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Abstract

In this work, a theory based on the steady photoconductivity method, of a bi-
facial silicon solar cell under polychromatic illumination and a magnetic field
effect, is presented. The resolution of the continuity equation in the base of
the solar cell, allowed us to establish the expression of the minority carriers’
density from which the photoconductivity, the photocurrent density, the
photovoltage and the solar output power as function of the junction recom-
bination velocity and the applied magnetic field, were deduced. From I-V and
P-V characteristics of the solar cell, optimal photovoltage and optimal pho-
tocurrent obtained at the maximum power point corresponding to a given
operating point which is correlated to an optimal junction recombination ve-
locity, were determined according to the magnetic field. By means of the rela-
tion between the photocurrent density and the photoconductivity, the junc-
tion electric field has been determined at a given optimal junction recombi-
nation velocity.

Keywords
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1. Introduction

The photoconductivity is due to the absorption of incident photons that create
free charge carriers in the conduction band and/or in the valence band of a

conducting material. The photoconductivity is one of the important quantities of
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solar cells or semiconductors [1] [2] [3]. It is a useful tool to study the properties
of semiconductors like the recombination centers and the distribution of the
deep levels states in the forbidden band. Many studies on the photoconductivity,
have been utilized for determining a few intrinsic parameters of semiconductors
in different regimes, as: in transient one [4] [5], where a relationship between the
photoconductivity, the average lifetime and the generation rate of the photoge-
nerated minority carriers has led to determine the density of states as function of
the temperature; in steady-state [6]-[12], without an applied magnetic field, the
effective lifetime of the minority carriers is determined and then the photocon-
ductivity according to the temperature, the generation rate and the incident light
intensity, what permits to determine the recombination density of states. While,
with an applied magnetic field, the photoconductivity is, on one hand, as func-
tion of the magnetic field and the junction recombination velocity [13] and on
the other hand, as function of the wavelength, the magnetic field and the inci-
dent power [14] [15]. By the use of the Fermi-Dirac distribution, it is demon-
strated that the electrical conductivity of a silicon material decreased with the
electric field [16]. Many researches have been carried out on the determination
of the junction electric field by considering any more a magnetic field effect at a
corresponding functioning point of a solar cell. That permits us to study, in this
work, the photoconductivity of a bifacial silicon solar cell according to the mag-
netic field and the junction recombination velocity in order to determine the op-

timal operating point and the corresponding junction electric field.

2. Theory

2.1. Mathematical Equations

In Figure 1, an n+-p-p+ type of a bifacial silicon solar cell [17] [18], in 1D, is
represented:

With d and H respectively the emitter thickness and the solar cell base thick-
ness

We consider a constant magnetic field vector B [19] [20] [21], that is ap-
plied following the y-axis perpendicularily to the solar cell plane.

So, the expression of the photoconductivity is given by [22]:

o
__4HK,9, (1)

O T 2B
where gis the elementary charge of electron and y, the quasi-static mobility of
the minority carriers without magnetic field.

One can see, in Equation (1) that the expression of the photoconductivity depends
on the minority carriers’ density 6, and magnetic field. Thus, in steady-state, the
minority carriers’ density can be determined by resolving the following continu-
ity equation:

0’5, 5,

-G 2
P R (2)
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Figure 1. Schematic structure of a bifacial silicon solar cell under an
applied magnetic field.

where 7is the average lifetime of the minority carriers in the base; D, is the mi-
nority carriers’ diffusion coefficient which expression is given by:

D
D=2 (3)
1+ B
With D, being the minority carriers diffusion coefficient without applied
magnetic field; G the minority carriers generation rate [23] at the position x.
The expression of the minority carriers’ generation rate, can be given as:

3
G=nY ae™ (4)

i=1
with 7 being the solar number, a;and b; are coefficients deduced from modelling
of the generation rate considered over all solar radiation spectrum under AM
1.5.

The solution of Equation (2) can be written as:

-LL LL S ale™
S,=Ade " +Ce _I;—D,, (bl-zLi _1) (5)
with:
L =Dz 6)
and:
(672, -1)%0 ?)

where Z, is the minority carriers diffusion length in the base.
The coefficients A and Care determinated by the following boundary condi-
tions [24] [25]:

- at the junction (x =0)

00
D -—* =85f-0 8
n ax - f nlx=0 ( )
- at the rear side (x = H)
00
- n = _Sb.é‘n oy (9)
ox | _p =
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where Sfand Sb are respectively the junction recombination velocity that defines

the solar cell operating point and the back surface recombination velocity.

