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Abstract 
The photovoltaic (PV) cell performances are connected to the base photoge-
nerated carriers charge. Some studies showed that the quantity of the photo-
generated carriers charge increases with the increase of the solar illumination. 
This situation explains the choice of concentration PV cell ( 50 sunsC = ) in 
this study. However, the strong photogeneration of the carriers charge causes 
a high heat production by thermalization, collision and carriers charge brak-
ing due to the electric field induced by concentration gradient. This heat 
brings the heating of the PV cell base. That imposes the taking into account 
of the temperature influence in the concentrator PV cell operation. Moreover, 
with the proliferation of the magnetic field sources in the life space, it is im-
portant to consider its effect on the PV cell performances. Thus, when mag-
netic field and base temperature increase simultaneously, we observe a dete-
rioration of the photovoltage, the electric power, the space charge region ca-
pacity, the fill factor and the conversion efficiency. However the photocurrent 
increases when the base temperature increases and the magnetic field 
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 44 10 TB −> × . 
 

Keywords 
Thermalization, Base Temperature, Magnetic Field, Fill Factor, Efficiency, 

How to cite this paper: Soro, B., Oue-
draogo, A., Savadogo, M., Konate, R., 
Tchouadep, G., Zoungrana, M. and Kam, S. 
(2023) Investigation of the Behavior of a 
Photovoltaic Cell under Concentration as a 
Function of the Temperature of the Base 
and a Variable External Magnetic Field in 
3D Approximation. Smart Grid and Re-
newable Energy, 14, 209-220. 
https://doi.org/10.4236/sgre.2023.1412013 
 
Received: October 31, 2023 
Accepted: December 25, 2023 
Published: December 28, 2023 
 
Copyright © 2023 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution-NonCommercial 
International License (CC BY-NC 4.0). 
http://creativecommons.org/licenses/by-nc/4.0/ 

  
Open Access

https://www.scirp.org/journal/sgre
https://doi.org/10.4236/sgre.2023.1412013
https://www.scirp.org/
https://doi.org/10.4236/sgre.2023.1412013
http://creativecommons.org/licenses/by-nc/4.0/


B. Soro et al. 
 

 

DOI: 10.4236/sgre.2023.1412013 210 Smart Grid and Renewable Energy 
 

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 gx following (ox) axis and gy following (oy) axis. 
In cubic grain x yg g=  and H gives the PV cell base depth following (oz) axis. 
Recombination planes are the adjacent gx surfaces of two grains and are located 

at positions 
2

xg
x = ±  and 

2
yg

y = ±  respectively perpendicular. These planes  

are perpendicular to (ox) and (oy) axes of the coordinate system [9] [10]. In this 
model, the magnetic field is applied along the direction of the (oy) axis, i.e. 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: ( ) ( ) 0E x E y= = . 

 

 
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]. 

 ( ) ( ) ( ), , , ,n n n n neD x y z e x y z z Bδ µ δ µ= + − ∧J E J∇  (1) 

nD  and pD  being respectively the diffusion coefficients of electrons and 
holes in the base of the PV cell; nµ  and pµ  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 T of the base of the PV cell and 
are given by the following expressions [5]: 

 ( )
1.5

0
n on

TT
T

µ µ
−

 
=  

 
 (2) 

and 

 ( )
1.5

0
p op

TT
T

µ µ
−

 
=  

 
 (3) 

With 2 1 11500 cm V sonµ − −= ⋅ ⋅  and 2 1 1475 cm V sonµ − −= ⋅ ⋅  at 0 300 KT = . 
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 T of the base of the PV cell and are ex-
pressed as follows [5]: 

 ( ) ( )B
n n

K TD T T
q

µ
⋅

=  (4) 

and 

 ( ) ( )B
p p

K TD T T
q

µ
⋅

=  (5) 

Bk  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]: 

 ( ) ( ) ( )
( ) ( ) ( )

( ), ,1
, ,

p n

p n

D T D T x y z
E z

T T x y z z
δ

µ µ δ
− ∂

=
+ ∂

 (6) 

The charge carrier conservation equation at the p-n junction is materialized 
by the following continuity equation [13] 

 
( ) ( ) ( ) ( )

, , , , 1
n

x y z T B
div G z R z

t e
δ∂

= + −
∂

J  (7) 

The multi-spectral illumination under concentration is given by [9]  
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( )
3

1
e ib z

i
i

G z C a −

=

= ∑  and the recombination rate of the base excess minority car-

riers is found by [9] ( ) ( ), , , ,x y z T B
R z

δ
τ

= . In steady the state,  

( ), ,
0

x y z
t

δ∂
=

∂
 [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: 

 

( ) ( ) ( )

( )
( )

( )

2 2 2

2 2 2

2

, , , , , , , , , , , ,

, , , ,( ) 0
, ,

x y

x y z T B x y z T B x y z T B
C C

x y z
x y z T BG z

D T B L T B

δ δ δ

δ
∗ ∗

∂ ∂ ∂
+ +

∂ ∂ ∂

+ − =

 (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 

temperature: ( ) ( )( )
*

2 2

2
,

1
n n n p n p

p n n

D D D
D B T

B

µ µ µ

µ µ µ

+ −
=

+ +
 and ( ) ( )2 , ,L B T D B T τ∗ ∗= ⋅ .  

