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Abstract - In this article, a theoretical study based on
some
electrical
parameters
and
intrinsic
recombination velocities of a solar cell in frequency
modulation and under irradiation, is presented. From
the continuity equation, the density of the photo
generated minority carriers in the base, the
photocourant and the phototension are determined in
term of the angular frequency, of the damage
coefficient and the irradiation energy. By means of
Bode and Nyquist diagrams of the recombination
velocities at the junction Sf and at the rear side Sb of
the solar cell, equivalent electric model is proposed.
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1. INTRODUCTION
The sun give off permanently electromagnetic radiations
along with particles or corpuscles from the solar wind.
It‟s essentially about electrons and positive ions (cations).
The radiations of these charged and highly energy
particles can modify the phenomenological and
macroscopic parameters of the solar cells. In fact, when
there is absorption of ionizing particles, the concentration
in pair electron-hole within the cell is modified and the
solar cell parameters are strongly modified.
This article is about a 1D theoretical study of a bifacial
silicon solar cell illuminated by its front side, with a
monochromatic light in frequency modulation. We will
study the effect of the irradiation and the damage
coefficient on some parameters of the cell, and finally
from the Bode and Nyquist representations of the intrinsic
recombination velocities of the solar cell, an equivalent
electric model is proposed.

2. THEORICAL STUDY

Figure 1: An n+-p-p+ structure of a silicon solar cell.
In the following study, the contribution of the emitter and
the crystalline field that exists within the base are
neglected. When the solar cell is illuminated front the
front surface in frequency modulation, the excess
minority carriers generated in the base explaining the
different phenomena taken place in it is given by the
equation (1), with the origin of the axis taken at the
junction:
2

( x, t )
x2

Avec D

( x, t )
t

( x, t )
D

D

G ( x, t )
(1)
D

D( , l , ) et,

1
, l,

D1( l , )

1

2 2 2

1

2 2

2

2

2 2

1

2 2 2

2

2

i

G ( x, t ) And ( x, t ) are respectively the global
generation rate and the excess minority carriers density at
position x and time t; D is the diffusion coefficient; is
the angular frequency; τ is minority carriers lifetime
gotten from the empirical relation in term of the damage
coefficient kl and the irradiation flux [3 ; 4],
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Let‟s consider an n+-p-p+ [1; 2] type of a polycrystalline
silicon solar cell with back surface field (BSF) whose
structure is schematized on figure1:
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(x, t) can be written in the form as follows

(3)
g ( x)ei t And ( x, t )
( x)ei t
Where, g (x ) and (x) typify the spatial components,
ei t the temporal component.
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Inserting equation (3) in equation (1) and setting:
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Where L
with L being the complex
D1 l ,
diffusion length related to the irradiation energy and the
damage coefficient by the following relation [7]:
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α = ( ) and R = R ( ) are respectively the
monochromatic optical absorption coefficient and the cell
monochromatic reflection coefficient at the wavelength ;
H is the thickness of the solar cell.
The solution of the continuity equation is given by the
following expression:
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Where coefficient A and B are to be determined by use of
the following boundary conditions [8, 9]:
 At the Junction (x=0)
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At the back surface (x=H)

Sb j
x H
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Sf j and Sb j are recombination velocity respectively at
the junction and at the rear surface.

3. MINORITY CARRIERS DENSITY
The profile of the minority carriers density module versus
particles Ennery is given in figure 2.

Figure 2: Minority carriers density Module versus
irradiation energy for different values of the damage
coefficient kl (a) and for different values of the depth (x)
(b): Sbj=Sfj=3000cm.s-1; H=0.03cm; λ=0.98 μm ;
Kl=5cm2/s; ω=103 rad/s.
On one hand both figure (a) and (b) show that minority
carriers‟ density decreases with the increase of the
irradiation flux. The concentration of carriers is maximal
close to the junction. On the other hand, when the
irradiation energy or the damage coefficient (expressing
the faculty more or less big of a particle to cause some
deteriorations within a material) increases, deteriorations
are more significant for high damage coefficient values
(a) and they are more noticeable in surface than in depth
(b).
It seems that the important parameter here is the
irradiation energy since significant decrease cannot be
observed when irradiation energy is below a certain
threshold.

4. PHOTOCOURANT DENSITY
The photocourant density is due to the minority charge
carriers diffusion through the junction and it is given by
the FICK law:
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J ( Sf j , Sb j , , , kl, )

q.D.

( x, Sf j , Sb j , , , kl, )
x

(12)
x 0

q is the elementary charge of electron and D is diffusion
coefficient.
In figure 3 is represented the photocourant density
module versus the irradiation flux for various damage
coefficient:

Figure 3: Photocourant density module versus
irradiation for various dommage coefficient Kl
: Sbj=2000 cm.s1 ; Sfj=4104cm.s-11; H=0.03cm ; λ=0.78
μm ; ω=103 rad/s.

