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draogo, A., Savadogo, M., Konate, R,

Tchouadep, G., Zoungrana, M. and Kam, S. The photovoltaic (PV) cell performances are connected to the base photoge-
(2023) Investigation of the Behavior of a  nerated carriers charge. Some studies showed that the quantity of the photo-
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generated carriers charge increases with the increase of the solar illumination.
This situation explains the choice of concentration PV cell (C =50suns) in
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@ 08 strength decreases. It appears an inversion phenomenon in the evolution of

the electrical parameters as a function of magnetic field for the values of
magnetic field B>4x10*T.
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Space Charge Region Capacity

1. Introduction

The performances of a PV cell are dependent on external factors, such as solar
radiation, temperature, gamma radiation, etc. Indeed, in the presence of gamma
radiation, the performances of a PV cell could degrade [1]. The same is true for
operating a PV cell in a high heat environment, resulting in a rise in its temper-
ature. The rise of temperature can come from the activities in the cell or from
exposure under the sun, through the radiant light. Whatever the source of tem-
perature rise, it contributes to reducing the proper functioning of a PV cell [2].
On the other hand, the increase in illumination produces an improvement in the
performances of a PV cell. Note that the photovoltaic market is dominated by
silicon PV cells [3]. However, the laboratory conversion efficiency of a silicon
PV cell single junction is only about 26.8%, under non illumination concentra-
tion [3]. This efficiency seems low given the growth in energy demand. Conse-
quently, research has turned to other materials such as thin films and organic
semiconductors. Other research work has also focused on concentrated poly-
crystalline silicon PV cells. For a concentrated PV cell, given the illumination
mode, the number of photogenerated charge carriers in the base is very high.
The concentrated PV cell has the advantage of having better efficiency than the
non-concentrated one, up to 27.6% in the laboratory [2], using less material
thanks to its reduced size and occupying less space. The inconvenience of con-
centrating PV cells is that they produce a lot of heat during operation, causing
high temperature. Indeed, the variations of the photocurrent and the photovol-
tage are coming from internal factors related to the movements of the charge
carriers and which affect the temperature of the base [4] [5]. In addition, the
multiplicity of magnetic field sources in our living environment (telecommuni-
cation antennas, transformers, TV and radio antennas, etc.) causes a magnetic
influence on the PV cells during their operation. Indeed, the magnetic field,
through the Lorentz force, acts on the movement of charge carriers by modify-
ing their trajectory. Consequently, the presence of magnetic field influences the
performance of PV cells [6] [7]. It is therefore instructive to investigate the cu-
mulative influence of residual heat due to the movement of charge carriers and
the magnetic field on the behaviour of a concentrated PV cell in order to con-
tribute to the deployment of this technology in Sahel region. Thus, this study
presents the combined effects of base heating and a variable external magnetic
field on the operation of a concentration PV cell. After the introduction, the
methods and theories, the hypotheses and the mathematical model used will be
discussed afterwards. Finally, the results and discussion on the simultaneous in-
fluence of heat and magnetic field on the electrical parameters of a concentrated

PV cell will be presented. This work will end with a conclusion and recommen-
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dations.

2. Methods and Theories
2.1. Mathematical Modulization and Assumptions

In this study, the polycrystalline silicon PV cell used is formed by a lot of grains
with different sizes. All the grains are assumed cubic [8] [9]. That leads to find-
ing the real physical situation with the consideration of the grain boundaries re-

combination velocity. Figure 1 illustrates the cubic grain.
Each grain presents the sizes g, following (ox) axis and g, following (oy) axis.
In cubic grain g, =g, and H gives the PV cell base depth following (0z) axis.

Recombination planes are the adjacent g, surfaces of two grains and are located

gx y

at positions X = i7 and vy =J_rg7 respectively perpendicular. These planes

are perpendicular to (0x) and (oy) axes of the coordinate system [9] [10]. In this
model, the magnetic field is applied along the direction of the (oy) axis, ie. pa-
rallel to the junction and by this assumption the base doping rate is uniform.
This leads to an almost zero crystalline electric field.

