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Abstract: 

In this article, we investigate the extension of the space charge region within a three-dimensional bifacial polysilicon 
photocell subjected to multispectral illumination in a static regime. Our analysis focuses on the influence of grain size 
and recombination rates at grain boundaries on the characteristics of this region. 
By solving the continuity equation, we derive the expression for the density of excess minority charge carriers, from 
which we subsequently obtain the relative density of these carriers as a function of depth. This framework allows us to 
delineate how the relative density of minority charge carriers correlates with the extension of the space charge zone. 
Our findings indicate that the extension Z0,av of the space charge zone can be modeled as exhibiting the properties of a 
plane capacitor. Specifically, we explore how variations in grain size and recombination rates at grain boundaries affect 
the overall extension of this zone in the polycrystalline silicon cell. 
We observe that an increase in recombination velocities at grain boundaries results in a reduction of the diffusion 
capacity, transitioning from Sgb = 20 cm/s. Conversely, enlarging the grain size from Cav = 1.331x104 nF/cm-2 to Cav = 
5.04x103 nF/cm-2. enhances the diffusion capacity, reaching a peak value of g = 20 m to g = 3,00 x 102 m enhances 
the diffusion capacity, reaching a peak value of Cav = 3.50 x105 nF/cm-2. Through a detailed analysis of the relative 
densities of minority charge carriers as a function of depth z within the base, we are able to articulate the extension Z0,av  
of the space charge zone. This parameter serves as a critical indicator of the photocell's performance and overall quality. 
In summary, our research elucidates the interplay between microstructural parameters and the fundamental electrical 
properties of bifacial polysilicon photocells, providing valuable insights for future advancements in photovoltaic 
technology. 

 
Keyword : Photocell -Irradiation -Rate of recombination at grain boundaries-Grain size, Polycrystalline. 

Cite this article: 
Mayoro Dieye, Mamadou Mbaye, Dame Diao, Awa Dieye, Nacire Mbengue (2025). Three-dimensional analysis of the impact of grain size and 
recombination rate at grain boundaries on the extension of the space charge zone (ZCE) of a polycrystalline silicon monofacial photocell under 
multispectral illumination. Revue RAMReS – Sci. Appl. & de l’Ing., Vol. 7(1), pp. 21-27. ISSN 2630-1164. 

 
1. Introduction 
Several advanced techniques have been employed to 
characterize silicon materials and ascertain both 
phenomenological and electrical parameters, aiming to 
enhance the efficiency of solar cells. Among these 
techniques, some are developed within the static 
regime [1], while others operate within the dynamic 
frequency domain [2]. 

Comprehensive studies on the capacity of the space 
charge region [3][4] have been conducted in three 
dimensions [1][5]-[8] across both regimes. These 

investigations have focused on elucidating the intricate 
interplay between microstructural characteristics and 
the resultant electrical behavior of silicon-based 
photovoltaic devices. 

Our contribution specifically involves the 
determination of the relative density of minority charge 
carriers within a three-dimensional silicon photocell 
subjected to irradiation under multispectral 
illumination in a static regime. This approach allows us 
to deepen our understanding of the space charge 
dynamics and their impact on the photocell's 
performance, thereby providing critical insights into 
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optimizing solar cell technologies for enhanced energy 
conversion efficiency. 

2. Theoretical Analysis 
In an n+-p-p+ polycrystalline solar cell [9], the 
presence of numerous small individual grains 
significantly influences its performance, particularly 
through grain boundary effects, which can function as 
electron-hole traps. These interactions at the grain 
boundaries are critical in determining the overall 
efficiency of the solar cell. 
For the simulation of physical processes, we consider a 
fibrously oriented columnar grain structure, as depicted 
in the cross-section in fig.1. Fig.2 illustrates the 
configuration of the bifacial solar cell in a planar 
orientation, highlighting its structural nuances. 
Focusing on an isolated grain, as shown in fig.3, we 
conducted detailed calculations to analyze the variation 
of key parameters such as irradiation intensity (Kₗ) and 
photon flux (ɸ) [4]. This analysis aims to explore how 
different illumination modes affect the electrical 
characteristics and efficiency of the solar cell. By 
understanding these relationships, we can gain insights 
into optimizing the design and operational strategies 
for enhancing solar cell performance. 
 
