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Abstract 

In this work, for simultaneous illumination of both sides 
of the polycrystalline bifacial silicon solar cell, we study 
the influence of grain size and recombination velocity at 
grain boundaries, on the macroscopic and microscopic 
parameters. The study allows us understandind why the 
carrier density, current density and photovoltage have 
lower values than those collected on the monocrystalline 
Si when the solar cell is illuminated simultaneously by 
both sides. 
It highlighted the electrical parameters degradation of the 
solar cell as photocurrent, short-circuit current, 
photovoltage and open circuit voltage, when grain size 
decreases or when recombinations at grain boundaries 
are high. 
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1. INTRODUCTION 
In order to improve the quality of solar cells, many 
studies have been conducted on the polycrystalline Si in 
order to control the photovoltaic conversion. 
The latter is governed by the processes as the generation 
of electron-hole pairs, their diffusion and recombination 

[1,2]. So it is limited by the presence of the Si material 
manufacturing defects which mastery would increase the 
cell efficiency. 
Among these defects, we have the grain boundaries 
formed among silicon crystals that are responsible, 
among other, of charge carriers recombination 
photogenerated in volume [3-5]. 
The objective of this study is to analyze the influence of 
recombination at grain boundaries and the crystal size 
called grain on the electrical parameters of the 
polycrystalline Si solar cell. Thus, from a 3D modeling, 
we will determine an expression of the minority carriers 
density in the base when the solar cell is illuminated 
simultaneously by both sides by a constant multispectral 
light. 
This expression of the carrier density will allow us to 
determine the expression of the photocurrent, the 
photovoltage, the short-circuit current, the open circuit 
voltage, the back surface recombination velocity, and 
study the influence of grain boundaries recombination 
and grain size on these parameters. 
 
2. THEORITICAL ANALYSIS 
The BSF polycrystalline silicon solar cell studied is an 
n P

+
P-p-p P

+
P  structure as shown in figure 1.a. Silicon 

consisting of several grain of various sizes, for our study, 
we use the 3D columnar model where each grain has a 
rectangular shape as shown in figure1.b below [3,6,7]. 
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Figure 1.a. 36TBifacial Silicon solar cell Structure 

 
 

 Figure 1.b : 36TPolycristalline Silicon columnar grain 
model 

In this study, we assume that:  
 the contribution of the emitter is neglected.  We take 

into account only the base contribution [3],  
 the illumination is uniform. We then have a 

generation rate depending only with base depth z 
[8]; 

 the existing crystalline field within the base is 
neglected 

 in the simulation, we have equality between the 
grain size along x and y axes, ie gx = gy = g(square 

cross section), and that the recombination velocity at 
grain boundaries is perpendicular to the junction and 
independent to the generation rate under AM 1.5 
[3,9]. 

For both side simultaneous illumination of the solar cell 
with a constant multispectral light, excess carriers in the 
base of the solar cell are governed by the following 
continuity equation: 
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In this equation: L is the diffusion length, D the diffusion 
coefficient, aRiR and bRiR the solar radiation tabulated values 
and the dependence of silicon absorption coefficient with 
wavelength for AM = 1.5 [10,11]. 
A general solution of the continuity equation (1) can be 
expressed as [3,9]:
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where ck and cj are values obtained from the following 

grain boundary conditions at
2
gx
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2
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Equations (3) and (4) define a grain boundary 
recombination velocity Sgb that traduces how excess 
carriers flow trough grain boundaries; gx and gy are the 
grain sizes according to x and y axis. 
Replacing δ(x, y, z) by its expression into the above two 
boundary conditions lead to the following transcendental 
equations: 
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cRkR and cRjR are eigen values of these transcendental 
equations solved graphically. Replacing δ(x, y, z) in the 
continuity equation and using the fact that the cosine 
functions are orthogonal we obtain the following 

expression of )(, zZ jk :  
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Constants jkO ,  and jkP ,  are calculated by mean of the 

boundary conditions [3, 11, 13]: 
at the n P

+
P-p surface (z = 0): 
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at the back surface (z = wb) 
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In these expressions, Sf represents the minority carrier 
junction recombination velocity. It quantifies how excess 
carrier flow through the junction in actual operating 
conditions. Sb is the effective back surface 
recombination velocity. It quantifies the rate at which 
excess minority carriers are lost, at the back surface of 
the cell [11,15]. 
We obtain: 
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2. RESULTS ET DISCUSSIONS 
2.1. Excess minority carrier density 

