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Abstract: - In this paper, we present the study of a
vertical junction silicon solar cell under frequency
modulation
monochromatic
illumination,
with
incidence angle effect. Dealing with the continuity
equation relative to excess minority carriers, the
expression of carrier density versus both, frequency
modulation and junction recombination velocity was
established, for various incident angles this paper also
has exhibited the Photocurrent density, photo voltage,
and derived series and shunt resistances, and finally the
space charge region capacitance.
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INTRODUCTION
The improvement of the solar cells is often limited by
recombination of the excess minority carriers’
photogene rated. Parameters and the control of
technological process of manufacturing are significant
during the conception of these devices. Several methods
of characterization in static or quasi-static mode, as
well as in transient state and/or dynamic frequency
mode have been developed for the determination of one
or several parameters [1, 2, 3, 4, 5]. In this regard we
resolve continuity equation relative to excess minority
carriers in the base. Solution takes account the
wavelength, the frequency, the junction recombination
velocity and the incidence angle. Then the I-V
characteristic is derived and used to determine the
electrical parameters such as series and shunt
resistances, and the capacitance [6].
THEORY
Let us consider a silicon solar cell with parallel vertical
junction N + P doped. This photovoltaic cell includes
three parts: Emitter: frontal zone of N + type, it is doped
with donor atoms. Base: zone of P type, it is doped with
acceptor atoms. SCR: we find it between the emitter
and the base and there reigns an intrinsic electrical field
E which separates the electron-hole pairs. When the
solar cell is illuminated under the incidence angle ϴ,
there is creation of electron-hole pairs in the base.

Given that the contribution of the base to the
photocurrent is larger than that of the emitter [3, 4];
the analysis will only concern the base region.

Figure 1: Diagram of parallel vertical junction silicon
solar cell
In addition, we consider the hypothesis of QuasiNeutral Base (Q.N.B) neglecting the crystal field within
the solar cell. The distribution of the minority carrier’s
photogene rated (electrons) in the base is governed by
the continuity equation. Taking into account the
phenomena of generation-recombination and diffusion
in the base, the continuity equation is given by the
following equation [7-10].
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D (ω) and τ are respectively, the diffusion constant and
lifetime of excess minority carriers [11]. The excess
minority carriers’ density can be written as:

 x, t    x  exp jt 

(2)

Carrier generation rate G (z, θ, t) is given by:

Gz, ,  , t   g z, ,  exp jt 

(3)

Were:

g z, ,     ( )(1  R( ))   ( ) 
exp(  ( )  z )  cos( )

(4)

x is the base depth along horizontal axis, ω is the
angular frequency, θ is the incidence angle, z is the base
depth according to the vertical axis; Sf is the junction
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recombination velocity and λ the illumination
wavelength.
If we replace equation (2) into equation (1), the
temporary part is eliminated and we obtain the
following expression:

g ( z,  )
 2   x    x,  , t 



D( )
x 2
L( ) 2

(5)

The solution of this equation is:
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Coefficients A and B is determined through the
following boundary conditions [12]:
- At the junction (x = 0):
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- At the middle of the base (x = H/2) [13]:
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x
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RESULTS AND DISCUSSIONS
a. Minority Carriers Density:
The figure 2 presents the profile of minority carriers’
density versus horizontal depth x in base for various
incidence angles:

Figure 2: Module of minority carrier’s density versus
depth x in the base for various incidence angles. Sf =
3.103cm/s, H = 0.03 cm; Lo = 0.02 cm, Do = 26 cm2/s, z
= 0,0001 cm,  = 0.52 µm, ω꞊103rad/s.
On this figure 2, we notice that the excess minority
carriers’ density in the base increases up to reach a
maximum corresponding to a depth according to
horizontal (x = H/2) in the base. At x superior to H/2,

the density decreases up the limit of the depth (X = H)
in the base. So, we note down three zones on the curve
above following the depth x in the base:
i.
Zone 1 (0 < x < H/2): where the gradient of the
density of the carriers is positive. This translates the
passage of electrons flow generating a photocurrent
toward emitter-base junction;
ii.
Zone 2: when x = H/2.
The module of the minority carrier’s density in excess
in the base is maximal and the gradient is nil, Minority
carriers are stored.
iii.
Zone 3 (H/2 < x < H): where the gradient of the
minority carrier’s density in the base is negative.
When the flow of incident light deviates from the
perpendicular to the junction, we note that the minority
carrier’s density decreases for increasing incidence
angle. Also, we note in Figure 2 that, at H/2, the
minority carriers’ density decreases when the incident
angle of the illumination on the solar cell increases. This
situation predicts the capacitive phenomena evolution.
b. Photocurrent:
The photocurrent density is given by the following
expression:
 x,  , 
J Ph  2  q  D( ) 
(9)
x
x 0
The profile of photocurrent density is given by figure3:

