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1. Introduction
The functioning of the solar cells depends strongly on
several external parameters, namely the effects of
irradiation (related to the operating environment),
influencing the energy conversion efficiencies of the
photovoltaic solar cells. For reliable and viable storage
and distribution of electricity, it is useful to characterize
these various parameters [1]. The irradiation energy that is
the object of this study is an extremely important
parameter and cannot be neglected in the behavior of solar
cells. Hence the importance of studying the influence of
irradiation energy on electrical parameters is to optimize
the performance of photovoltaic systems since they are
exposed to solar radiation. We propose first in this paper
the study of the diffusion capacity of an n+/p/p+ bifacial
CIGS photopile under monochromatic illumination, then
we study the influence of irradiation energy in dynamic
frequency regime and finally we carry out the study with
one illumination by the front face.

2. Model of the Solar Cell
The study is based on a one-dimensional bifacial
photovoltaic CIGS. Thus, a one-dimensional bifacial
photopile is such that the illumination occurs
perpendicularly at the level of the junction. We have
considered an n+/p/p+ type photopile presented in the
Figure 1.
In the framework of our study, we will make the
following approximations:

- The transmitter's contribution to photocurrent will be
neglected compared to that of the base station.
- The photopile is studied in a single dimension with the
axis origin taken at the junction (x = 0) [2].
- The crystalline field will be neglected at the base of
the photovoltaic cell and only the electric field at the
junction will be taken into account [2].

Figure 1. Bifacial photopile with CIGS type n+/p/p+

When the light source is illuminated, the evolution of
excess minority carriers in the base is governed by the
following equation of continuity in dynamic frequency
regime:
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δ ( x, λ , Sf , Sb, Kl , ω , ϕ ) , is the density of the electrons
generated at the depth x in the base.
G ( x, λ , t ) is the generation rate
Dn is the diffusion coefficient of the minority carriers
generated in the base and is related to the flux of
irradiating particles as well as to the coefficient of damage
by the relation (Francis Levy, 1995) [3].
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Where K is a constant deduced from (1), (8) and (9):
K=
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1 − L(ω )2 .α (λ ) 2

.

(12)

The general solution, according to whether the photovoltaic
unit is illuminated by the front face, by the rear face or
simultaneously by the two faces, can be made in the form:
δ=
( x) δ1 ( x) + δ 2 ( x) , from where:
• Front illumination
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Where D( Kl , ϕ ) is the diffusion coefficient related to the
• Rear illumination
irradiation energy and the coefficient of damage and is
x
x
given by the following relation:
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L(ω ) Is the diffusion length of the excess minority
• Simultaneous illumination of the two faces
carriers in the base of the photovoltaic cell. This diffusion
length is related to the flux of irradiating particles and to
x
x
=
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the coefficient of damage by the following equation [7]:
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L0 is the diffusion length before irradiation
The constants A1, B1, A 2, B 2, A3 and B 3 are
2
determined from the following boundary conditions [5]:
(6)
L0 = D0 .τ
√ At the junction (x = 0):
τ is the lifetime of minority carriers of charge.
Sf
∂δ ( x)
Kl is the coefficient of damage and ϕ , irradiation energy.
(16)
.δ (0)
=
∂x x = 0 D
According to the different modes of illumination, the
generation rate is given as following expressions:
Sf designates the recombination velocity of the carriers at
• Front illumination [4].
the junction and translates the flow of the carriers which
pass through the junction.
(7)
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Equation (1) is a second-degree differential equation
with a second member.
The solution of this equation without a second member
is:

=
δ1 ( x) A1.cosh(

x
x
) + B1.sinh(
).
L(ω )
L(ω )

(10)

As for the particular solution of this equation, it is of
the form:

δ=
2 ( x ) K exp( −α (λ ).x )

(11)

Sb denotes the recombination velocity of the carriers at the
rear face and reflects the manner in which the carriers are lost
at the rear interface of the photovoltaic cell. So in this present
work, we will work for an illumination at the front only.