Figures 2 and 3 present profiles of excess minority 
carrier density as a function of base depth, respectively 

for different grain boundaries recombination velocity and 
different grain size.

        
 
UFigure (2) U : Profile of the excess minority carrier density as 
a function of depth z in the base for different Sgb; 
g=0.005cm, scmSf /103 3⋅= , scmSb /103 3⋅=

cmwb 03.0= and AM1.5 

UFigure 3 U : Profile of the excess minority carrier density as a 
function of depth z in the base for differ 
rent grain sizes; 510=Sgb cm/s ; scmSf /103 3⋅= ;

scmSb /103 3⋅= ; cmwb 03.0= and AM1.5. 

These figures show that for simultaneous illumination of 
the solar cell by both front and back sides, the minority 
carrier density in the base decreases when moving deeply 
in the base. A maximum of carriers is photogenerated in 
these sides. The carrier density is low when approaching 
the center of the base [3,16], according to Fick law for 
thick base depth effect.  
These profiles also highlight the effect of the grain size 
and grain boundaries recombination on the carrier 
density. The decrease in the grain size causes a decrease 
of the carrier density [3]. Indeed, the reduction in grain 
size leads to an increase of recombination centers at the 
grain boundaries. 
We also note that the higher the recombination velocity 
at the grain boundaries, the more the carrier density is 
small. This variation highlights the effect of 
recombination at the joints. 

2.2. Photocurrent density 
From the expression of the minority carriers density in 
the base, we obtain the expression of the photocurrent 
density from the following relationship [3,15,17] :  
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We plot at figures 4 and 5 the photocurrent density 
profiles as a function of junction recombination velocity, 
respectively for different grain sizes and different grain 
boundaries recombination velocities.  
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The profiles show that the photocurrent density have two 
levels: the first corresponding to the solar cell in open 
circuit mode is obtained for low junction recombination 
velocity (lower to 2.10P

2
Pcm / s); the second corresponding 

to the solar cell in short circuit mode is obtained when Sf 
is higher than 5.10P

5 
Pcm/s. Between these two levels, the 

photocurrent density increases progressively with Sf, 
which corresponds to different operating points of the 
solar cell [3].   
The photocurrent density highly decreases when the 
grain size decreases and when the recombination velocity 
at the grain boundaries increases. 
 
 
 
 
 

 
 
 
These figures therefore emphasize the degradation of the 
photocurrent density when the recombination centers are 
important in the solar cell base substrate. 
 
 2.3. 36TShort circuit current 
The short circuit current density Jsc is obtained from the 
photocurrent density for large values of the 
recombination velocity at the junction [3,11]. 
It is given by the following expression 
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After calculation, we obtain an expression of the short-
circuit current density when the solar cell is illuminated 
simultaneously by both sides: 
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Figures 6 and 7 highlight the influence of the grain size and the recombination velocity at the joints on the short-circuit 
current density. 
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Figure 4: Profile of the photocurrent density versus 
recombination velocity at the junction for different grain 
sizes; 510=Sgb cm/s ; scmSb /103 3⋅= ; cmwb 03.0=
and AM1.5 

figure 5 : Profile of the excess minority carrier density 
versus junction recombination velocity for different Sgb ; 
g=0.005cm, scmSb /103 3⋅= , cmwb 03.0= and AM1.5 
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These profiles show that the short circuit current density 
generally decreases as the recombination velocity at the 
grain boundaries increases. It considerably increases as 
the grain size increases. 
Recombination at grain boundaries have a powerful  
 
 

 
 
influence on the short-circuit current when the grain size 
is small. 
For large grain size and low recombination velocities, the 
short-circuit current is almost constant and is 
substantially equal to that delivered by a monocrystalline 
solar cell simultaneously illuminated by both sides [9]. 
 