Moreover, the rate of absorption of light being a function of the depth z
(0<z<H) of the base, there is thus a non-uniform generation of the charge
carriers in the volume of the base. The concentration of charge carriers is then
high in the regions close to the illuminated surface and then decreases as moving
away from this surface. This variation in charge carrier density along the oz axis
is the source of an internal electric field E(z) called the concentration gra-
dient electric field of excess minority carriers [6] [11]. This electric field will
have an influence on the mobility of the charge carriers in the volume of the
base. Light enters the PV cell along the oz axis. This leads to a generation of
charge carriers along this same axis. By assumption, the charge carrier density is
uniform along the ox and oy axes. The concentration gradient electric field is
therefore zero along these two axes: E(x)=E(y)=0.

Intense Illumination

Emitter (n*)

<—Junction

(d) aseg

......

z=H| * g,

N7

Figure 1. PV cell cubic grain under concentrated illumination and under magnetic field.
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The grain is also subjected to a variable magnetic field B oriented along the
(oy) axis as shown in Figure 1 above. By assumption, the PV cell is under a stat-

ic illumination regime.

2.2. Mathematical Modulization

The magneto-transport equation in the base of the PV cell under an intense
multi-spectral illumination and under a variable magnetic field, is given by the

following relationship [12].
J,=eD,V5(x, Yy, z)+eu,5(x,y,2)E(z)—p,J, AB (1)

D, and D, being respectively the diffusion coefficients of electrons and
holes in the base of the PV cell; g, and u, are respectively the mobilities of
electrons and holes in the base of the silicon PV cell. The mobilities of electrons
and holes depend on the absolute temperature 7" of the base of the PV cell and

are given by the following expressions [5]:

-15
T
Hy (T) = Hon (ﬁ} (2)
and
T -15
H T)= Hop | = (3)
p ( ) P (To J

With g, =1500cm*-V™*.s™ and g, =475cm*-V™'.s™ at T,=300K .
As the diffusion coefficient depends on the mobility of the carriers which causes
the heating of the base, the diffusion coefficients of electrons and holes conse-
quently depend on the temperature 7 of the base of the PV cell and are ex-
pressed as follows [5]:

D, (T)= q' #(T) (4)
and
K,-T
Dp(T)= E; 'up(T) (5)

kg is the Boltzmann constant and q the elementary electric charge. The illu-
mination being intense, the expression of the crystalline electric field due to the
concentration gradient is given by [11]:
E(Z):Dp(T)—Dn(T) 1 05(xy.2)
ty (T)+ 1, (T) 6(x,y,2) oz

The charge carrier conservation equation at the p-n junction is materialized

(6)

by the following continuity equation [13]
o5(x,y,2,T,B)
ot

The multi-spectral illumination under concentration is given by [9]

:%div(Jn)+G(z)—R(z) (7)
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3
G(z)=C> ae™ and the recombination rate of the base excess minority car-
i=1

o(%y,2T,B
riers is found by [9] R(z)= L In steady the state,
T
96(x,y,z) , . .
- 0 [13]. According to the study model and in accordance with Eq-

uations (1) and (7), the differential equation of continuity of the charge carriers
of the PV cell under intense illumination and under variable magnetic field is
equal to:
0*5(x,y,2,T,B *5(x,y,2,T,B) 9°5(x,y,z,T,B
¢, Oy 2T B) o FO(0y.2T.B) 53(xy.2T.B)
OX oy oz
G(z) 6(xvy,2T,B)

D'TB) LE(T.B)

(8)

D'(B,T) and L (B,T) are respectively the diffusion coefficient and the
diffusion length of the PV cell depending on the variable magnetic field and the
2D, 4, + Dy py — 14,0,

(”p + )(1+”§BZ)
D, (T)['up (T)+/”n (T)J
20, (T) 2y (T)+ Dy (T) 21, (T) = 14, (T) D, (T)
b, (T) 22 (T )+ a2, (T) J[ 1+ 2 (T) B ]
e 2D, (T),un (T)+ D, (T),un (T)_/ln (T)Dp (T)
Equation (8) is provided by J. Dugas et al. as:

5(xy,2,BT)=>>27,(z, B,T)~cos(ijx)~cos(Cyky) 9)
ik

temperature: D" (B,T)= and L?(B,T)=D"(B,T)-7.