2.2. The Photocurrent Density, Photovoltage and Solar Cell
Output Power

- The photocurrent density is related to the gradient of the photogenerated

minority carriers at the junction and is given by:

05,
Jph = qD n ax

(10)

x=0
- The storage of the photogenerated minority carriers to the vicinity of the

junction creates a photovoltage whose expression is given by the following

Boltzmann equation:

N
Vph =VT 11'1(14'”—55” (O)J (11)
With:
V, =KT/q (12)

where V. is the thermal voltage at temperature 7'= 300 K; N, is the doping ac-
ceptor atoms in the base; 1, is the intrinsic concentration of the minority carriers
at temperature 7'and Kis the Boltzmann constant.
- The solar cell output power is the energy supplied, at a time t, by the solar
cell. Its expression is given by:
P

ph

=J

ph

v

ph

(13)

3. Results and Discussions

We present, in first, the photoconductivity profile, the -V and P-V characteris-
tics and then in the second time, the determination method of the optimal oper-

ating point and junction electric field.

3.1. Profile of the Photoconductivity According to the Junction
Recombination Velocity

In Figure 2, the photoconductivity versus the junction recombination velocity, is
represented for different values of the magnetic field:

In Figure 2, we obtain the same behavior for the four curves of the photo-
conductivity versus junction recombination velocity. Considering curve 1,
without an applied magnetic field, in the interval of the junction recombination
velocity [0 cm-s™'; 2 x 10 cm-s™'] where the solar cell operates in an open circuit
situation, we note a high value of the photoconductivity that stays constant. This
is related to a great photogeneration of the minority carriers around the junction
where they cannot cross since they have not enough kinetic energy. However, in
the interval [2 x 10° cm-s™'; 5 x 10° cm-s™'] that corresponds to a variable oper-

ating point of the solar cell, the photoconductivity decreases because the minor-
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ity carriers gradually gain a kinetic energy to across the junction. When the solar
cell operates in a short-circuit situation, for a junction recombination velocity
Sf >5x10°cm-s™", the photoconductivity is lesser than of in open circuit one.
In this situation, the minority carriers have enough kinetic energy to across the

junction and there is no more new photogenerated carriers.

3.2.1-V Characteristics

The I-V characteristics, for different values of the magnetic field, are given in
Figure 3:
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Figure 2. Photoconductivity versus junction recombination velocity for dif-
ferent magnetic field values.
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Figure 3. Photocurrent density versus photovoltage for different magnetic
field values.
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The four curves in Figure 3, exhibit the same behaviour. For a low photovol-
tage, the photocurrent is maximum and corresponds to the short-circuit photo-
current: there is no significant storage of the photogenerated minority carriers in
the vicinity of the junction since the majority of these carriers have acrossed the
junction. This situation occurs when the junction recombination velocity is very
high while the load is low. However, in the open circuit situation of the solar cell,
there is a significant storage of the minority carriers in the vicinity of the junc-
tion; this implies a high photovoltage which corresponds to the open circuit
photovoltage and where the photocurrent is closed to zero. With a magnetic
field, the amplitude of the photocurrent decreases while the photovoltage in-
creases. We note that the magnetic field slows down the photogenerated minor-
ity carriers in the vicinity of the junction or deviates them from their initial di-
rection. We note that the operating point of the solar cell depends on the load
and the magnetic field. That is why this operating point will impact on the out-
put power delivered by the solar cell.

3.3. P-V Characteristics

In Figure 4, the output power versus the photovoltage, for different values of the
magnetic field, is represented:

The curves of the P-V characteristics, in Figure 4, show similar profiles. For a
given curve and its corresponding value of magnetic field, we note three zones:

1) a first zone which corresponds to the short-circuit situation of the solar cell
and where the power increases linearly with the photovoltage. The fit of the
curve give positive slope that corresponds to a short-circuit photocurrent;

2) a second zone corresponding to the open circuit situation of the solar cell
where the power decreases with the photovoltage: it is like a solar cell that loses
an energy and cannot work correctly since the load is high;

3) a third zone which is curvated and located between the two zones men-

tioned above, where the solar cell operates around the optimal power point.
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Figure 4. Power versus photovoltage for different magnetic field values.
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The increase of the magnetic field decreases the power delivered by the solar
cell on the load.
From I-V and P-V characteristics, we propose a method for determining the

optimal power operating point and the corresponding junction electric field.