2.4. Photovoltage 
It is obtained using the Boltzmann relation [3,17]: 
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When the photocell is illuminated simultaneously by the 
front and rear sides, the photovoltage is given by the 
following expression :  
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In figures 4 and 5, we plot photovoltage profiles versus 
recombination velocity at the junction, respectively for 
different grain boundaries recombination velocities and 
grain sizes.  
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Figure 6: Profile of the short-circuit current density 
versus recombination velocity at the grain 
boundaries for different grain size, with 

scmSf /10.5 5= , scmSb /103 3⋅= cmwb 03.0=  

and AM1.5. 

Figure 7: Profile of the short-circuit current 
density versus grain size for different 
recombination velocity at the grain boundaries, 
with scmSf /10.5 5= , scmSb /103 3⋅=

cmwb 03.0=  and AM1.5. 
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The profiles show that the photovoltage has a horizontal 
bearing for low values of the recombination velocity at 
the junction (Sf ≤2.10 P

2
Pcm / s). In this area, the voltage is 

maximum, which corresponds to an open circuit mode of 
the solar cell. It then decreases when Sf increases. 
There is also an overall decrease in the photovoltage 
when the recombination velocity at grain boundaries 
increases and when the grain size decreases. 
The effect of grain size and Sf on the photovoltage 
occurs more for low Sf values(open circuit). 

 

 

2.5. Open circuit photovoltage 
In open circuit, the recombination velocity at the junction 
tends to zero. So we get the expression of the open 
circuit photovoltage in exploiting the following equation 
[3,11]: 
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Expression of this open circuit voltage for simultaneous 
illumination by both sides is given by: 
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Figures 10 and 11 represent the profile of the open circuit photovoltage versus respectivly the recombination velocity for 
different grain sizes and the grain size for different grain boundaries recombination velocity. They highlight the influence 
of grain size and recombination at grain boundaries on the open circuit voltage. 
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Figure 8: Profile of photovoltage versus 
recombination velocity at the junction for 
different recombination velocities at the grain 
boundaries: g=0.005cm, scmSb /103 3⋅=

cmwb 03.0=  and AM1.5. 

Figure 9: Profile of the photovoltage versus 
recombination velocity at the junction for 
different grain sizes : 510=Sgb cm/s,

scmSb /103 3⋅= , cmwb 03.0= and AM1.5. 
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The open-circuit photovoltage decreases according to the 
recombination velocity at the grain boundaries. This 
decrease is even more remarkable when the grain size is 
small. The quality of the solar cell deteriorates when the 
grain size is small. 

2.6 . Current - voltage characteristics 
The current - voltage characteristic is obtained by 
plotting current density J(sf) versus photovoltage V(sf)  
[19]. 
In this section we study the influence of grain size and 
grain boundaries recombination velocity on the current-
voltage characteristic. 
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  Figure 10: Profile of the open-circuit photovoltage 

versus grain boundaries recombination velocity for 
different grain sizes; scmSf /102 2⋅= ,

scmSb /103 3⋅= cmwb 03.0=  and AM1.5. 

Figure 11: Profile of the open-circuit photovoltage 
versus grain size for different grain boundaries 
recombination; scmSf /102 2⋅= , scmSb /103 3⋅=

cmwb 03.0=  and AM1.5. 