Figure 3: Module of the photocurrent density versus
logarithm of the frequency for various incidence angles.
Sf = 3.103cm/s, H = 0.03cm, Lo=0.02 cm, Do = 26cm2/s, z
= 0.0001cm, =0.52µm.
The photocurrent is maximal and is constant for the
low values of the light frequency log () < 5 (quasi-
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static regime). For log () ˃ 5, the photocurrent
decreases. This can be explained by the very high
frequencies, the cell did not have time to relax. We also
notice down that when the incident angle increases the
amplitude module of the photocurrent density
decreases. The variation of the photocurrent versus
junction recombination velocity for various incidence
angles is represented by the following figure:

Figure 4: Module of the photocurrent density versus the
junction recombination velocity for various values of
the incidence angle. z = 0.0001cm, H = 0.03cm,
Lo=0.02cm, Do = 26cm²/s,  = 103rad/s,  = 0, 52µm
We can observe that we have two situations: one for low
values of the junction recombination velocity and the
other for the high values of the junction recombination
velocity. For low values of junction recombination
velocity, the photocurrent density is almost nil: this
translates a situation of open-circuit. The junction
recombination velocity characterizes the effects of
interface in the base. It is explained by a loss of minority
carriers. The module of the photocurrent density
increases with the junction recombination velocity to
reach the second bearing for high values of Sf
corresponding to short circuiting. In this operating
regime, the recombination linked to the interfaces
remains but they are dominated by the strong diffusion
of the minority carriers in the base toward the emitter
hence their low influence upon the photocurrent.
c. Photo voltage: According to the BOLTZMANN
relationship, the photo voltage is obtained by the
expression (10).

 Nb

VPh  VT  ln 1  2   0
 n0


(10)

VT 

K T
q
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Nb: doping rate in acceptor atoms in the base
n0: is the intrinsic carrier’s density related to the
thermal stability.
K: the Boltzmann constant
T: the absolute temperature
q: elementary charge of the electron
The photo voltage profile for various values of the
incidence angle is given by figure 5.

Figure 5: Module of the photo voltage versus the
logarithm of the frequency for various incidence
angles. =103rad/s, Sf=3.103cm/s, H=0.03cm,
Lo=0.02cm, Do=26cm²/s, z = 0.0001cm, =0.52
m
The photo voltage module remains maximal for the
values of log () < 5 and goes down for superior values.
We can see that for the incident angle 0° < θ < 10° the
module of the photo voltage sensibly keeps the same
value and for θ  10°, we can see a decrease in
amplitude of the module of the photo voltage. The
profile of Photo voltage versus the junction
recombination velocity for incidence various angles is
given upon figure 6: We note in figure 6 that photo
voltage amplitude decreases when the incident angle
increases. And for low values of the junction
recombination velocity (Sf  3.103 cm/s), the photo
voltage is maximal and corresponds to the open-circuit
situation. But for high values of junction recombination
velocity (Sf  3.103 cm/s), the photo voltage decreases
gradually towards zero. It is explained that, for Sf 
3.103, carriers are stored at the level of the junction and
for Sf  3.103 cm/s, the junction is empty.

with
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the sum of the resistance in volume and at contacts. The
figure 8 represents the I-V characteristic. We can see
the voltage in open-circuit situation:

Figure 6: Module of the photo voltage versus the
junction recombination velocity for various incidence
angles.  = 103 rad/s, H = 0.03cm, Lo=0.02cm, Do =
26cm²/s, z = 0.0001cm,  = 0.52µm
d. I-V Characteristic:
We present in figure 7 the photocurrent module profile
versus the module of the photo voltage for incidence
various angle.

Figure 7: Characteristic current-voltage various
incidence angles.  = 103 rad/s, H = 0.03cm,
Lo=0.02cm, Do = 26cm²/s,  = 0.52µm
For low tension values, the current is maximum and
corresponds to the short-circuit situation; but when the
tension turn toward that the open-circuit, the current
gradually decreases. When the incidence angle
increases, the amplitude decreases. From this
characteristic, we can see that according to the
operating regime of the solar cell in short-circuit or
open-circuit situation, some electric parameters like
resistances series and shunt can be determined from
solar cell electrical model.
e. Series Resistance :
The series resistance characterizes the resistive effects
of material and the device of used contact. It represents

Figure 8: Characteristic current-voltage.  = 103
rad/s, H = 0.03cm, Lo = 0.02cm, Do = 26cm²/s, z =
0.0001cm,  = 0.52µm
The I-V characteristic set a bearing nearly vertical
(figure 8) where the photo voltage lowly varies with the
photocurrent. This relates a perfect voltage source.
Really the solar cell presents some leaks. These are
characterized by the presence in the equivalent circuit
of a series resistance Rs [19]. The illustrative diagram
of this device is given by figure 9:

Figure 9: circuit électrique équivalent de la photopile
en situation de circuit-ouvert.
Where:
 Jph (Sf) and Vph (Sf) are respectively the
photocurrent and the photo voltage according
to the junction recombination velocity;
 Rs and Rch respectively the series and charge
resistances;
 Vco the open-circuit photo voltage.
We can deduce the series resistance Rs from the
following expression [14-18] :
(12)
Vco - Vph (Sf )