Figure4: Photocurrent density module versus
recombination velocity Sf (a) and Sb (b) for various
irradiation energy: Sfj=3.103cm.s-1; H=0.03cm; ω=104
rad/s; λ=0.98 µm
On figure 3 we note that the photocourant density module
decreases with the increase of the irradiation energy.
Moreover, this decrease of the photocourant density is
more marked for high damage coefficient values.
The aspect of the curve on figure 4 shows that for low
values of the recombination velocity at the junction, the
photocurrent density module is nil. Then it increases with
the recombination velocity Sf until a constant value
giving the value of the short-circuit current. The curve on
figure 5 gives the opposite effect. Indeed, the
photocurrent density module is maximum for the lowest
recombination values Sb corresponding to short-circuit
current and is minimum to the highest recombination
values Sb corresponding to open circuit current.
These graphs also point up the influence of the particles
energy on the photocurrent density module. One observes
that when particles energy increase, photocurrent density
module decreases.
Indeed if the damage coefficient increases, the probability
for a given energy to cause deteriorations will be high.

5. INTRINSIC RECOMBINATION VELOCITIES
The profile of photocurrent density in term of junction
recombination velocity Sfj and back surface
recombination velocity Sbm, present two stages. Thus, the
expressions of the solar cell junction intrinsic
recombination velocity Sf and back surface
recombination velocity Sb are obtained below
respectively from the equations (13) and (14).
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The two expressions of the intrinsic recombination
velocities are complex and therefore can be written as:
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6. BODE AND NYQUIST DIAGRAM
The Nyquist diagram [10, 11, 12, 13] consists in
representing the imaginary part of a physical magnitude
versus its real part. Whereas Bode diagram [14] is a
method developed to obtain the graph of the grandeur
versus the frequency.
These two types of diagram are used to describe the
electric recombination phenomena of the intrinsic
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recombination velocities at the junction Sf and at the back
surface Sb [15].
In the following graphs are plotted respectively the
logarithm of the intrinsic recombination velocities
module Sf and Sb and their phases versus the logarithm
of the angular frequency for various irradiation energy
(figure 5, 6, 7,8), and on figure 9 and 10 we have the
imaginary part versus their real part
for various
irradiation energy.

Figure 8: Phase of Sb versus logarithm of ;.
λ=0.94 µm; kl=5cm2/s.

(a)

Figure 5: Logarithm of the module of Sf versus logarithm
of . λ=0.78 µm; kl=5cm2/s.

(b)

Figure 6: Phase of Sf versus the logarithm of
λ=0.94 µm; kl=5cm2/s.

;.

Figure 9: Imaginary part of Sf versus its real part;

(a)

Figure 7: logarithm of the module of Sb versus logarithm
.
of ;. λ=0.78 µm; kl=5cm2/s.
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lifetime photo generated and the capacitance from the
relation = 1/ c and
R p .C [18].

(b)

7. CONCLUSION

Figure 10: Imaginary part of Sb versus its real part ;
λ=0.78 µm; kl=5cm2/s.

Bifacial solar cell study showed us that its parameters
depend strongly on the irradiation energy and the damage
coefficient. The negative influence of irradiation particles
is more accentuated for the high energy values. So it‟s
clear that even with low energy values, for a long
exhibition to the irradiations, the effects will be
considerable.
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In the angular frequency range [0 rad.s , 10 rad.s ], we
are in quasi-static regime, means that |Sf| and |Sb| are
independent of the frequency. But beyond 104 rad.s-1 |Sf|
and |Sb| are steadily decreasing. Higher the energy,
smaller the velocities become. Thus, irradiation and high
frequency entail the slowing of electrons that move to the
junction and increase their probability of recombination
in the base, fig.5 and 7.
On fig. (9, a) and (10, a), we note that imaginary parts of
Sf and Sb are positive but real parts are negative. Gotten
curves are in the form of semi-circles with variable
diameters according to the energy (small energy values
give large diameters). Figures (6) and (8) show that the
phase is always negative. Therefore, capacitive effects
prevail against inductive effects.
Fig. (9, b) and (10, b) illustrate three characteristic points
corresponding to angular frequency:
,
and
. At
, the imaginary part is nil while
the real part corresponds to a value different from zero.
When
, the imaginary part is maximal but both
imaginary and real parts are different from zero.
The minority carrier‟s diffusion begins to decrease since
there is rupture of generation. When
, both
imaginary and real parts are nil. What allows us to
determine the diameter of the semi-circle.
Based on the interpretations of Bode and Nyquist
diagrams, an equivalent circuit describing the electric
behavior of the cell is represented in the following figure:
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