Where C, = and

. The general solution of the

The resolution of the transcendental equations makes it possible to obtain the
values of the coefficients C i and C, along the axes (Ox) and (Oy). The ex-
pression of the function Z;, (z,B,T) is obtained by injecting the expression of
Equation (9) into the charge carrier continuity equation indicated by Equation
(8); this leads to a second order differential equation in Z;, whose solution is

given by:

z . z S bz
Zik(Z’B’T):AikCOSh(m}rBiksmh(mj_;Kie b2 (10)
where ;_ C2+C2+; ’
L, (B,T) RN R
a5 (B.T)
2
Djk(B,T)[(biij(B,T)) —1]

1 165in(CXj %Xj-sin(cyk gzyJ

- .The A
D, (B.T) D (B.T)[sin(C, -9,)+Cy -0, |[5in(Cy -9, )+C,y -0, | © T

K,=C and
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and B coefficients are determined using the boundary conditions at the junc-

tion (Z =0) and at the rear face of the base (z = H ) of the PV cell:

D*(B,T)-[W} =S, -5(x,y,0,B.T) (11)
z=0

M} ==8,-5(x ¥, H,BT) 12

D*(B,T)-{ 'az

=H

2.3. Electrical Parameters

2.3.1. Density of Photocurrent

When the concentrating PV cell is under light incidence, some photogenerated
charge carriers cross the junction and produce photocurrent in the external cir-
cuit. Thus, from FicK’s first law we derive the expression for the photocurrent

density, given by the following expression [4]:

9 65 X, Vv,2,B,T
eOEn) [Ny g
9x gy 2

2.3.2. Photovoltage

The photovoltage characterizes the rate of charge carriers accumulated at the
junction of the PV cell. The photovoltage supplied by the solar cell under con-
centration C =50suns and under an external magnetic field, in 3D, is given by

the Boltzmann relation according to the following expression [9]:

I 9
V,,(B,T)=V; In 1+N—§jg [ 3, 5(xy,0,B,T )dxdy (14)
N

where V; = is the intrinsic electron concen-

is the thermal voltage; n,

tration; Ny 1is the base doping rate.

2.3.3. Electric Power
The electrical power delivered by the PV cell is the product of the photovoltage
and the photocurrent depending on the magnetic field and temperature of the
base. The expression of the electrical power is given by the following equation
(4] [9]:

P,(B.T)=J,(B,T)-V,(BT) (15)

2.3.4. Conversion Efficiency

The conversion efficiency is the ratio of the maximum power supplied by the PV
cell to the incident light power. In this work, the conversion efficiency is a func-
tion of the intensity of the magnetic field and the temperature of the base. Thus,

the expression of the conversion efficiency is given by [4]:

P B, T
U(B,T)=—”“}E L, (16)

nc

In the case of a concentrated PV cell, the incident power
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P,. =0.072W-cm®xC. Cis the number of suns [14]. Under standard condi-

tions AM1.5 and for C=50suns, P, =3.6 W-cm®. From the mathematical
model and the hypotheses formulated, the expressions of the electrical parame-
ters such as the photocurrent, the photovoltage, the electrical power delivered
and the conversion efficiency were established. In the following, it will be a ques-
tion of presenting the results of the study of the simultaneous influence of the

temperature of the base and the magnetic field on the operation.

3. Results and Discussion

3.1. Photocurrent

Figure 2 below shows the behavior of the photocurrent density supplied by the
PV cell in an intermediate operating situation.

