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Abstract

In this article, we present a theoretical study of the electrical performance of a photovoltaic cell subjected to a magnetic field,
taking into account the thermal effects induced by the mobility of excess charge carriers within the cell. When a solar cell is
illuminated, several phenomena occur, such as the generation, diffusion, and recombination of charge carriers. All these
phenomena are governed by the charge conservation equation known as the continuity equation for the density of excess minority
carriers. Solving the continuity equation for front-side illumination in the frequency regime allowed us to obtain analytical
expressions for the photocurrent density and the photovoltaic voltage. These expressions were then used to evaluate the electrical
performance of the proposed model. The results show that the maximum power (Pmax), open-circuit voltage (Voc), fill factor
(FF), and conversion efficiency initially increase with the magnetic field strength, reaching a maximum value before decreasing.
In contrast, the short-circuit current density (Jsc) exhibits an inverse trend. Furthermore, the diffusion coefficient remains
constant for low values because the system is in steady state. It decreases with the logarithm of the magnetic field. This decrease
is explained by the fact that an increasing magnetic field generates a force called the Lorentz force, which slows the movement
of charge carriers and therefore prevents them from moving within the basis.
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1. Introduction

The performance of photovoltaic cells depends on several
factors, including electronic parameters such as carrier lifetime
and diffusion length, as well as electrical parameters such as se-
ries and shunt resistances, photovoltage, photocurrent, and the
current-voltage (I-V) and power—voltage (P-V) characteristics
[1-3]. In addition to these intrinsic parameters, environmental
conditions [4, 5] and external factors, such as magnetic fields

[5] and electric fields [4], also play a significant role. In partic-
ular, these factors can affect the energy conversion process [6]
and, consequently, the overall efficiency of the cell.

One of the major challenges in photovoltaic devices is the
limited collection of minority charge carriers during their dif-
fusion process. This limitation may be attributed to several
factors, including the diffusion length, carrier mobility, and
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the recombination of photogenerated minority carriers, both at
the surface and within the bulk of the semiconductor material
[6, 7].

To gain a better understanding of these effects and improve
the control of photovoltaic performance, this work presents a
study of the electrical performance of a photovoltaic cell sub-
jected to a magnetic field, taking into account the thermal ef-
fects induced by the mobility of excess charge carriers. The
analysis is carried out by examining the influence of these

Junction (ZCE)

thermal effects on the transport and collection mechanisms of
charge carriers within the cell.

2. Theory

Consider a bifacial silicon photovoltaic cell subjected to a
magnetic field and illuminated by monochromatic light on its
front surface. Its structure is shown in Figure 1.
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Figure 1. Schematic structure of a bifacial silicon solar cell under the effect of a magnetic field.

2.1. Continuity Equation

When a solar cell is illuminated, several phenomena occur
within it, including the generation, diffusion, and recombina-
tion of charge carriers. These processes are governed by the
charge conservation equation, also known as the continuity
equation for the excess minority carrier density [8-11]:
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With:
D*(B,w) is called the complex diffusion coefficient as a

function of the magnetic field. It is expressed by [8, 10]:
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D*(B,w): complex diffusion coefficient as a function of
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frequency and magnetic field; w: angular frequency in rad/s;
wf: cyclotron frequency inrad/s; T: minority carrier lifetime
in the base of the photovoltaic cell; Dy: diffusion coefficient
of electrons generated in the base; e: electron charge; B:
magnetic field and m: the mass of the electron [10, 11].

6(x, t): is the density of minority carriers in the base which
can be written in the form [9, 3]:

8(x,t) = §(x)e vt 4)
With
8(x) as the spatial component and e~ as the temporal
component.

