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tends to cancel out as the incidence angle increases, and consequently a drop

in the open circuit photovoltage. This, in turn, reduces the Lorentz force.
These results predict that the p-n junction of the solar cell will not heat up.
The study also showed a decrease in series resistance as the incidence angle of
the magnetic field intensity increased from 0 rad to 71/2 rad and an increase in
shunt resistance as the incidence angle increased. His behaviour of the electri-
cal parameters when the angle of incidence of the field from 0 rad to n/2 rad
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shows that the decreasing magnetic field vector tends to be collinear with the
electron trajectory. This allows them to cross the junction and participate in
the external current. The best orientation for the Lorentz force is zero, in
which case the carriers can move easily towards the junction.
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1. Introduction

Energy has become a vital issue in today’s demographic and industrial boom. To
answer this question, many countries have decided to implement energy policies
that include renewable energies in their energy consumption. These are wind en-
ergy; solar energy; biomass...

Solar energy is the most abundant of these energies, because it comes from the
sun. This energy is used to generate electricity from photovoltaic solar cells.

Nowadays, most research is based on improving the efficiency of solar cells in
terms of the external factors that influence their operation.

Researchers such as Zerbo et al [1] and many others [2] [3]-[10] have carried
out one-dimensional simulation studies of the effect of the magnetic field on bi-
facial polycrystalline silicon solar cells of the type n*-p-p*. In their studies, the
authors all considered an orientation of the magnetic field vector parallel to the p-
n junction. The study shows that the magnetic field has a detrimental effect on the
electronic and electrical performance of photovoltaic solar cells. To find a solution
to the effect of the magnetic field, Sourabié ez al [11] [12] introduced the concept
of the incidence angle of the magnetic field intensity. They investigated the effect
of the angle of incidence of the magnetic field intensity on the electrical parame-
ters of monofacial and bifacial solar cells. Their study showed that the impact of
the magnetic field intensity could be corrected by orienting the Lorentz force per-
pendicularly.

His work follows on from that of Sourabié et a/. [12], investigating the series
and shunt resistances of the bifacial photopile illuminated simultaneously from
both sides by multtispectral light.

This work is being carried out in three dimensions (3D) to model the effect of
the angle of incidence of the magnetic field intensity on the electrical performance
(series resistance and shunt) of a bifacial photocell grain illuminated simultane-
ously from both sides.

To achieve this, we solved the continuity equation manually, while respecting
the principles of mathematical calculation, which led to the determination of the
expressions for the photovoltage and photocurrent density. Using these expres-

sions, we deduced the series and shunt resistances and then proceeded to represent
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the series and shunt resistances as a function of the angle of incidence of the
magnetic field intensity using a simulation carried out with mathcad 15 soft-
ware.

The extracted values are transposed to origin 8 to plot the curves.

2. Methods and Theories

2.1. Excess Minority Carriers Density

This study was carried out on an n*-p-p* type polycrystalline silicon bifacial solar
cell grain. It should be noted that the solar cell grain has the same electrical prop-
erties (doping rate, mobility of minority carriers, lifetime and diffusion length) as
a polycrystalline silicon PV cell. This is because studies have shown that the PV
cell is made up of an association of pieces of very small single crystals separated
by transition zones called grain boundaries [13]-[15]. These transition zones are
therefore major centres of recombination. For modelling purposes, we assume
that the grain boundaries are perpendicular to the front and back surfaces, and
therefore; at the junction. Also, the perturbation (injection of carriers) applied to
the base of the grain is not very intense so as to modify the mobility of the free
electrons, so the crystalline field in the base is not taken into account.

The value of the emitter of the photopile grain is H = 0.03 cm and those of the
diffusion length and diffusion coefficient are: Ln = 0.015 cm; Dn = 26 cm?/s. In
order to simplify the expressions for minority carrier density and photocurrent
density, photovoltage, series and shunt resistance, we have assumed a square
cross-section for the grains. The analysis can then be extended to a parallelepiped

grain shape [16].
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Figure 1. Grain of bifacial polycrystalline silicon solar
cell illuminated by multispectral light and under the in-
fluence of incidence angle of magnetic field.
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When the photopile grain, placed in a region where the magnetic field is con-
stant (B = 7.5 mT) and makes an angle 8 with the Oy axis, is simultaneously illu-
minated from both sides with multispectral light (Figure 1) and the light pene-
trates along the (Oz) axis as well as generating excess minority charge carriers, the

transport phenomena are governed by the continuity equation [11] [12].