2.1. Diffusion Capacity
In this section, we perform a modeling study of the
capacitance as a function of the operating point of the
photovoltaic cell.
The capacity of the photopile results from a variation of
charge during the diffusion process within the photovoltaic
cell. Its expression is given by [6]:

C=

dQ
dV

(18)
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The expression of the charge Q may take the form:
Q = q.δ (0, Sf , Sb, ω , Kl , ϕ )
Where q is the electrical charge. We have:

C ( Sf , Sb, ω , Kl , ϕ ) = q.

d δ (0, Sf , Sb, ω , Kl , ϕ )
.
dV

(19)

The capacity can be expressed as a function of the rate
of recombination at the junction which fixes the operating
point and we have:

C ( Sf , Sb, ω , Kl , ϕ ) = q.

d δ (0, Sf , Sb, ω , Kl , ϕ ) 1
.
. (20)
dV
dSf
dSf

Taking into account the expression of the density of
the minority carriers written in (14) and that of the
phototension written in the following form [6]:

V ph

VT .ln(

Nb
n02

.δ (0, Sf , Sb, ω , Kl , ϕ ) + 1)

(21)

Where VT is the thermal tension, Nb = 1016 (cm-3) the
doping rate, n0 is the intrinsic density of the minority
carriers in the base [7]:

=
n0 An .T 3/2 .exp(−

Eg
2.K .T

)

(22)

With An a constant. An = 30.87x1016 cm-3 K-3 /2,
Eg = 1,04x1, 6.10-19 J, the gap.

VT =

K .T
q

Is the thermal voltage.
We deduce the expression of capacity in the following form:

,ϕ )
=
C ( Sf , Sb, ω , Kl

ni 2
Nb + q. δ (0, Sf , Sb, ω , Kl , ϕ ) (23)
VT
VT

q

ni 2
We pose C0 = Nb .
VT
C0 is the intrinsic capacity, it depends on the nature of the
material (substrate) through (ni), the doping of the material
through Nb and the temperature through VT.
The second term of equation (23) depends on the
temperature through VT, the doping of the material, and its
nature through the diffusion coefficient D (ω, Κl, φ) and
the diffusion length L(ω, Κl, φ), Of the operating point
(Sf), the quality of the back interface (Sb), and the
dimension of the photovoltaic cell (H = 3 μm).
Thus we can already admit that the diffusion capacity
can be easily influenced by irradiation, according to this
analysis of its expression.
q

Figure 2. Diffusion capacity profile as a function of the recombination
rate at the junction for different irradiation energy values; λ =740nm,
Sb=3x103cm.s-1, 𝜔𝜔=5x105 Hz, Kl=5 cm2.s

The diffusion capacity decreases when the irradiation
energy becomes more and more important, which means
that the degradations are more predictable when there is
an accumulation of a large load. There is also a decrease
in capacity with the operating point. Indeed, for small
values of the recombination speed at the junction (Sf),
corresponding to the open circuit, the capacitance reaches
a maximum value. Then, it decreases until it reaches a
zero value for high recombination velocities at the
junction, corresponding to the short circuit.
In open circuit (low values of Sf), the charge carriers
generated do not cross the junction. They are stored on
either side of this junction. The junction can thus be assimilated
to a capacitance plane capacitor C ( Sf , Sb, ω , Kl , ϕ ) .
In short-circuit (large values of Sf), the carriers
generated in the photovoltaic cell cross the junction and
are collected by the grids. In the latter case, there is no
storage of charge, hence a low capacity.
From the relation (21), we note that the capacitance is a
function of the voltage across the photovoltaic cell. We
have therefore studied the evolution of the capacitance as
a function of the voltage of the solar cell. The Figure 3 is a
representation of the evolution of the capacitance as a
function of the voltage of the solar cell.
The curves of the Figure 3 show the appearance of the
capacitance as a function of the phototension of the
photovoltaic cell when it is illuminated by the front face
for various irradiation energies.

2.2. Results and Discussions
2.2.1. Effect of Irradiation Energy on the Capacity of
the Solar Cell
We illustrate in Figure 2 below the profile of the diffusion
capacity as a function of the rate of recombination at the
junction for various values of irradiation energy.

Figure 3. The profile of the diffusion capacity as a function of the
voltage for different irradiation energy values and for different values of
Sf; λ = 740 nm, Sb = 3x10-3 cm.s-1, ω = 5x105 Hz, Kl=5 cm2.s-1
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It is noted that, according to the curves, the diffusion
capacity increases with the voltage. Indeed, when the
voltage of the photovoltaic cell is maximum: open circuit
operating point (respectively, minimum: short circuit
operating point) corresponds to the open-circuit capacitance
of the photovoltaic cell (respectively corresponds to the
capacitance of diffusion of the photovoltaic cell in
short-circuit).
On the other hand, we note a decrease in the capacity
with the irradiation energy, which is estimated, because
the irradiation energy affects the value of the photovoltaic
capacity, which is in good agreement with the results of
the (Figure 2).
We represent in Figure 4 the logarithm of the diffusion
capacity as a function of the voltage of the photovoltaic
illuminated by its front face.

