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Abstract: The aim of this study is to present a theoretical study of a silicon solar cell under frequency modulation. 
Solving the continuity equation lead to the analytical expressions of the minority carriers’ density, the photocurrent 
and the photo voltage. The photocurrent and the photo voltage are plotted versus the modulation frequency in a 
semi-logarithmic scale for various incidence angles; the dynamic impedance of the solar cell is then derived. The 
Nyquist diagram of the impedance is plotted for various incidence angles, leading to the determination of the series 
and parallel resistances. The determination of the diffusion capacitance is also made based on the Bode diagram of 
the solar cell impedance. The influence of the modulation frequency and the incidence angle on the diffusion 
capacitance and the series and parallel resistances is then exhibited. 
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INTRODUCTION 

 
In the past, many studies were made on the n

+
-p-p

+
 

silicon solar cell (Meier et al., 1988) in order to 
improve the cell efficiency. In addition to such a 
literature, knowledge and understanding the intrinsic 
and extrinsic properties of the solar cells are 
fundamental in controlling the process of fabrication 
and treatment of semiconductors. 

In this study, we consider a bifacial silicon solar 

cell under various incidence angles of multispectral 

illumination (Deme et al., 2010) in frequency 

modulation. We study the behaviour of some electrical 

parameters of the bifacial solar cell, depending on the 

angle of incidence of polychromatic illumination After 

solving the continuity equation, an expression of the 

excess minority carriers’ density is obtained; such a 

step leads to the establishment and deduction of the 

solar cell photocurrent and photo voltage. These 

expressions lead to the determination of the solar cell 

impedance which is then studied versus modulation 

frequency for various incidence angles trough Nyquist 

diagrams (Pannalal, 1973-1974; Dieng et al., 2011). 

The series and parallel resistances are determined for 

various incidence angles. The solar cell capacitance is 

obtained by using the Bode diagram (Chenvidhya et al., 

2003; Ly Diallo et al., 2012) also for various incidence 

angles and modulation frequencies.  

METHODOLOGY 
 

We present on Fig. 1 the silicon solar cell under 
various illumination incidence angles. e and H are 
respectively the emitter and the base widths, is the 
illumination incidence angle and x is the depth in the 
base.  
 

Continuity equation: The continuity equation is 
expressed as follows: 
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Dω 
: The diffusion coefficient  

δ(x, θ, t) : The minority carriers’ density  
G(x, θ, t) : The generation rate depending on both time 

t and spatial coordinates x and θ the incident 
illumination angle (Deme et al., 2010; 
Meier, 1988  

 

The minority carriers’ density and the generation rate 
can be expressed respectively as below: 

 

( ) ( ) )exp(, tjxtx ωδδ =
                                      (2)

 

 

( ) ( ) )exp(,,, tjxGtxG ωθθ =
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Fig. 1: Silicon solar cell  

 

where, δ(x) is the minority carriers’ density for a given 

depth x in the base and G(x,θ) the generation rate, a 

quantity depending both on spatial coordinate x and on 

θ, the incident illumination angle. Combining and 

inserting the Eq. (2) and (3) into the Eq. (1) result to the 

following differential equation: 
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Lω 
is the complex diffusion length. 

The solution of Eq. (4) is given by the following 

expression: 
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where, coefficients A and B are derived from the 

boundary conditions at the junction and at the back 

surface. 

 

Boundary conditions:  

 

• At the junction (x = 0) 
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• At the back surface (x = H) 
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where,  
Sf & Sb : The junction and back surface recombination 

velocities  
H : The base depth  
ω : The modulation frequency 
 

RESULTS AND DISCUSSION 
 

Short circuit photocurrent density:  The short circuit 
photocurrent is obtained through the minority carriers’ 
diffusion at the junction when Sf>10

4
 cm/s and its 

expression is as follows: 
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with: e the elementary charge Fig. 2, we present the 
short circuit photocurrent versus modulation frequency 
(semi-logarithmic scale) for various incidence angles. 
In Fig. 2, at the first step, for lower frequency values, 
the short circuit photocurrent is relatively constant 
before decreasing for high frequency values. At the 
same time, the short circuit photocurrent increases 
following the lower angle of incidence values; the 
highest current is obtained for the direct normal 
incidence (Sissoko et al., 1992; Madougou et al., 2007). 
 
Open circuit photo voltage:  The open circuit photo 
voltage  is  obtained  when  the  junction  recombination 
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Fig. 2: Short circuit photocurrent density versus modulation 

frequency (semi-logarithmic scale) for various 

incidence angles  

D0: 26 cm2/s; H: 0.03 µm; τ: 4.5 10-6s; L0: 0.02 cm 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3: Open circuit photo voltage versus modulation 

frequency (semi-logarithmic scale) for various 

incidence angles 

D0: 26 cm2/s; H: 0.03 µm; τ: 4.5 10-6s; L0: 0.02 cm 

 

velocity Sf is very low; for an ideal cell, Sf should be 

zero (Sf = 0) and in a real case, it would be the intrinsic 

junction recombination Sf0 (Diallo et al., 2008). 

In our case (Sf = 0), its expression is given by: 
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The Fig. 3 shows a plot of the open circuit photo 

voltage versus modulation frequency in semi 

logarithmic scale. 