0’8 (x, v,z 0’5 (x,y,z . 0’5 (x,v,z) 8(x, v,z
gxz )+Cy. anz )+[l+(,un80s1n¢9)2} gzz )_ (L’;Z )(1)
__G(?)
= D
D L
C,=|1+(u,B,sin0)" |, D)=—=—— and L =——
' |: ’ :| 1+(,UOBO)2 1+(ﬂoBo)2

The general solution to the continuity equation is [11]:
0 3
5(x,y,z) = Zz 4;, cosh =z +B,, sinh =z —ZK,. [e’b"z +efh”(Hfz)} 2)
Jj ok | L/',k ' Lj,k i
n-a,- Li’k

D,, -[(b,. L) —1}

The coefficients 4;, and B, are fully determined using the boundary con-
ditions at the junction and at the back of the solar cell [11] [15] [16]. In this way,

K. =

i

the expression for the density of minority charge carriers will be completely de-
termined.
2.2. Photocurrent Density

By applying Fick’s law to the junction of the bifacial cell grain, we obtain the ex-

pression for the photocurrent density given by Equation (3):

B, 3

i (Sf,B,Q) = e'D(a)zzRﬂ‘ L—/k+zKi b, (1+eibi'H ) 4)

ok k=l
This expression has two significant variables: the dynamic velocity at the junc-

tion Sf and the angle of incidence of the magnetic field intensity.

2.3. Photovoltage

The expression for the photovoltage (Equation (4)) across the bifacial cell junction

is obtained using the Boltzmann approximation.
1 3 b,
Vu(Sf.B.0)=V; .1{1 +n—Zszk {Aﬂ( -y K (14 )ﬂ (5)
0 J k i=l

with V7 the thermal voltage with value V7= 26 mV; n, is the electron density at

thermodynamic equilibrium.

3. Cell Performance Parameters

The performance parameters (shunt and series resistances) of the bifacial cell
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grain are electrical parameters that can be used to judge the performance of a cell.

3.1. Series Resistance

The expression for series resistance is given by Equation (5).

V., (B.0)-V,,(Sf.B.0)

R (Sf.B,0)= (6)
( ) I o (S7.,B.0)
3.2. Shunt Resistance
The expression for the shunt resistance is given in Equation (6).
V., (Sf,B,0
Ry (SfB.6)=—" ¥5.9) 7)

I pree = i (S/.B.0)

4. Results and Discussion

From Equations (2); (5) and (6) above, we discuss the impact of the angle of inci-
dence of the magnetic field strength on the performance of the bifacial photocell
grain. This analysis is possible thanks to the variations in series and shunt re-

sistances shown in the figures below.

4.1. Effect of the Angle Incidence on the Density of Minority
Charge Carriers

Figure 2 shows the profiles of the density of excess minority charge carriers as a

function of depth for different values of the angle of incidence of the magnetic
field.
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Figure 2. Open-circuit carrier density for different values of angle of incidence (Sf= 0 cm/s;
&= gy =0.003 cm; Sz = 100 cm/s; Sp = 1000 cm/s; L = 0.015 cm; A = 0.03 cm; D, = 26
cm?/s; ta = 1000 cm?/V's).
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Simulations are carried out for two types of operation of the solar cell: open-
circuit operation (low values of the dynamic speed at the junction) and short-cir-
cuit operation (high values of the dynamic speed at the junction).

Figure 2 shows negative slopes at the junction and a maximum at the back when
the magnetic field is intense, ie. for § = 0 rad. In addition, the carrier density
decreases as the angle of incidence increases. Figure 2 also shows that after a depth
0f 0.020 cm the curves are curved. These curvatures are due to the contribution of
the rear face of the solar cell grain. The decrease in the carrier density with the
increase in the angle of incidence of the magnetic field leads to a drop in the open
circuit voltage and therefore a drop in the series resistance.

Figure 3 below shows the carrier density profiles for different values of the an-
gle of incidence of the magnetic field. We also observe a decrease in carrier density
as the angle of incidence of the magnetic field increases. The profiles in Figure 3
show peaks justifying the presence of carriers on the front and back of the solar
cell. This is justified by the Lorentz force, which reflects the photocarriers back

towards the junction and onto the photovoltaic cell interfaces.

Then we see in this Figure 3 that as the angle of incidence of the magnetic field
increases, the maxima of the carrier densities between 0.01 cm and 0.02 cm de-
crease and become linear, thus justifying that the charge carriers photocreated in

the base are less present because they have recombined [11] [12].
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Figure 3. Carrier density in the circuit for different values of the angle of incidence (5f=8
x 10% cm/s; gv= gy = 0.003 cm; Sep = 100 cm/s; Sp = 1000 cm/s; L= 0.015 cm; A = 0.03 cm;
Dy =26 cm?/s; pta = 1000 cm?/V's).

4.2. Impact of Angle of Incidence on J-V Characteristics

Figure 4 shows the profiles of photocurrent density versus photovoltage for dif-

ferent values of the angle of incidence of the magnetic field intensity.
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Figure 4. Photocurrent density as a function of photovoltage for different values of angle

of incidence (85f= 0 cm/s; gr= gy= 0.003 cm; Sg = 100 cm/s; Sp= 1000 cm/s; L= 0.015 cm;
H=0.03 cm; Dy =26 cm?/s; = 1000 cm?/V's).

Analysis of the curves in Figure 4 shows that when the angle of incidence varies
from 0 to m/2 rad the short-circuit photocurrent density increases and the open-
circuit voltage decreases.

