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Abstract  In this work, a 3D theoretical study of a grain columnar model of a bifacial silicon solar cell under 
monochromatic illumination, is done. From the continuity equation of the photocreated minority carriers in the base 
of the cell, we determined the expression of the minority carriers’ density according to the wavelength, the grain size, 
the recombination velocity at grain boundaries and the recombination velocities at the junction and the rear side. By 
the use of the minority carriers’ density, the expressions of the photocurrent density, the spectral response and the 
external quantum efficiency have been deduced. We noted an improvement in spectral response and quantum 
efficiency with the increase of the grain size. Although, the recombination velocity at the grain boundaries leads to a 
decrease in spectral response and quantum efficiency; what corresponds to a poor quality of the solar cell since there 
is a degradation of its intrinsic properties. 
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1. Introduction 

The efficiency of solar cells is an important factor in 
optimizing photovoltaic energy. The energy conversion 
efficiency of photovoltaic panels supplied on the market is 
around 26%. In addition, this conversion efficiency 
depends on the weather conditions, the technology used to 
manufacture the solar cells, their intrinsic properties and 
the installation technique of the photovoltaic systems [1]. 
Thus, a few characterization techniques have been 
developed in order to improve the energy conversion 
efficiency of solar cells. By means of appropriate methods 
across different regimes, some researchers worked, in 
quasi-static state, on the quantum efficiency with or 
without an applied magnetic field [2], the electrical 
parameters [3,4] and electronic parameters of a 3D solar 
cell [5,6,7,8,9]. Other researchers have developed, in 
transient regime [10], a few techniques for characterizing 
some electrical parameters and then in frequency 
modulation [11] of solar cells. 

2. Theory 

We consider a 3D cubic model of a bifacial solar cell of 
a n+-p-p+ type [12,13,14,15] in figure 1: 

 
Figure 1. Schematic model of a 3D bifacial silicon solar cell 

Where gz is the thickness of the grain; gx and gy are the 
thicknesses of the grain along the (ox) and (oy) axes 
respectively.In this study, the contribution of the emitter is 
neglected, we only take into account that of the base 
[12,13]. In addition, the illumination is only on the front 
side of the solar cell. 
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When the solar cell is illuminated by a monochromatic 
light in a quasi-static regime, the incident photons that are 
absorbed mainly by the base, create minority carriers and 
some of them are recombined in the volume and at the 
surface area of the grain. The minority carriers’ 
distribution in the volume of the base, is governed by the 
continuity equation: 
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Where D and τ  are respectively the diffusion 
coefficient and the average lifetime of the minority 
carriers; ( ), ,n x y zδ  is the minority carriers’ density. The 
generation rate of the minority carriers depends on the z 
position and its expression can be written as follow 
[12,13,16] : 
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Where 0φ  is the incident flux of photons; R is the 
optical reflection coefficient and α the absorption 
coefficient of the base. A solution of equation (1) allows 
us to obtain a general solution as [17,18]:  
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Where, on the one hand, the coefficients Ck  and Cj  are 
determined from the following transcendent equations: 
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And on the other hand, the coefficients A and B are 
determined by the following boundary conditions [2] 
[19,20,21,22,23,24,25,26,27]: 
•  At the junction (emitter-base) 0=z  
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 •  At the back side, gzz =  
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Where Sg is the recombination velocity at the grain 

boundaries; bS and fS
 are the recombination velocities 

at the back side and at the junction respectively and we 
assume that g = gx = gy = gz. 

2.1. Expression of the Photocurrent Density 

The photocurrent density is obtained from the gradient 
of the minority carriers’ density. Its expression is given as 
follows: 
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2.2. Spectral Response (SR) Expression 
The spectral response (SR) is the ratio of the 

photocurrent density Jph   to the incident power φ. Its 
expression is given by the equation [1] [28,29,30,31,32]: 

 phJ
SR

φ
=  (9) 

2.3. External Quantum Efficiency (EQE) 
Expression 

The External Quantum Efficiency (EQE) is related to the 
spectral response by the following relation [1] [33,34,35,36]: 

 h CEQE SR
qλ

=  (10) 

With C the celerity of light; q is the elementary charge; 
h the Planck’s constant and λ the wavelength. 

3. Results and Discussions 

3.1. Minority Carriers’ Density Profile 
The profile of the minority carriers’ density according 

to the base depth, is shown in figure 2: 

 

Figure 2. Minority carriers’ density versus the base depth for different 
grain sizes With 33.10 /gS cm s= ; 0.94 mλ µ= ; 33.10= /fS cm s  

In figure 2, for a given curve, the minority carriers’ 
density decreases with the base depth. In the interval 0 ≤ z 
≤ 0.002 cm, the density of the minority carriers is 
maximum in the vicinity of the junction since there is a 
great absorption of the incident photons that generate 
many minority carriers. In the interval 0.002 cm ≤ z ≤ 0.01 
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cm, the density of the minority carriers decreases because 
of a week absorption of the incident photons that is linked 
to a low absorption coefficient of the material: this may be 
due, possibly, to the recombination of the minority carriers 
in the volume and at the surface area of the base. 