G (x,t): is the optical generation rate given by the following
expression [9, 3]:

G(x,t) = G(x)e™ ™" (5)
With G(x) as the spatial component and et as the tem-
poral component.
For front-facing illumination, we have [9, 3]:
G(x) = a(M)PA) (1L = R(A))e*M* (6)
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By substituting expressions (5), (6), and (7) into equation
(1), we obtain the following equation:

2%26(x)  (1+iwn)s(x) G _ %)
ax? L? D*(B,w)
yeah:
0%6(x,w,B,Sf)  6(x,w,B,Sf) G(x)
ax? T2 D*(Bw) ®)
with
o= ©)
et
L**(B,w,) = tD*(B,w) (10)

LZ,Z: complex diffusion length [14].
The expression for the charge carrier density is given by the
following relation [8].

8(x,w,B,Ss) = Ajcosh (’L—C) + A,sinh (’L—‘) + Ke~*@®x (11)
With

_ —a(WpA)(A-RM)L? ()

D*(Bw)(1-L2%(w))a2(1))

(12)

2.2. Conditions to the Limits

For the determination of the constants A; and A,, we will
use the boundary conditions below [9]:
On the front face of the junction, we have:

66(x,w,B,Sf) _ SfS(x,aJ,B,Sf)
ax x=0 DB) |, (13)
On the rear face of the photocell, we have:
06 (x,w,B,Sf) __ —Sp6(x,w,B,Sf)
ox x=H - D(w,B) x=H (14)

Where S; and S, are the recombination speeds at the
junction and the back side, respectively.

2.3. Photocurrent Density

The photocurrent density is obtained by differentiating the
expression for the minority carrier density, as given by the ex-
pression below [15]:

18

96(x,w,B,Sf)

Jon(T, @, B, Sy, Sp) = eD* =~ x=0

(15)

2.4. Photovoltage at the Junction

Boltzmann's law allows us to express the photovoltaic
across the junction as a function of the density of minority
charge carriers at the junction (x = 0) of the photovoltaic cell.

The expression of phototension is:

x=0>
With

N,: the doping rate of the base (Nb=10'°cm); n?: the in-
trinsic density of minority shareholders n?=10""cm?; V;:
thermal tension; K: Boltzmann's constant; e: the charge of

the electron; T: the absolute temperature at thermal equilib-
rium (T=300°K) [1].

Npé(x,w,B,S
Von = VTln(l A

i

(16)

2.5. Form Factor

The form factor is given by the following expression:

FF — Pphmax

- VocxJsc

(17

V,.: open circuit voltage; J,.: short-circuit current; Pphmax
maximum electrical power.
2.6. Electric Power

The electrical power of the photovoltaic cell through its
front face is given by the following relationship:

Pph :]ph*Vph (18)

2.7. Yield

The yield of a cell is given by the following expression::

Pphmax
Rendement = —24

(19)

Pinc

P;,,c: 1s the power of the incident luminous flux and is equal
to 1000 W/m? under standard air mass conditions 1.5.

3. Results and Discussion

The profile of the maximum diffusion coefficient as a func-
tion of the magnetic field is shown in Figure 2 below.
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Figure 2. Maximum diffusion coefficient as a function of the magnetic field.

Figure 2 shows the diffusion coefficient profile as a func-
tion of the magnetic field. It is obtained after programming
expression (2) in Matlab. For the curves where w=0 rad/s and
w=1.4898 x 10 rad/s, the diffusion coefficient is constant for
low values and decreases as a function of the logarithm of B.

For w=1.4898 x 10 ®rad/s the constant diffusion coefficient
for low values of B increases up to a maximum value and de-
creases as a function of log(B).

The nearly constant behavior observed at low magnetic
field values for different frequencies can be explained by the
fact that the cell operates under steady-state conditions. The
subsequent decrease in the diffusion coefficient is attributed
to the influence of the magnetic field, which exerts a Lorentz

force on the charge carriers. As the magnetic field strength in-
creases, carrier motion is increasingly hindered, reducing their
mobility within the base region. This reduction in the diffusion
coefficient degrades the intrinsic properties of the solar cell,
particularly by affecting the carrier transport mechanisms and
the energy band structure [12, 13].