Where 
( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )2
n p n

x
n n n p n p

D T T T
C

D T T D T T T D T

µ µ

µ µ µ

 + =
+ −

 and  

( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

2 21

2
n p n n

y
n n n n n p

D T T T T B
C

D T T D T T T D T

µ µ µ

µ µ µ

  + +   =
+ −

. The general solution of the 

Equation (8) is provided by J. Dugas et al. as: 

 ( ) ( ) ( ) ( ),, , , , , , cos cosj k xj yk
j k

x y z B T Z z B T C x C yδ = ⋅ ⋅∑∑  (9) 

The resolution of the transcendental equations makes it possible to obtain the 
values of the coefficients jC  and kC  along the axes (Ox) and (Oy). The ex-
pression of the function ( ), , ,j kZ 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 ,i kZ  whose solution is 
given by: 

 ( ) ( ) ( )
3

1
, , cosh sinh e

, ,
ib z

jk jk jk i
ijk jk

z zZ z B T A B K
L B T L B T

−

=

   
= + −      

   
∑  (10) 

where 
( ) ( )

1
2

2 2
2

1 1
, ,j k

jk

C C
L B T L B T∗

 
= + + 
  

,  

( )
( ) ( )( )

2

2

,

, , 1

i jk
i

jk i jk

a L B T
K C

D B T b L B T
=

 −  

 and  

( ) ( ) ( ) ( )*

16sin sin
2 21

, , sin sin

yx
xj yk

jk xj x xj x yk y yk y

ggC C

D B T D B T C g C g C g C g

  ⋅ ⋅ ⋅  
   =

   ⋅ + ⋅ ⋅ + ⋅   
. The jkA  
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and jkB  coefficients are determined using the boundary conditions at the junc-
tion ( 0z = ) and at the rear face of the base ( z H= ) of the PV cell: 

 ( ) ( ) ( )*

0

, , , ,
, , ,0, ,f

z

x y z B T
D B T S x y B T

z
δ

δ
=

∂ 
⋅ = ⋅ ∂ 

 (11) 

 ( ) ( ) ( )* , , , ,
, , , , ,b

z H

x y z B T
D B T S x y H B T

z
δ

δ
=

∂ 
⋅ = − ⋅ ∂ 

 (12) 

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]: 

 
( ) ( )*

2 2

2 2

, , , , ,
d d

yx

x y

gg

ph g g
x y

q D B T x y z B T
J x y

g g z
δ

− −

⋅ ∂ 
=  ∂ 

∫ ∫  (13) 

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 50 sunsC =  and under an external magnetic field, in 3D, is given by 
the Boltzmann relation according to the following expression [9]: 

 ( ) ( )2 2
2

2 2

, ln 1 , ,0, , d d
x x

x x

g g
B

ph T g g
i

NV B T V x y B T x y
n

δ
− −

 
= + 

  
∫ ∫  (14) 

where B
T

k TV
q
⋅

=  is the thermal voltage; in  is the intrinsic electron concen-

tration; BN  is 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]: 

 ( ) ( ) ( ), , ,el ph phP B T J B T V B T= ⋅  (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]: 

 ( ) ( )max ,
,

inc

P B T
B T

P
η =  (16) 

In the case of a concentrated PV cell, the incident power  
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20.072 W cmincP C= ⋅ × . C is the number of suns [14]. Under standard condi-
tions AM1.5 and for 50 sunsC = , 23.6 W cmincP = ⋅ . 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 
B such that 0 0.4 mTB< < , 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 0.4 mTB > , there is an inversion of the curves, 
characterized by a drop in the photocurrent with the increase in temperature. 
Indeed, for 0 0.4 mTB< < , the charge carriers diffuse towards the junction and 
the three phenomena which are thermalization, collisions between charge carriers 

 

 
Figure 2. Evolution of the photocurrent versus the temperature of the base and the inten-
sity of the external magnetic field ( 50 sunsC = , 33 10 cmx yg g −= = × , 2 110 cm sgbS −= ⋅ ,

4 14 10 cm sfS −= × ⋅ , 3 110 cm sbS −= ⋅ ). 
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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 0.4 mTB > , 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 0.4 mTB > . 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 < < 0.4mTB , the increase in photovoltage is accompanied by a decrease in 
temperature. This result is the consequence of the increase in the rate of charge  

 

 
Figure 3. Variations of the photovoltage versus the temperature of the base and the intensi-
ty of the external magnetic field ( 50 sunsC = , 33 10 cmx yg g −= = × , 2 110 cm sgbS −= ⋅ , 

4 14 10 cm sfS −= × ⋅ , 3 110 cm sbS −= ⋅ ). 
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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 0.4 mTB > , 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 × 10−4 
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  

 

 
Figure 4. Variations of the electric power according to the temperature of the base and 
the intensity of the external magnetic field ( 50 sunsC = , 33 10 cmx yg g −= = × ,  

2 110 cm sgbS −= ⋅ , 4 14 10 cm sfS −= × ⋅ , 3 110 cm sbS −= ⋅ ). 
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braking increases, which results in an increase in the temperature of the base. 
For the values of the magnetic field 44 10 TB −> × , we observe an inversion of 
the phenomenon just like the photocurrent and the photovoltage. Thus, for val-
ues of the magnetic field 44 10 TB −> × , 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 

44 10 TB −> × , 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 44 10 TB −> × . 

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 44 10 TB −< × , 
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 44 10 TB −> × , there  

 

 
Figure 5. Variations in solar cell conversion efficiency as a function of base temperature and 
external magnetic field strength ( 50 sunsC = , 33 10 cmx yg g −= = × , 2 110 cm sgbS −= ⋅ , 

4 14 10 cm sfS −= × ⋅ , 3 110 cm sbS −= ⋅ ). 
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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 44 10 TB −> × . This result reflects 
the fact that for values of the magnetic field 44 10 TB −> × , the performance of 
the PV cell is slightly improved for high base temperatures. 
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