It appears in Figure 2 that the increase in the intensity of the magnetic field
leads to decrease in the photocurrent density. This is explained by the fact that
the magnetic field causes a deflection of the charge carriers at due to Lorentz
force whose intensity increases with the intensity of the magnetic field. This in-
crease in magnetic field strength the recombination rate of charge carriers in the
base and hence a decrease in photocurrent with increasing magnetic field
strength [7]. It also appears in this Figure 2 that, for values of the magnetic field
Bsuch that 0<B <0.4mT, the increase in the photocurrent density is accom-
panied by an increase in the temperature of the base. On the other hand, for
values of the magnetic field B> 0.4 mT, there is an inversion of the curves,
characterized by a drop in the photocurrent with the increase in temperature.
Indeed, for 0< B < 0.4 mT, the charge carriers diffuse towards the junction and

the three phenomena which are thermalization, collisions between charge carriers

2,91
2.88 i3
“.‘g J * % -
< 2.85- \'L\é‘
5 “m T=300K kS
s ~¢-T=350K LN
g 2824 —A—T=400K ‘\\\.
5 | ® T=450K \-\
& NN
2.79 \‘Q-
0 | 20 | 40 | 60

Magnetic field (10°T)

Figure 2. Evolution of the photocurrent versus the temperature of the base and the inten-
sity of the external magnetic field (C =50suns, g, =g,=3x10°cm, S, =10’cm-s™,

S, =4x10'cm-s™, S, =10°cm-s™).
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and braking lead to an increase in the heating of the base. In this case, the in-
crease in photocurrent is accompanied by an increase in temperature. But for the
values of the magnetic field B > 0.4 mT , the deflection of the carriers becomes
important so that fewer carriers diffuse through the junction because of an in-
crease in braking and collisions between charge carriers under the effect of the
Lorentz force. There then appears an increase in the energy released in the base
and a decrease in the number of charge carriers crossing the junction. This re-
sults in the decrease in photocurrent and the increase in temperature for values
of B>0.4mT . Thus, for a given operating temperature, the photocurrent den-
sity produced by the PV cell is optimal for low values of the magnetic field in-
tensity.

3.2. Photovoltage

The followings Figure 3 shows the behavior of the photovoltage supplied by the
PV cell, as a function of magnetic field strength, for different values of the tem-
perature of the base.

Figure 3 shows that the photovoltage decreases with the increase in the inten-
sity of the magnetic field, when the PV cell is in an intermediate operating situa-
tion. This result is explained by the fact that the increase in the magnetic field
leads to increase in the deviations of the charge carriers. Carriers that are def-
lected to the junction diffuse and those that are deflected to the side surfaces re-
combine. These two phenomena contribute to a reduction in the density of the
carriers in the volume of the base and consequently to a reduction in the photo-
voltage. It also appears in Figure 3 that, for magnetic field values such as
0< B <0.4mT, the increase in photovoltage is accompanied by a decrease in

temperature. This result is the consequence of the increase in the rate of charge

0.2540 ’,‘!: \
A— A ~&=
) .\*‘*:tjk &

s A 8

@ 0.2536 N

o N

8 C\\

©° N

3 - T=300K ‘\.

° N

£ 0.2532- —4-T=350K \‘\

= —A—T=400 K

e T=450K \.\\

0.2528 -
T T T T T 1
0 20 40 60
Magnetic field (10°T)

Figure 3. Variations of the photovoltage versus the temperature of the base and the intensi-
ty of the external magnetic field (C =50suns, g, =g,=3x10%cm, S, =10°cm-s™,

S, =4x10'cm-s™, S, =10°cm-s™).
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carriers blocked in the base. However, the increase in the blocking of carriers in
the base causes a reduction in collisions between charge carriers and braking.
The energy released in the base decreases and the temperature decreases. On the
other hand, for values of the magnetic field B > 0.4 mT, there is an inversion of
the curves, characterized by an increase in the photovoltage at high tempera-
tures. This result is explained by the fact that at large values of the magnetic
field, the deviations become significant and this tends to block the charge carri-
ers in the base. The possibilities of collision between load and braking carriers
increase; therefore, the increase in photovoltage is accompanied by an increase

in temperature.

3.3. Electric Power

Figure 4 presents the variations in the electrical power delivered as a function of
the intensity of the magnetic field for different values of the temperature of the
concentration PV cell base.