Furthermore, the diffusion coefficient decreases as the an-
gular frequency increases.

Table 1 is obtained after programming the above equations
in the Matlab software. These values represent the maximum
values of open circuit voltage (Voc), short circuit current (Jsc),
maximum electrical power (Pmax), form factor (FF) and effi-
ciency (Rend) for different magnetic fields.

Table 1. Electrical parameters as a function of the magnetic field.

B(T) Voc (V) Jsc (A/em?)
1.00E-06 0.5680 0.0421
1.00E-05 0.5788 0.0421
2.00E-05 0.5788 0.042
2.50E-05 0.5781 0.042
5.00E-05 0.6099 0.0407
7.00E-05 0.5716 0.0419

FF Pmax (W/cm?) Rend

0.8322 0.0199 0.1989
0.8344 0.0203 0.2031
0.8344 0.0203 0.2030
0.8343 0.0203 0.2027
0.8402 0.0209 0.2086
0.8329 0.0200 0.1995

The profile of open-circuit voltage (Voc), short-circuit current (Jsc), maximum electrical power (Pmax), form factor (FF) and
efficiency (Rend) as a function of different magnetic fields, is shown in Figure 3 below:
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Figure 3. Voc, Pmax, FF, efficiency, Jsc as a function of the magnetic field. B=5.0% 10-5 T.

Figure 3 shows the profiles of open-circuit voltage (Voc),
short-circuit current (Jsc), maximum electrical power (Pmax),
form factor (FF), and efficiency (Rend) as a function of dif-
ferent magnetic fields. These curves show that VVoc increases
up to a maximum value corresponding to B=5.0 x 10> T and
then decreases as the magnetic field B increases, and con-
versely for Jsc. This is explained by the fact that the Lorentz
force, perpendicular to the magnetic field, deflects the move-
ment of minority charge carriers from their trajectory. The
stronger the magnetic field, the slower the movement of the
charge carriers becomes. This slowing leads to an increase in
the storage of carriers near the junction, thus resulting in an
increase in the open-circuit voltage (Voc) [16].

Maximum power (Pmax), form factor (FF) and efficiency
decrease with increasing magnetic field strength. However,
current intensities (Jsc and Jmax) decrease sharply, even for
slight increases in the various voltages when the magnetic
field strength increases [17, 18].

4. Conclusion

At the end of this work, we determined the electrical per-
formance of a photovoltaic cell as a function of the magnetic
field. This study allowed us to show that the open-circuit volt-
age increases until it reaches a maximum value before de-
creasing as the magnetic field intensifies, while the short-cir-
cuit current exhibits an inverse trend.

Furthermore, other electrical parameters, such as maximum
power, form factor and efficiency, decrease as the magnetic
field increases.
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Abbreviations

ZCE
\]SC
VOC
FF

pmax

wf

1)

Sf

Sb

Jpn

Rend
D*(B,w)

Jmax

Space Charge Zone

Short Circuit Current

Open-circuit VVoltage

Form Factor

Maximum Electrical Power

Cyclotron Frequency

Angular Frequency

Recombination Velocity at the Junction
Recombination Speed on the Rear Side
Photocurrent Density

Efficiency

Complex Diffusion Coefficient as a Function
of the Magnetic

Maximum Current

Magnetic Field

The Doping Rate of the Base (Nb=106cm®)
The Intrinsic Density of Minority
Shareholders n?=10'%m

Thermal Tension

Boltzmann's Constant

The Charge of the Electron

The Absolute Temperature at Thermal
Equilibrium (T=300K)

Photovoltage

Base Depth

Optical Absorption Coefficient as a Function
of Wavelength
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o) Incident Photon Flux

R(A) Reflection Coefficient as a Function of
Wavelength

L(w) Broadcast Length

H Base Thickness
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