Coc ( x, λ , Sb, ω , Kl , ϕ ) =

15

ε .S
X oc

δ ( x, λ , Sf , Sb, ω , Kl , ϕ )
.
= q. oc
V (λ , Sf , Sb, ω Kl , ϕ )

(26)

S is the area of the cell; S = 1 cm2, ε is the permittivity;
ε = ε 0 .ε r , where ε r = 13.6 is the permittivity of the CIGS
and ε 0 = 8.85x10-14 F.cm-1 is the permittivity of the
vacuum.
We have assumed that the junction is under constant
potential. Thus, by extracting the expression of and from
equations (25) and (26) and referring to equation (24), we
obtain a new expression of the efficiency of the diffusion
capacity given by:

ηC ( x, λ , Sf , Sb, ω , Kl , ϕ )
δ ( x, λ , Sf , Sb, ω , Kl , ϕ )
= 1 − sc
.
δ oc ( x, λ , Sf , Sb, ω , Kl , ϕ )

(27)

Where δ sc ( x, λ , Sf , Sb, ω , Kl , ϕ ) and δ oc ( x, λ , Sf , Sb, ω , Kl , ϕ )
represent respectively the relative density of the excess
minority carriers in short-circuit and open circuit
conditions.
The appearance of the relative density of excess minority
carriers in short-circuit and open-circuit condition
δ SC ( x, λ , Sf , Sb, ω , Kl , ϕ ) and δ OC ( x, λ , Sf , Sb, ω , Kl , ϕ ) is
obtained from Figure 5.
Figure 4. Logarithm of the diffusion capacity as a function of the voltage;
λ = 740 nm, Sb = 3x103 cm.s-1, Kl= 5 cm2.s-1, ω = x105 Hz

We note that the logarithm of the capacitance is a linear
function of the voltage of the photovoltaic cell, whose
slope is strictly positive. This justifies that the capacity
increases with the voltage, as observed previously in the
Figure 3.
It should also be noted that the capacity always
decreases with the irradiation energy, but this time it
varies slightly (Figure 4).
This study makes it possible to determine at V = 0 Volt,
the diffusion capacity of the photo voltage in short-circuit
and at V = Voc the capacity of diffusion in open circuit.
2.2.2. Effect of Irradiation on Capacity Efficiency
By assimilating the space charge region with a planar
capacitor, the expression of the efficiency of the solar cell
capacity is given by the following equation [8]:

ηc (λ , Sf , Sb, ω , Kl , ϕ ) = 1 −

X oc (λ , Sf , Sb, ω , Kl , ϕ )
(24)
X sc (λ , Sf , Sb, ω , Kl , ϕ )

Where Xsc is the abscissa of the density of the
short-circuit current and Xoc, that of the open circuit.
In addition, the capacitance of the short-circuit and
open-circuit photovoltaic cell is written [9]:

Csc ( x, λ , Sb, ω , Kl , ϕ )
=

δ ( x, λ , Sf , Sb, ω , Kl , ϕ )
= q. sc
.
X sc
V (λ , Sf , Sb, ω , Kl , ϕ )
ε .S

(25)

Figure 5. Profile of the relative density of minority charge carriers in
excess in the base as a function of the depth x of the base for different
points of operation; λ =740 nm, Sb = 3x103 cm.s-1, ω = 5x105 Hz,
Kl= 5 cm2.s-1, ϕ = 25 MeV

We notice from this figure that there exists a point X0 in
the depth of the base where the density of the excess
carriers has a zero gradient. This point moves in the
depth of the base, when the rate of recombination at the
junction Sf increases. Thus, regions where charge carrier
density has a positive gradient can be likened to an
extension of the space charge region (SCR) of capacitance
C ( x, λ , Sf , Sb, ω , Kl , ϕ ) , to the volume of the database.
To determine this enlargement of the SCR, we solve the
following equation:
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∂δ ( x, λ , Sf , Sb, ω , Kl , ϕ )
x=0 =0
∂x

(28)

Rp.C =

2π

(29)

ωC

The values of Xcc and Xco are obtained by the resolution
of equation (28) allowing us to deduce the different
values of the capacitance Csc ( x, λ , Sf , Sb, ω , Kl , ϕ ) and

Cco ( x, λ , Sf , Sb, ω , Kl , ϕ ) corresponding to equations (25)
and (26).
We show in the Figure 6 the profile of the efficiency of
the capacity of the solar cell as a function of the depth of
the base, for different values of irradiation energy and for
a given coefficient of damage.