 

Solar cell impedance: The dynamic impedance of the 

solar cell can be expressed as: 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4: Imaginary part versus real part of the solar cell 

impedance for different incidence angles  

Sf: 3.103 cm/s; D0: 26 cm2/s; H: 0.03 µm; τ: 4.5 10-6s; 
L0: 0.02 cm 
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The NYQUIST diagram (imaginary part versus real 
part) of solar cell dynamic impedance Z (Honma and 
Munakata, 1987; Pereira et al., 2006) is plotted (Fig. 4) 
for various incidence angles. The Nyquist plot of 
impedance is a semi-circle. 

 These curves show that the locus of the semi-circle 
increases with increasing incidence angle. Series and 
parallel resistances Rs and Rp are deduced from the 
above Nyquist diagram (Honma and Munakata, 1987; 
Pereira et al., 2006; Bouzidi et al., 2007) given that the 
two intercepts of the impedance locus on the real axis 
are approximately Rs and Rs + Rp (Bashahu and 
Habyarimana, 1995; El-Adawi, 2002).  

From Fig. 5, series and parallel resistances are 
extracted for various incidence angles and presented on 
Table 1.  

Table 1 show that the series and parallel resistances 
increase with the incidence angle. 

Once these parameters are determined, we can use 
the Bode diagram to access to the cut-off angular 
frequency and finally the capacitance.  
 

 Solar cell diffusion capacitance: The diffusion 
capacitance C associated to the minority carriers’ 
collection region is related to the cut-off angular 

frequency ωc by: 
 

c
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ω
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Bode diagram:  Here, Bode diagram (Pannalal, 1973-
1974) is used to access to the cut-off frequency; we 
present on the Fig. 4 the Bode diagram of the solar cell 
impedance for various incidence angles. 
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       (a) θ = 0                                              (b) θ = 10° 

 
            (c) θ = 20°                                             (d) θ = 30° 

 
Fig. 5: Nyquist diagram of the dynamic impedance for various incidence angles 

Sf: 3.103 cm/s; D0: 26 cm2/s; H: 0.03 µm; τ: 4.5 10-6s; L0: 0.02 cm 

 
Table 1: Series and parallel resistances for various incidence angles 

θ (°) 0 10 20 30 

Rs (Ω.cm2) 0.282 0.566 1.310 2.790 
Rp (Ω.cm2) 21.41 36.23 54.37 196.7 

 
Table 2: Capacitance values for various incidence angles 

θ (°) 0 10 20 30 

θ (°) 0 10 20 30 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
Fig. 6: Bode diagram of the impedance for various incidence 

angles 

Sf: 3.103 cm/s; D0: 26 cm2/s; H: 0.03 µm; τ: 4.5 10-6s; 
L0: 0.02 cm 

 

For angular frequencies in the interval 0<ω<ωc, the 

impedance is independent of the frequency: that is we 

are still in a quasi-steady state. For the values of the 

pulsation such as ω>ωc the impedance increases with 

the angular frequency. Effectively for frequency above 

ωc, minority carriers are slowed down traducing the fact 

that the dynamic impedance increases. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7: Bode diagram of the impedance 

Sf: 3.103 cm/s; D0: 26 cm2/s; H: 0.03 µm; τ: 4.5 10-6 s; 
L0: 0.02 cm 

 
We also note that all the curves in Fig. 6 present a 

knee at approximately the same angular frequency that 
is, the angular cut-off frequency do not depend on the 
incidence angle. Since the curves in Fig. 6 lead to the 
same cut-off angular frequency for any incidence angle, 
we finally consider Fig. 7 (θ = 0°) for the determination 

of ωc.  
Figure 7 shows the determination of the angular 

cut-off frequency. Approximately, we have: 
 

�� = 13.10� 
��/�                                           (12) 
 

Since the parallel resistance has been already 
determined, based on the angular cut-off frequency 
above we can deduce the capacitance value for various 
incidence angles; the results are presented on Table 2.  
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Fig. 8: Bode diagram of the capacitance for various incidence 

angles 

Sf: 3.103 cm/s; D0: 26 cm2/s; H: 0.03 µm, τ: 4.5 10-6 s; 

L0: 0.02 cm 

 

This table shows that the capacitance decreases 

with increasing incidence angle. 

To confirm such a result, let us express the 

capacitance as follow: 
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Based on this expression, we now plot on Fig. 8 the 

capacitance of the cell versus modulation frequency in 

semi-logarithmic scale (Bode diagram). 

This figure shows that the capacitance increases 

with increasing modulation frequency for a given 

incidence angle; that is, when modulation frequency 

increases, minority carriers are stored more and more in 

the base because they cannot cross the junction; this 

lead to an increase in the capacitance of the cell.  

We also note that the capacitance decreases with 

increasing  incidence angle as previously noted on 

Table 2. 

Effectively, when the incidence angle increases, 

there is less and fewer carriers generated in the base 

leading to a decrease of the net charge in the base and 

thus a decrease in the capacitance associated to the cell. 

 

CONCLUSION 

 

A theoretical study is made on a silicon solar cell 

under the frequency modulation for various incidence 

illumination angles. The photocurrent and the photo 

voltage are studied and the influence of the modulation 

frequency and incidence angle are presented. The solar 

cell dynamic impedance is presented and leads to the 

determination of the series and parallel resistances 

through Nyquist diagrams. The angular cut-off 

frequency is determined by use of Bode diagram of the 

dynamic impedance and the capacitance is deduced 

based on both parallel resistance and angular cut-off 

frequency; the capacitance determined by this way 

decreases with increasing incidence angle. This 

behaviour of the capacitance is confirmed by using an 

analytical expression of the solar cell capacitance.  
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