R ( Sf ) 
s

J ph ( Sf )
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The profile of series resistance is given according to the
junction recombination velocity for various incidence
angles by figure 10:

Figure 10: Module of series resistance versus the
junction recombination velocity various incidence
angles.  = 103 rad/s, H = 0.03cm, Lo = 0.02cm,
Do=26cm²/s, z = 0.0001cm,  = 0.52µm.
We note in figure 10 that series resistance increases
with the junction recombination velocity and the
amplitude of series resistance increases when incidence
angle increases
f. Shunt resistance:
The shunt resistance comes from the recombination of
the carriers in volume, on the surface and to the
interfaces of a solar cell.
The figure 11 represents the I-V characteristic in a
short-circuit situation:

Figure 11: Characteristic current-voltage.
=
103 rad/s, H = 0.03cm, Lo = 0.02cm, Do= 6cm²/s, z =
0.0001cm,  = 0.52µm.

I-V Characteristic presents a horizontal side which
corresponds to situation where the photocurrent is
independent of the photo voltage. These characteristics
correspond to a perfect current source. This situation is
comparable to the short-circuit photocurrent. As the
solar cell is not ideal. These are characterized by the
presence in the equivalent circuit of a shunt resistance
Rsh [20].
At figure 12, an electric circuit equivalent which
correspondent to this mode is given:

Figure 12 : electric equivalent circuit in shortcircuit situation
Where:
 Jph (Sf) and Vph (Sf) are respectively the
photocurrent and the photo voltage versus to
the junction recombination velocity;
 Rsh and Rch respectively shunt resistance and
load;
 Jcc the short-circuit photocurrent.
The expression of shunt resistance can be deduced by
the following expression [19]:

Vph ( Sf )
R ( Sf ) 
sh
J cc - J ph ( Sf )

(13)

Shunt resistance is represented according to the
junction recombination velocity for different incidence
angles on figure 13:

Figure 13: Module of resistance shunt according to the
speed of recombination to the junction for various
angles of incidence of the light.  = 103 rad/s, H =
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0.03cm, Lo = 0.02cm, Do = 26cm²/s, z = 0.0001cm,
=0.52µm
Figure 13 shows that shunt resistance increases with
the junction recombination velocity. Shunt résistance
amplitude increases either when the incident angle
increased. We give some series and shunt resistance
values for different incidence angles in Table 1:
Table 1 : Changes in series resistance and shunt values
for different incidence angles at the junction
recombination velocity.
θ (o )

0

10

20

30

Rs (Ω.m2)

0.015

0.018

0.037

0.098

Rsh(Ω.m2)

133

159

311

782

The table show that Rs and Rsh increases with
increasing incident angle. This confirms the results
obtained above. This may be due to shadowing
phenomena. We took the value of the junction
recombination velocity Sf = 7,149 cm.s-1 for the series
resistance, and for the shunt resistance Sf = 5.105 cm.s-1.
g. Capacitance
When the solar cell is illuminated, there is generation
and diffusion of minority carrier through the Space
Charge Region (SCR), which is accompanied by charge
storage.
The capacity equation is given by the relation 15.

C

dQ
dVph

(14)

With

Q  q. ( x) x 0

(15)
Figure 14 shows the variation of the capacity of Space
Charge Region versus junction recombination velocity
Sf for different incident angle values. When the incident
angle increases, the capacitance amplitude decrease.
And we show an Open circuit situation when the
junction recombination velocity is low, the maximum
capacity remains constant: there's a little mobility of
the minority carriers who are found stored at vicinity of
the junction. For Sf values greater than 2.102 cm.s-1 we
note a gradual decrease of the solar cell capacitance
value which tends towards the short circuit situation.
We are witnessing an expansion of the space charge
zone between two limits corresponding to the open
circuit conditions and short circuit of the solar cell.

Figure 14: Module of SCR capacitance versus junction
recombination velocity for various incident angles. 
= 103 rad/s, H = 0.03cm, Lo = 0.02cm, Do = 26cm²/s,
z = 0.0001cm,  = 0.52µm
CONCLUSION
A theoretical study of a vertical junction solar cell has
been presented. Electrical parameters such as
photocurrent density, photo voltage, series resistances,
shunt resistances, capacity and efficiency have been
determined and we showed the behavior of solar cell
versus
modulation
frequency
and
junction
recombination velocity for various incidences angle.
These parameters also decrease according to the
modulation frequency by taking account the effect of
the incidence angle. These parameters strongly depend
on the modulation frequency and the incidence angle.
This study exhibit the fact that photocurrent density,
photo voltage and capacity do not depend on
modulation frequency below a certain threshold which
is the quasi steady state limit. Above that threshold
photocurrent density, photo voltage and capacity
decrease rapidly. It has also been shown that all the
studied parameters depend on illumination incidence
angle by a cosine law.
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