Figure 7. Variation of the Module of the capacitance according to the
logarithm of the frequency (ω ) , for different values of irradiation
energies; λ = 740 nm, Sf = 5x105 cm.s-1, Sb = 3x103 cm.s-1, Kl=5cm2.s-1

Figure 6. Variation of the efficiency of the diffusion capacity according
to the thickness of SCR, for different values of irradiation energy, λ
=740 nm, Sb = 4x104 cm.s-1, ϕ =5x105 MeV, Kl =5 cm2.s-1

The efficiency of the capacity decreases rapidly with
the thickness of the space charge area. Indeed, the
enlargement of the SCR leads to a reduction in capacity,
whereas the narrowing of the SCR causes an increase in
capacity, which explains this maximum capacity for a
small thickness of the SCR and a decrease in capacity for
a large thickness of the SCR.
On the other hand, the efficiency of the capacitance
decreases with the irradiation energy from a thickness Xs
of the space charge region. Indeed, we have shown in
Figure 2 that the irradiation energy causes a decrease in
capacity, hence a decrease in its efficiency.
2.2.3. BODE Diagram of the Modulus of Diffusion
Capacity in Short Circuit Condition
The BODE diagram of the diffusion capacity consists
of plotting the capacity modulus as a function of the
logarithm of the excitation frequency.
In the following Figure 7, the BODE diagram of the
diffusion capacity for different irradiation energy values is
shown.
For the angular frequencies in the interval 0 < ω < ω c
we are in quasi-static mode, i.e.: the module of the
capacitance is independent of the frequency. Above that of
ω > ω c , the module of capacity decreases with frequency.
Thus, the cut-off frequency ( ω c ) can be determined from
the intersection of the tangents of the curve, as shown in
the Figure 8.
Knowing the values of the cut-off pulsation ωc and the
capacitance, the following relation allows us to determine
the parallel resistance (Rp) [9]:

Figure 8. Variation of the modulus of capacitance according to the
logarithm of the frequency ( ω ), ϕ = 0.1 MeV, λ = 740 nm, Sf = 5x105
cm.s-1, Sb = 3x103 cm.s-1, Kl= 5 cm2.s-1

Thus, the Table1 gives the values of the cut-off
frequency, the parallel resistance and the scattering
capacity according to the irradiation energy.
Table 1. Parallel resistance values, cut-off frequency, capacitance
according to the irradiation energy; λ = 740 nm, Sf = 5x105 cm.s-1,
Sb = 3x103 cm.s-1, Kl= 5 cm2.s-1
Logarithm of
the cut-off
pulse ( ω c)

Irradiation
Energy
ϕ (MeV)

Parallel
resistance
Rp (Ω)

6.5798

0.1

2.7568 x106

3.4638

10

2.7552x10

6

3.4567

6

3.4509
3.4460

6.6031

Capacity (µF.cm2)

6.6493

100

2.7338x10

6.7536

250

2.6997x106

From this table, we notice a decrease in the cut-off
pulsation, the scattering capacity as well as the parallel
resistance with the increase of the radiation energy in
frequency modulation. This further confirms the degrading
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effect of the irradiation energy with respect to the
electrical parameters of the photovoltaic cell.
[4]

4. Conclusion
A theoretical study of a bifacial solar cell with
horizontal junction under monochromatic illumination in
frequency modulation was presented in this work.
However, the study allowed us to show that the increase in
irradiation energy leads to a decrease in the diffusion
capacity, as well as the efficiency of the latter. The results
obtained from the BODE diagram confirmed that the
diffusion capacity is sensitive to the effect of the
irradiation energy which is a very important parameter in
the behavior of the solar cells. Indeed, the study of the
dependence of the diffusion capacity of thin-film solar
cells based on CuInGaSe2 is therefore very important.
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