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Abstract: A theoretical study of a vertical junction silicon solar 

cell in frequency modulation, with incidence angle effect under a 

monochromatic illumination has been done. Based on the 

diffusion-recombination equation, the expression of excess 

minority carrier density in the base was established according to 

the modulation frequency and the illumination incidence angle. 

Photocurrent density, photovoltage, series and shunt resistances 

are then deduced. The objective of this work is to show the effects 

of both modulation frequency and illumination incidence angle 

on these electrical parameters.  

Keywords: Vertical junction - incidence Angle - frequency 

modulation. 

I. INTRODUCTION 

Solar cells performance is quite limited by recombination 

processes (Orton et al., 1990); it is then of great importance 

to identify and limit the effects of these recombination 

through the knowledge of certain parameters and the control 

of the associated technological processes. 

Many methods have then been developed for solar cells 

characterization in steady state (Sze et al., 2007), quasi-

steady state (Diallo et al., 2008; Mbodji et al., 2011), 

transient state (Barro F. I. et al., 2010; Gueye I et al., 2012) 

and frequency modulation (Dieng et al., 2011;  A. Thiam, et 

al., 2012). 

In this work, we will first determine the excess minority 

carrier density, the photocurrent and the voltage across the 

junction. Based on the I-V curve, the series and shunt 

resistances are then calculated. The aim of this study is to 

show the effects of both modulation frequency and 

illumination incidence angle on the solar cell. 
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For that purpose, excess minority carrier density, 

photocurrent, photovoltage, series and shunt resistances are 

studied for various incidence angles in frequency 

modulation.  

II. THEORY  

This study is based on a vertical parallel junction solar cell 

presented on figure 1. 

 
Fig. 1: Vertical parallel junction silicon solar cell   

  

Given that the contribution of the base to the photocurrent is 

larger than that of the emitter (Barro et al., 2001; Lemrabott 

et al., 2008), our analysis will only be developed in the base 

region. We also consider a Quasi-Neutral Base (Q.N.B) 

neglecting the electrical field within the base of the solar 

cell. 

The distribution of the minority carrier’s photogenerated 

(electrons) in the base is governed by the diffusion-

recombination equation. 

Taking into account the generation, recombination and 

diffusion phenomena in the base, the equation, governing 

the variation of the excess minority carriers in frequency 

modulation (Honma et al., 1987; Thiam Nd et al., 2012  ) 

can be written as: 
   

 
 ² , , , , , ,

( ) , ,
²

x t x t x t
D G z t

x t

     
 



 
    

   
(1) 

  

where       tjxtx   exp,    (2) 

 

and 
     tjzgtzG   exp,,,    (3) 

with 

  )cos()exp()1(,   zRzg tttt  
(4) 

x is the base depth on x axis,  is the modulation frequency, 

θ is the incidence angle, z is the base depth along z axis, Sf  

is the junction recombination velocity 

and λ is the illumination 

wavelength.  
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Inserting (4) into (3), (3) into (2) and replacing (x) into (1) 

by equation (2) the time dependent part of equation (1) is 

eliminated and we obtain: 
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The solution of this equation is:¶ 
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Coefficients A and B are determined based on the following 

boundary conditions:  

- At x = 0, (junction) 
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- At x = H/2, (middle of the base) 
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III. RESULTS AND DISCUSSION 

Figure 2 presents the profile of the excess minority carrier 

density versus base depth along x axis for various incidence 

angles.¶ 

 
Fig. 2: Excess minority carrier density versus base depth 

x for various incidence angles.  ω ꞊105rad/s,  Sf = 

4.104cm/s, H= 0.03cm, L0= 0.0001cm, D0= 26cm2/s, 

=10-5s, z ꞊ 0.0001cm, λ =0.5m. 

This figure shows that excess minority carriers density 

increase below a certain depth in the base and above that 

depth it decrease with base depth. That is, given the 

presence of the two junctions at both sides of the base, 

photogenerated carriers in the base flow in to two directions: 

the two junctions. These flows of carriers through the two 

junctions lead to a decrease of the excess minority carriers 

when moving to the junction. 

Thanks to the presence of the two junctions, the 

photocurrent obtained is more important than that of a single 

junction. This is undoubtedly an advantage of vertical 

parallel junction solar cells. 

We can also observe a decrease of the excess minority 

carrier density for the chosen incidence angles as observed 

with the other parameters.  

Photocurrent: The photocurrent density is given by the 

following expression: 
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A plot of the photocurrent density versus modulation 

frequency for various incidence angles is presented on 

figure 3 below.¶ 

 
Fig. 3: Photocurrent density versus modulation 

frequency (log scale) for various incidence angles.         Sf 

= 4.104cm/s, H=0.03cm, Lo=0.0001cm, Do=26cm²/s, 

=10-5s, z ꞊ 0.0001cm, =0.5µm 

This plot shows that photocurrent density doesn’t depend 

significantly on the modulation below a certain modulation 

frequency c; above that threshold, the photocurrent density 

decreases very markedly and rapidly like in a low pass filter. 

Effectively for higher modulation frequencies carrier cannot 

relaxate quickly so that they cannot diffuse to the junction. 

The collected carriers will decrease leading to a decrease of 

the photocurrent. 

We also note that the photocurrent decrease with increasing 

incidence angle. Really, the dependence of the photocurrent 

on the incidence angle is expressed by a cosine low as 

presented early by (Balenzategui et al., 2005). 

We now present on figure 4, the profile of the photocurrent 

versus junction recombination velocity for various angles of 

incidence.   

 
Fig. 4: Photocurrent density versus junction 

recombination velocity for various incidence angles. 