 

 
Figure.1: Fibrously oriented     Figure.2: Bifacial solar 

cell 
 

 
Figure.3: Schematic of an isolated grain 

 
2.1. Excess Minority Carriers Density 
Considering the emitter as a dead (non active) area, the 
excess minority carrier distribution in the base, seen as 
a greater contribution to the photo-conversion, is 
derived from the continuity equation [5-9] [10,11] 
[27,28]: 
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is the diffusion coefficient in the presence of 

irradiation. It is expressed as follows: 
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KlL
KlD              [Eq. 2]                                                                                                               

In this expression, G(z) represents the generation rate 
of the minority charge carriers in the base [25] whose 
expression is given by the following equation:  
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The ai and bi values are the tabulated values from the 
modeling of the absorption spectrum of the solar cell 
for AM 1.5 [10] [16] [17]. 

L depend on the irradiation energy Φ and the damage 
coefficient Kl through the following expression [13]-
[15]:  
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L0 is the diffusion length without irradiation. 
The solution of the equation can be written as follows 
[5] [12] [17]: 
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                                                [Eq. 5] 
k, j: are the indices relating to the x and y directions 
respectively. 
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gx is the width of the grain, gy is the length of the 
grain, Sgb [16] is the rate of recombination at the grain 
boundaries [25]. 

From equations [Eq. 6] and [Eq. 7] we obtain two 
transcendent equations [20] which are:  
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Replacing δ(x, y, z) in the continuity equation and the 
fact that the cosine function is orthogonal, we obtain 
the following differential equation:  
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The coefficients Ak,j and Bk,j are calculated from the 
following boundary conditions [5] [19] [20]: 

 At the junction (z=0) : 
 

   0,,
,

,,

0

yx
KlD

Sf

z

zyx

z
















         [Eq. 14]                                                                                   

Sf is the junction recombination velocity, written as [5] 
[8] [19] [20] [24] Sf = Sf0 + Sfj with Sf0 being the 
intrinsic junction recombination velocity related to the 
shunt resistance due to losses occurring across the 
junction and Sfj is the imposed junction recombination 
velocity due external load. It defines the current flow 
that is the operating point of the cell. For each 
illumination mode, the intrinsic junction recombination 
velocity was calculated using the method described in 
[5] [8] [19] [20] [24]. 
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Sb is the back surface recombination velocity. It 
quantifies the rate at which excess minority carriers are 
lost at the back surface of the cell [5] [8] [19] [20] [24]. 
The derivation of the photocurrent with respect to Sf, 
provides for each illumination mode the expression of 
Sb, as in [5] [8] [19] [20] [24]. 
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        2.1 Relative density of minority charge carriers  

The relative density of excess minority charge carriers 
in the base is defined as follows: 
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            2.2. Diffusion capability of the photocell at the 
junction-base interface   

When the solar cell is illuminated, we witness a storage 
of opposing charges on either side of the transmitter-
base junction. This leads to the establishment of a 
capacitor whose scattering capacity varies according to 
the effects of illumination on the solar cell [4] [8] [23]. 

The expression of the latter is defined by [18] : 
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is the thermal tension, k is the Boltzmann 

constant, Nb is the doping rate of the base and neither 
the intrinsic concentration of the carriers.  

3. Résultats 
3.1. Determination of Space Load Area Extension 
Z0,av  
We propose a model for a bifacial photocell, 
conceptualizing the solar cell as a flat capacitor with a 

variable thickness  ,,,,,0 KlSgbgSfZ av , allowing 

it to expand or contract based on operational 
conditions. 
Our objective is to determine the extension of the space 
charge region when one parameter is varied while the 
others remain constant. 

To have  ,,,,,0 KlSgbgSfZ av  this bifacial 

photocell operates under polychromatic illumination 
and is characterized by several critical parameters: the 
recombination rate at the junction, grain size, 
recombination rate at the grain boundaries, irradiation 
energy, and the damage coefficient. To analyze the 
effects of these parameters, we plot the relative density 
of minority charge carriers, establishing 

 ,,,,,0 KlSgbgSfZ av  a reference for our study. 