Figure 12: Current - voltage characteristic for 
different grain sizes with 510=Sgb cm/s,

scmSb /103 3⋅= cmwb 03.0=  and AM1.5 

Figure 13: Current - voltage characteristic for 
different values of Sgb , g=0.005cm and for,

scmSb /103 3⋅= , cmwb 03.0= and AM1.5. 
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When the photovoltage is zero, the photocurrent 
corresponds to the short-circuit current and when the 
current tends to zero, the voltage is the open circuit one. 
Figure 12 represent the current-voltage characteristic for 
different grain sizes. It generally decreases as grain size 
decreases [2, 20, 21]. 
Figure 13 which corresponds to the profile of  current-
voltage characteristics for different grain recombination 
velocities, shows an overall decrease in voltage and 
photocurrent when grain boundaries recombination 
increases [2, 22]. 
When the grain size decreases from 0.2 cm to 0.005 cm, 
there is a decrease of the short circuit current of 
approximately 45% and a reduction of the voltage in 
open circuit by approximately 15%. As regards the 
recombination velocity at the grain boundaries, an 
increase from 10 cm/s to 10 P

3
P cm/s, causes a reduction of 

the short-circuit current of about 40% and a decrease in 
the open circuit voltage about 15%. This confirms the 

deterioration of the quality of the solar cell in the 
presence of many grain boundaries [20,22]. 
 

3.4. Recombination parameters: back 
surface recombination velocity Sb. 

For illumination of the solar cell simultaneously by the 
front and back, we have previously noted a strong 
presence of charge carriers near the back surface. This 
will be the headquarters of strong recombination of 
photocreated carriers [3]. Control back surface 
recombinant parameters would be useful to improve the 
quality of bifacial photovoltaic cells. 
Thus, to determine the back surface recombination 
velocity, we consider that the current density is the sum 

of many small current densities jkJ , , depending on the 

solutions of transcendental equations (5) and (6)[3] 
 

∑∑=
k j

jkJJ ,      (26) 

with : 

∑
= ⋅

+

⋅+−⋅−⋅
⋅

⋅−

⋅⋅⋅⋅=
3

1 ,

,

,

,
,

,

,
,,,

)exp(

i jk

jk

jk

jki
jk

jk
i

jk

i

jkjkjk

D
LSf

Y
X

Lb
Y
X

wbb
YD

bDSb

KSfRqJ                        (27)

Knowing that the photocurrent density has a horizontal 
bearing for very large values of the recombination 
velocity at the junction Sf , we can write[3,11,21]:  
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We thus have a new expression of jkSb , that describes 

how the minority carriers in the base recombine at the 
back surface when the solar cell is illuminated 
simultaneously by both sides with a constant  
multispectral light, with a recombination velocity 

depending on kc  and jc   solutions of transcendental 

equations (5) and (6). 
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  (29)  
Figure 14 represent its profile versus the recombination velocity at the grain boundaries for different grain size. 
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UFigure U 14: Profile of the back surface recombination velocity versus recombination velocity at grain boundaries for 
different grain sizes; cmwb 03.0=  and AM1.5. 

 
Profiles highlight an increase in the back surface 
recombination velocity when the recombination velocity 
at grain boundaries increases. This increase is more 
remarkable when the grain size is small. For high values 
of grain size, the back surface recombination is almost 
independent of recombination at grain boundaries [3]. 
The low grain sizes correspond to a massive presence of 
grain boundaries on the rear with a consequent increase 
in recombination of carriers photogenerated at back 
surface. 
 
CONCLUSION 
Considering the 3D columnar grain model of the 
polycrystalline silicon, we have studied the influence of 
recombination velocity at grain boundaries and the grain  

 
size on the parameters of the polycrystalline bifacial 
silicon solar cell as the density of carriers, the 
photocurrent, the photovoltage, the short-circuit current,  
the open circuit voltage and the back surface 
recombination velocity. The study allowed assessing the 
degradation of these parameters when grain size 
decreases or when recombination at grain boundaries 
increases. It helps in understanding the difference 
between monocristalline and polycrystalline silicon. 
It also enables to see when going from low grain sizes to 
large grain size, we have a strong reduction in 
recombination of carriers in the base, because the grain 
boundaries which are recombination centers in the 
substrate decrease. 
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