In Figure 4, it appears that the electric power decreases when the intensity of
the magnetic field increases. This result is the consequence of charge carrier def-
lections with increasing magnetic field strength, which reduces the number of
charge carriers that arrive at the junction and the number of charge carriers that
diffuse across the junction. As a result, the electrical power decreases with the
increase of the magnetic field strength. From below Figure 4, it also emerges
that for some given values of the magnetic field induced between 0 and 4 x 10™*
T, the value of the power decreases with the increase in the temperature of the
base. In this range of magnetic field values, charge carriers are always oriented
towards the junction (but their number decreases with the increase of the mag-

netic field strength). Then, the energy released in the base by collisions and by

0.79 —i H-E_
;iiiﬁi‘:‘:
1 ® 0 ‘7‘* :*§
-e ‘.}*s ‘
o 0781 xik
S S
=3 &
8 R
s o7 .
e = T=300K \
5 1 & T=350K \
8 - T=400K Ne
w076+ o T=450K a,
\.§‘
T T T T T 1
0 20 40 60

Magnetic field (10°T)

Figure 4. Variations of the electric power according to the temperature of the base and
the intensity of the external magnetic field (C =50suns, g, = g,= 3x10%cm,

S, =10°cm-s™, S, =4x10'cm-s*, S, =10°cm-s™).
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braking increases, which results in an increase in the temperature of the base.
For the values of the magnetic field B >4x10™ T, we observe an inversion of
the phenomenon just like the photocurrent and the photovoltage. Thus, for val-
ues of the magnetic field B >4x10*T, a large number of charge carriers are
deflected towards the side surfaces and the tendency of the carriers to lock into
the base increases. Therefore, there are fewer carriers that are propelled towards
the junction because of the deviations and the collisions which increase, but
there is an increase in the number of carriers blocked in the base; so that for
B >4x10*T, the photocurrent decreases and the photovoltage increases with
the temperature of the base, in accordance with Figure 2 and Figure 3 above.
The increase in electric power in this case is explained by the fact that when the
temperature of the base increases, the gain in voltage is more than the loss in
current, so that the electric power increases. This explains the inversion pheno-

menon for values of the magnetic field B >4x107*T.

3.4. Efficiency

The influence of the intensity of the magnetic field and the temperature of the
base on the behaviour of the conversion efficiency is presented in the curves of
the following Figure 5.

It appears in Figure 5 that for the values of the magnetic field B <4x107*T,
the conversion efficiency decreases when the temperature of the base increases.
These results are in good agreement with those of Figure 4 where we observed
the drop in the electric power for the same values of the magnetic field B. In-
deed, a drop in the delivered electric power leads to a drop in the conversion ef-

ficiency. Moreover, for the values of the magnetic field B >4x10"T, there

24.4 1
242 _t‘*?*:ﬁtt&'\
3 24.0 N
S X,
> LN
S 238- = T=300K ‘\‘
g ] & T=350K o
£ 4 T=400K N
W 236 o T=450K \‘\
| b
23.4 \\
23.2 - . - ' ' '
0 20 40 60
Magnetic field (10°°T)

Figure 5. Variations in solar cell conversion efficiency as a function of base temperature and
external magnetic field strength (C =50suns, g, = g,= 3x10%¢cm, Sgb =10°cm-s,

S, =4x10°cm-s™, S, =10°cm-s™).
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appears an inversion of the phenomena, which means an increase in efficiency
with the increase in the temperature of the base. These results are also in good
agreement with those of Figure 4 because the conversion efficiency increases

when the electrical power delivered increases.

4. Conclusion

This work focused on the study in three dimensions (3D) of the behaviour of the
electrical parameters according to the temperature of the base and an external
magnetic field, of a PV cell under concentration of 50 suns. It appears from this
study that the rise in temperature on the one hand and on the other hand the
increase in the intensity of the magnetic field causes a drop in the performance
of the PV cell, which is in good agreement with the work of other authors.
However, the study of the simultaneous effects of temperature and magnetic
field reveals an unexpected phenomenon. Indeed, an inversion of the curves is
observed for the values of the magnetic field B >4x10™ T. This result reflects
the fact that for values of the magnetic field B >4x107* T, the performance of
the PV cell is slightly improved for high base temperatures.
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