Following this calculation. This relationship is vital for 
understanding how variations in the physical properties 
of the photocell influence its electrical performance. 

 ,,,,,0 KlSgbgSfZ av is made. 

Fig.4 illustrates the relative density of minority charge 
carriers within the bifacial photocell when illuminated 
from the front surface. This curve provides a crucial 
reference that highlights how carrier density varies 
with depth in the base layer, offering insights into the 
charge distribution dynamics and the overall efficiency 
of the solar cell. 
In summary, this comprehensive analysis enhances our 
understanding of the factors affecting bifacial photocell 
performance, laying the groundwork for future 
innovations in photovoltaic technology. 



M. DIEYE et al. 
 

Copyright© 2025 Revue RAMReS SAI                                                                             RR 24

 
Figure.4: Relative density of carriers as a function of z-

depth in the base.  

 
If we consider a given operating point, the relative 
density of minority charge carriers shows positive, 
negative and zero gradients.  
Z0,av characterizes the point of maximum minority 
charge carrier density and corresponds to the unit value 
of the relative density. 
At Z0,av the gradient of the minority charge carrier 
density is zero. We are in open circuit and the space 

charge zone moves from 0z to  avZz ,0 . 

The positive gradients of the density of minority charge 

carriers correspond to the zone from 0z to  

avZz ,0 . 

This zone is the site of an intense electric field that 
accelerates electric charges. No charge remains in this 
zone, which characterizes the extension of the space 
charge zone. 

Negative gradients occur at avZz ,0 , where carriers 

are blocked and recombine in volume. 
The extension of the ZCE lies between Z0,co and Z0,cc. 
Z0,av is determined by cancelling the derivative of the 
minority charge carrier density with respect to the 
variable z. 
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Since the junction is energized due to illuminance, we 
use the relationship (21) between voltage, charge and 
density to calculate the scattering capacity of the 
photocell in Z0,av.  

3.2. Effect of Grain Size g on the Z0,av 
Extension of the ZCE Space Load Area 

Thus, we give in the following table (1) in which we 
present the different values of the scattering capacity of 
the photocell obtained for different values of the 
maximum of minority charge carriers when we assume 
that the recombination rate at the grain boundaries, the 
irradiation energy and the damage coefficient are 
constant.  

Table 1: Some values of the capacity and extension 
of the space load zone Z0,av (cm) for six grain sizes 
and for illumination from the front side of the 
photocell 
H=300μm; Sgb=4,5*106 cm.s-1; Kl=10,5 cm-2/MeV; Φ=150 

MeV; Sf =106 cm/s. 

 mg .10   2 18 20 23 25 30 

 mZ av .10,0 
 

11 10 9 7 6 4.5 

 VVph
110

 
4.9 4.9 4.9 4.9 4.9 4.9 

 13 .10 mVEZCE  
4.5 4.9 5.5 7.1 8.3 11 

 25 .10 cmnFCav
 

1.4 1.9 2.2 2.7 3.2 3.5 

 313.10 cm
 

2.4
3 

3.3
6 

4.1
7 

4.7
6 

5.1
6 

5.4
2 

 
In our analysis, we delve into the relationship between 
the capacity of solar cells and grain size, as illustrated 
in the accompanying table. By systematically varying 
the grain boundary recombination rate Sgb, irradiation 
energy, and damage coefficient, we can derive the 
corresponding scattering capacity of the photocell for 
specified grain sizes. This approach allows us to 
comprehensively understand how these parameters 
interact to influence the device's performance. 
As we examine the data, it becomes evident that the 
capacity of the photocell exhibits distinct variations in 
response to changes in grain size. For each fixed value 
of the grain boundary recombination speed Sgb, along 
with constant irradiation energy and damage 
coefficient, we determine the resultant diffusion 
capacity of the photocell. Notably, for a grain size of 

mg 20 , the diffusion capacitance remains high at 

25 .10.38,1  cmnFCav  while the photovoltage 

stabilizes at VVph
110.99,4  , However, as the 

grain size increases further, the photovoltage 
experiences a rapid increase, reaching a peak value of 

25 .10.50,3  cmnFCav . 