Phenomenon observed in Figure 4. The increase in photocurrent density and
the decrease in open circuit voltage can be explained by the fact that when the
angle of incidence increases, the Lorentz force that sends the carriers back towards
the lateral faces decreases until it is cancelled, causing the migration of the carriers

towards the junction that cross it without being accumulated too much [12].

4.3. Effect of Incidence Angle on Series Resistance

The series resistance is associated with the manufacture of the solar cell. It char-
acterises the loss of carriers at the junction [7]. The higher the resistance, the fewer
carriers pass through the junction. As a result, the junction heats up. It is therefore
important to minimise it.

Figure 5 shows the variation in series resistance as a function of the angle of
incidence of the magnetic field. This variation is periodic with period m.

Figure 5 shows that the series resistance decreases over the interval [0, /2] and
on [, 3r/2] while the series resistance increases as the angle of incidence varies
from /2 rad of n rad and to 37/2 rad of 2nt rad. So the series resistance as a func-
tion of the angle of incidence of the magnetic field is a positive sinusoidal function
with period . Studies have shown that series resistance increases as the magnetic
field increases [7]. But in Figure 5 we can see that it decreases over the interval [0,
11/2]. This is because for the angle of incidence varying from 0 to 1t/2 rad the mag-

netic field vector tends to be collinear with the carrier velocity vector and the
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Lorentz force that deflects the minority carriers photogenerated in the base of the
solar cell decreases until it is cancelled out. This encourages the carriers to migrate

towards the junction in order to cross it and participate in the external current.
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Figure 5. Series resistance as a function of angle of incidence (Sf= 0 cm/s; g« = gy = 0.003
cm; Sp = 100 cm/s; Sy = 1000 cm/s; L = 0.015 cm; H = 0.03cm; Dy = 26 cm?/s; pa = 1000
cm?/V-s).

4.4. Effect of Incidence Angle on Shunt Resistance

Figure 6 shows the variation in shunt resistance as a function of the angle of inci-

dence of the magnetic field.
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Figure 6. Shunt resistance as a function of incidence angle (5= 0 cm/s; gr= gy = 0.003 cmy;
Sep=100 cm/s; Sp= 1000 cm/s; L= 0.015 cm; H=0.03cm; D, =26 cm?/s; (z = 1000 cm?/V's).
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We can see that the shunt resistance increases from 0 to n/2 rad and = rad of
3m/2 rad then decreases n/2 rad of n rad and 3n/2 rad of 2m rad. For values of the
angle of incidence equal to n/2 rad of 3m/2 rad the shunt resistance reaches its
peak. This is because at these values the Lorentz force has no effect on the move-
ment of the carriers because the magnetic field vector is collinear with the electron
velocity vector.

In short, we have shown that when the angle of incidence increases from 0 to
/2 rad of

n rad to 3m/2 rad, the magnetic field tends to cancel out, as does the Lorentz
force, resulting in little deflection of the carriers towards the side surfaces of the
cell. As a result, there is less loss of carriers at the junction. The increase in the
shunt resistance curves with the angle of incidence of the magnetic field from 0 to
n/2 rad and n rad of 3m/2 rad is due to the disturbing effect caused by the magnetic
field. This is because we expected a decrease in the shunt resistance for the angle
of incidence varying from 0 to 1/2 rad and n rad of 37/2 rad.

Table 1 shows that as the angle of incidence of the magnetic field intensity in-
creases, the values of the series resistance decrease while those of the shunt re-
sistance increase. This is the result of the decrease in voltage at the junction due
to the Lorentz force, which tends to cancel out. Hence the strong migration of

carriers across the junction.

Table 1. Shows the electrical performance of the solar cell obtained during the simulation.

6 (rad) Series resistance (Q-cm?) Shunt resistance (Q-cm?)
0 0.603 2.476 x 10°
/6 0.481 5.504 x 10°
/4 0.464 6.589 x 10°
/3 0.457 7.289 x 10°
/2 0.454 16.68 x 10°

5. Conclusions

An analysis of the impact of the angle of incidence of the magnetic field intensity
on the electrical performance of a bifacial photocell under multispectral illumina-
tion from both sides. This three-dimensional model shows a decrease in the den-
sities of excess minority charge carriers, photovoltage and series resistance, and
an increase in photocurrent density and shunt resistance when the angle of inci-
dence of the magnetic field increases by 0 rad to n/2 rad.

The results show that the degradation in solar cell performance induced by the
application of a magnetic field can be reduced by increasing the incidence angle.
The results, therefore, show that when PV modules are installed, they should be
tilted so that the magnetic field lines form an angle of & with the junction of the

solar cell.
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The behaviour of the shunt resistance as the angle of incidence increases would
be due to the disturbance induced by the magnetic field strength. So, this increase
in shunt resistance with the incidence angle could be beneficial to the p-n junction
of the solar cell. Because a low shunt resistance can considerably affect the perfor-

mance of a PV cell.
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