3.4. Determination Method of the Optimal Operating Point and
Junction Electric Field

We give, at first, a relationship between the photocurrent density and the electric
field, as followed:

Jph =Oph E (14)

where E'is the electric field.

In Figure 5, a graphical determination method of the optimal operating point,
is presented [26].

The I-V and P-V characteristics, in Figure 5, are given without an applied
magnetic field and for an operating point that varies from the open circuit situa-
tion to the short-circuit one. The operating point is as function of the junction
recombination velocity which is linked to the load. A high load corresponds to a
low junction recombination velocity while a feeble load corresponds to a high
junction recombination velocity. Therefore, there is a load that is linked to an
operating point in which the solar cell delivers a maximum power P, . This
operating point of the solar cell, which corresponds to the maximum power, is
called the optimal operating point and is showed in Figure 5 by the point P. The
P point projection on the photovoltage axis, gives us the optimal photovoltage
Vphap
the photocurrent axis allows us to obtain the optimal photocurrent J
the obtained values of V,,, and J,
combination velocity Sf, ~which corresponds to the optimal operating point of

. Its extension on the I-V characteristic, gives a point whose projection on
ohop + With

, we deduce the optimal junction re-

the solar cell.

In Figure 6, the optimal junction recombination velocity Sf,, and the op-
timal photoconductivity o, , are determined:

The photoconductivity and the photocurrent density are represented on both
sides, in Figure 6, according to the junction recombination velocity which de-
fines the operating point of the solar cell. From the curve of the photocurrent
density versus the junction recombination velocity, the optimal photocurrent

Jphrm
axis, allows us to obtain the value of Sf, . With the curve of the photoconduc-

gives a point whose projection on the junction recombination velocity

tivity versus the junction recombination velocity, we determine the optimal

photoconductivity o, . From the values of J,, and o, that are ob-

hop
tained, we deduce the value of the junction electric field £ for a given optimal
operating point of the solar cell.

These steps of determining all of the optimal values corresponding to an op-
timal operating point, are considered for different magnetic field values. What

permits us to give Table 1 below:
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Figure 5. Determination of the maximum power and the optimal photo-
current for a given magnetic field B=0T.
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Figure 6. Determination of the optima of junction recombination velocity
and photoconductivity for a given magnetic field B=0T.

Table 1. A few values of V.., [ P St Oppop and E.

B(T) 0 5% 107 1073 1072
Vipop (V) 438 442 445 480

Jphop (A-cm™) 0.02 0.019 0.018 0.0078
P, (mW-cm™) 8.76 8.39 8.01 3.74

ngp (cm-s™) 3 x10° 2x10° 1.8 x 10° 2 x 10*

Oppop (e ™) 2.59 x 10°* 2.02x10™ 122 x 10 1.78 x 10°°

E(V-em™) 77 94 147 4382

Both the optimal photovoltage and the junction electric field increase with the
magnetic field because the magnetic field slows down and stores the photo-

created minority carriers in the vicinity of the junction. The optimal photocur-
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rent density, the maximum power, the optimal junction recombination velocity
and the optimal photoconductivity decrease with the magnetic field. Therefore,
we note that, a high photoconductivity corresponds to an ohmic solar cell in
which the electric field is weak since the recombination of the minority carriers
in the bulk of the solar cell becomes weak. However, a low photoconductivity
corresponds to a nonohmic solar cell in which the electric field and the minority
carriers’ recombination in bulk are high. From these results we note a degrada-

tion of the intrinsic parameters of the solar cell when a magnetic field is applied.

4. Conclusions

A theoretical study has been done on a bifacial silicon solar cell. The photocon-
ductivity, the photocurrent density and the photovoltage are determined ac-
cording to the junction recombination velocity and the magnetic field. From the
I-V and P-V characteristics, the maximum power operating point of the solar
cell, the optimal photocurrent and the optimal photovoltage were determined
for different magnetic field values. The optimal junction recombination velocity,
the optimal photoconductivity and the electric field were deduced. The photo-
voltage and the electric field increase with the increase of magnetic field while
the maximum power and the photoconductivity decrease. These obtained results
were satisfactory and matched to other works in the research field. A simple
method is utilized to determine the optimal operating point and it can be used
for photovoltaic panels in order to optimize the load.

The flux of the incident photons and the temperature of the solar cell were
assumed to be constant. The degenerated density of states and the change of the
energy gap with the magnetic field were not taken into account in this work. In
the future, we will consider these new elements in order to improve the analysis
of our results. We intend to propose an algorithm to determine the maximum
power and the corresponding electric field at the optimal operating point of the

solar cell.
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