombination velocity of minority carriers from the base to the junction for different magnetic

field values. Sb=2.10% cm.s, x=0.5, 2=0.48um, H=0.2um.

Figure 6 shows the variation in the power density as a
function of the recombination velocity at the junction for
different magnetic field values.

We can see in the figure above that, for values of the field B
> 1072 T, increasing the magnetic field applied to the photo-
voltaic cell reduces its power and therefore its efficiency.

This phenomenon can be explained by the fact that the drop
in photocurrent under the influence of the magnetic field is
greater than the corresponding increase in the photo voltage
generated.

Table 3 illustrates the variation in maximum power under
the effect of the applied magnetic field (B).

Table 3. Maximum power density (Pmax) as a function of the applied magnetic field (B).

B (T) 0.0001 0.0004 0.0008

Pmax (W.cm?)  0.0284 0.0284 0.0284

4. Conclusion

In this article, we present the modeling of an InGaN-based
photovoltaic cell subjected to a magnetic field. Solving the
continuity equation allowed us to determine the electrical
parameters of the cell, which were then simulated. The study
shows the importance of taking into account the effect of the
magnetic field when the solar cell is exposed to it and of

0.001

0.0284

186

0.002 0.004 0.008 0.01

0.0284 0.0281 0.025 0.0236

choosing the appropriate long pass and indium fraction,
parameters that must be considered when designing solar cells
for environments where a magnetic field is present.

We draw the following conclusions:

Magnetic field values of less than 0.001T have no effect on
the power supplied by the solar cell, whereas for field values
greater than 0.001T, the power gradually decreases.

The best performance of the photovoltaic cell is obtained
for an indium concentration x=0.5 with an optimal thickness
Hop=0.2pm, which corresponds to an efficiency n (%) =28.4
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and a short-circuit current density Jcc=0.024A.cm?, an
open-circuit voltage Voc=1.3V, a maximum power
Pm=0.0284W.cm™ and a form factor FF=90.2%.

This model could prove crucial for the space sector, where
photovoltaic solar panels are exposed to radiation and various
magnetic fields, by allowing their performance to be opti-
mized and their lifespan to be predicted, thus ensuring the
reliability and efficiency of these space missions.

Abbreviations

B Magnetic Field [mT]

H Base Thickness [cm]

Hop Optimun Base Thickness [cm]

Jsc Short-circuit Current Density [A.cm™],

Voc Open-circuit Voltage [V],

n Conversion Efficiency [-]

S, Excess Minority Charge Carrier Density [cm™]
Jphce  Short Circuit Photocurrent Density [A.cm™]
Pmax  Maximum Power Density [W.cm™?

P Power Density [W.cm™]
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