The increase in grain size leads to an increase in the 
amplitude of the minority carriers’ density since the 
recombination of the minority carriers decrease at the 
grain boundaries and the illuminated surface of the solar 
cell increases. 

3.2. Photocurrent Density Profile 
The profile of the photocurrent density according to the 

junction recombination velocity is shown in figure 3: 

 

Figure 3. Photocurrent density versus the junction recombination 
velocity for different grain sizes With 33.10 /gS cm s= ; 0.94 mλ µ=  

In figure 3, we obtain the same behavior of the curves 
of the photocurrent density. For a given curve, the 
photocurrent increases with the junction recombination. 
We note three zones of solar cell operating situations: 

- a first zone in the interval of the junction 
recombination [0 cm/s; 102 cm/s] where the photocurrent 
is almost zero, in an open circuit situation. In this zone, 
the photogenerated minority carriers do not have enough 
kinetic energy to cross the junction, so they have been 
stored in the vicinity of the junction; 

- a second zone in the interval ]102 cm/s; 105 cm/s] 
where the operating point of the solar cell varies since the 
minority carriers acquire kinetic energy to cross the 
junction; 

- a third zone in the interval ]105 cm/s; 108 cm/s] where 
the photocurrent is maximal and corresponds to the short-
circuit photocurrent: the photogenerated minority carriers 
have enough kinetic energy to pass through the junction.   

As the grain size increases, the photocurrent density 
increases in amplitude since there is an increase in the 
photogeneration of the minority carriers in the base of the 
solar cell. It is noted that the variation in the amplitude of 
the photocurrent density with grain size is more 
remarkable in a short-circuit situation than that of in an 
open circuit situation. 

3.3. Spectral Response Profile 
The profile of the spectral response according to the 

wavelength is represented in figure 4: 

 

Figure 4. Spectral response versus the wavelength for different grain 
sizes 33.10 /gS cm s= ; 

In figure 4, the spectral response is represented 
according to the wavelength for different grain sizes. The 
obtained curves have the same behavior. For a given curve, 
the spectral response increases with wavelength by 
reaching a maximum response value that corresponds to a 
specific wavelength λ = 0.7μm. Beyond this wavelength λ 
= 0.7μm, the spectral response decreases. In the 
wavelength range [0.3 μm ; 0.7μm], the spectral response 
increases because of the significant absorption of the 
incident photons : this is equivalent to a very good 
sensitivity of the solar cell. However, in the interval 
[0.7μm ; 1.7μm], the spectral response decreases : the base 
of the solar cell becomes more and more transparent to the 
incident light and this situation corresponds to a decrease 
in the sensitivity of this cell. Furthermore the increase in 
grain size leads to an increase in spectral response since 
the photogeneration of the minority carriers and the 
sensitivity of the solar cell increases at the same time.   

3.4. External Quantum Efficiency (EQE) 
profile 

The profile of the external quantum efficiency 
according to the wavelength is represented in figure 5: 

 

Figure 5. The profile of the external quantum efficiency in function to 
the wavelength 

In figure 5, the quantum efficiency is represented 
according to the wavelength for different grain sizes. The 
same behavior of the four obtained curves is noted. For a 
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given curve, the external quantum efficiency increases 
until reaching a maximum value that corresponds to a 
characteristic wavelength. For a grain size g = 0.0025 cm, 
we obtained the following maxima of the external 
quantum efficiency: 

-i) the first EQEmax1 =0.0596 corresponds to the 
wavelength 1 0.34 mλ µ= ; 

-ii) the second EQEmax2 =0.0783 corresponds to the 
wavelength 2 0.5 mλ µ= . 

For wavelengths 2λ λ> , the external quantum 
efficiency decreases since the incident photons are weakly 
absorbed by the base of the solar cell. 

When the grain size increases, there is a change of the 
values of the maxima EQEmax1 and EQEmax2 while the 
wavelengths 1λ  and 2λ  obtained respectively on i) and ii) 
are not affected. 

4. Conclusion 

The profile of the photocurrent density according to the 
junction recombination velocity was represented. The 
profiles of the spectral response and the external quantum 
efficiency were also represented according to the 
wavelength for different grain sizes of a bifacial silicon 
solar cell. We noted that an increase of the grain size leads 
to a decrease of the number of the recombination centers at 
the grain joints that constitute negative effects of the 
photogenerated minority carriers and also an increase of the 
spectral response and the external quantum efficiency. With 
the wavelength λ = 0.7μm, the spectral response is maximum 
while the external quantum efficiency is maximum at 

0,5 mλ µ= . In this study, we considered a fixed value of the 
recombination velocity at the grain boundaries and then 
neglected the contribution of the cell emitter. In a further 
works, we will take into account to the recombination 
velocity at the grain boundaries, the frequency modulation 
and an applied constant magnetic field. 
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