=105rad/s, H=0.03cm, Lo=0.0001cm, Do=26cm²/s,     z ꞊ 

0.0001cm, =10-5s, =0.5µm. 

Figure 4 shows that the photocurrent increase with the 

junction recombination velocity; effectively, if we keep in 

mind that junction recombination velocity Sf traduces the 

flow of carriers through the junction (Diallo et al., 2008; 

Diallo et al., 2012), we can say that for low Sf, there is a 

very low carrier flow through the junction leading to lower 

photocurrent generated, as observed. Generated carriers are 

stored on both sides of the junction and the solar cell 

operates near open-circuit. 

For higher Sf, the carrier flow through the junction increases 

so that the generated photocurrent also increases: the solar 

cell operates near short circuit. 
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Photovoltage: According to the Boltzmann relation, the 

photovoltage is obtained by the expression (10). 
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Nb is the base doping density; n0 is the intrinsic carrier’s 

density thermal equilibrium; K is the Boltzmann constant; 

T is the absolute temperature and q is the elementary charge. 

The photovoltage profile for various values of the incidence 

angle is given on figure 5.¶ 

 
Fig. 5: Photovoltage versus modulation frequency (log 

scale) for various incidence angles. Sf = 4.104cm/s,  

H=0.03cm , Lo=0.0001cm , Do=26cm²/s, =10-5s,          z ꞊ 

0.0001cm, =0.5m 

The photovoltage decreases with increasing modulation 

frequency but this decrease is more marked above a certain 

threshold as for photocurrent density. 

For higher modulation frequencies, carriers cannot diffuse 

and are recombined in the base so that there is no carrier 

collection no carrier storage across the junction. 

Figure 6 presents the profile of the photovoltage versus 

junction recombination velocity for various incidence 

angles. 

 
Fig. 6: Photovoltage incidence angles.  =105rad/s, 

H=0.03cm, Lo=0.0001cm, Do=26cm²/s, =10-5s, z ꞊ 

0.0001cm, =0.5µm.versus junction recombination 

velocity for various 

For lower junction recombination velocities, carriers flow 

through the junction is neglectable since carriers are stored 

across the junction: the photovoltage is at the maximum 

value (open-circuit voltage). 

For increasing Sf value, carriers flow through the junction 

increase and the stored charge cross the junction leading to a 

decrease of the photvoltage. 

Shunt and series resistances: The determination of shunt and 

series resistances is based on the behavior of the solar cell I-

V curve respectively near short-circuit and open-circuit. It 

has been proved (Mbodji et al., 2012) that near short-circuit, 

the solar cell behaves like a real current generator; that is, 

there is a parasitic resistance in parallel with an ideal current 

generator. This parasitic resistance is the shunt resistance 

Rsh. Shunt resistance characterizes junction quality: higher 

Rsh value means good junction properties with minimum 

current lost and low Rsh value means maximum current lost 

essentially by interface states in the junction and short-

circuit at junction boundaries (Kunz et al., 2008). 

Near open-circuit, solar cell behaves like a real voltage 

generator with a parasitic resistance in series with an ideal 

voltage generator (Mbodji et al., 2012), this parasitic 

resistance is the series resistance Rs (Wenham et al., 2007). 

Rs characterizes quasi-neutral region resistances, 

semiconductor-metal contact resistance and metal grid 

contact resistance (Wenham et al., 2007). 

Based on a previous work (Mbodji et al., 2012), the 

equations giving shunt and series resistances are expressed 

as:  
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Very low Sf value 
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Very high Sf value 

In these equations, Voc is the open-circuit voltage, Jsc is the 

short-circuit current density. 

Figure 7 presents the profile of the series resistance versus 

junction recombination velocity for various angles of 

incidence.   

 
Fig. 7: Series resistance versus junction recombination 

velocity for various incidence angles. =105rad/s, 

H=0.03cm, Lo=0.0001cm, Do=26cm²/s, =10-5s, z ꞊ 

0.0001cm, =0.5µm. 

Figure 7 shows that series resistance increase with junction 

recombination velocity; effectively, when junction 

recombination velocity increase, there is more and more 

carriers living the base region and crossing the junction so 

that free carriers density directly decreases. This decrease 

leads to an increase of the base dynamic mobility and thus 

its resistivity; that is why series resistance increases with 

junction recombination velocity. 

Figure 7 also shows that series resistance increases with 

incidence angle. 

The profile of shunt resistance versus junction 

recombination velocity is presented on figure 8. 
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Fig. 8: Shunt resistance versus junction recombination 

velocity for various angles of incidence of the light. 

=105rad/s,   H=0.03cm, Lo=0.0001cm, Do=26cm²/s, 

=10-5s, z ꞊ 0.0001cm, =0.5µm. 

One can see that shunt resistance also increase with both 

junction recombination velocity and incidence angle but the 

influence of incidence angle is more marked for very high 

Sf values. 

Increasing of shunt resistance with junction recombination 

velocity is mainly governed by the fact that solar cell 

dynamic resistivity increase when junction recombination 

increase, as for series resistance. 

IV. CONCLUSION 

A theoretical study of a vertical junction solar cell has been 

presented. Electrical parameters such as photocurrent 

density, photovoltage, series and shunt resistances have been 

determined and we showed the effects of modulation 

frequency and illumination incidence angle. This study 

exhibit the fact that photocurrent density and photovoltage 

do not depend on modulation frequency below a certain 

threshold which is the quasi steady state limit. Above that 

threshold, both photocurrent density and photovoltage 

decrease rapidly. 

It has also been shown that all the studied parameters 

depend on illumination incidence angle by a cosine law. 

Solar panels must then be installed on sit taking into account 

both the site’s latitude and the cosine law to optimize the 

performance of the solar panels. 
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