This behavior can be attributed to the interplay 
between grain size and charge carrier dynamics. Larger 
grain sizes tend to facilitate improved charge transport, 
reducing the likelihood of recombination at grain 
boundaries. Consequently, this leads to enhanced 
diffusion capacity and ultimately augments the 
photovoltage, which is critical for optimizing solar cell 
efficiency. 
To visualize these relationships, we present fig.5, 
where we plot the inverse of the scattering capacity of 
the photocell as a function of the extension of the space 
charge zone Z0,av .  

This plot illustrates how the capacitive behavior of the 
photocell correlates with changes in the space charge 
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region, further emphasizing the significance of grain 
size and recombination dynamics in determining the 
overall performance of the solar cell. 
In the current scientific landscape, understanding these 
relationships is crucial for advancing photovoltaic 
technology. Researchers are increasingly focused on 
optimizing grain structures to enhance charge carrier 
mobility and minimize losses due to recombination. As 
we move toward more efficient solar energy solutions, 
insights gleaned from such analyses will play a pivotal 
role in informing the design and fabrication of next-
generation solar cells. 

 
Figure.5: Inverse of the capacitance of the open-circuit 
solar cell as a function of the Z0,av (cm) extension  cm2.F-1 
of the space load area, when the grain size varies. 
H=0,03 cm; Sgb=103 cm.s-1; Kl=10,5 cm-2/MeV; Φ=150 
MeV; Sf=5.105 cm/s. 

The inverse of the diffusion capacity is an affine 
function of the thickness of the space load area Z0,av. It 
should be noted that the large values of the diffusion 
capacity correspond to the small values of the thickness 
of the space load zone. This curve shows that the 
junction of the photocell has the same properties of a 
capacitance.  

3.3. Effect of Recombination Rate at Grain 
Boundaries Sgb on the Z0,av Extension of the 
ZCE Space Load Zone  
The following table 2 shows the values of the 
scattering capacity of the photocell corresponding to 
the maximum point of the density of the minority 
charge carriers, the photovoltage and the accelerator 
electric field for different recombination rates at the 
grain boundaries 

Table 2: Some values of the capacitance and extension of 
the load zone of space Z0,av (cm) for five recombination 
rates at the grain boundaries and for illumination from 
the front of the photocell,  

H=300μm; g=0,003 cm; Kl=6 cm-2/MeV; Φ=80 MeV; 
Sf =5.105 cm/s. 

 12 .10 scmSgb
 

0.2 0.6 1.6 
 

3.2 18 

 mZ av .10,0 
 

3.8 5.2 7.2 
 

8.7 9.9 

 VVph
110

 
4.9 4.9 4.9 

 
4.9 4.9 

 13 .10 mVEZCE  
13.1 9.6 6.9 

 
5.7 5.1 

 25 .10 cmnFCav  
4.0 3.5 2.7 

 
1.7 1.0 

 313.10 cm
 

6.8 2.9 2.8 
 

2.7 2.0 

 
In this study, we investigate the effects of front-side 
illumination on bifacial solar cells with variable grain 
boundary recombination rates. Our findings reveal a 
direct correlation between increased recombination 
rates at grain boundaries and the extension of the space 
charge zone Z0,av Specifically, we observe that as 
recombination rates rise, there is a notable decrease in 
the density of minority charge carriers and a 
corresponding reduction in the diffusion capacity of the 
photocell. 
When illumination is applied to the front face of the 
bifacial photocells, the variability in grain boundary 
recombination speeds plays a critical role in 
determining the electrical performance of the device. 
An increase in recombination rates not only extends the 
space charge zone Z0,av  but also significantly 
diminishes the density of minority charge carriers, 
which are essential for maintaining efficient charge 
separation and collection within the solar cell.  
For a specific grain boundary recombination rate 

1.20  scmSgb , the diffusion capacity remains  
24 .10.31,1  cmnFCav  elevated initially but 

declines sharply as recombination rates continue to  
23 .10.04,5  cmnFCav  increase. 

Moreover, we find that the photovoltage remains 
relatively constant across the extension of the space 
charge zone. However, with escalating recombination 
rates at the grain boundaries (denoted as Sgb, the 
overall performance of the photocell deteriorates.  

o the increase in Sgb tends to push the solar cell 
toward a short-circuit operating condition,  

o as the recombination processes at the junction-
base interface create a significant void in 
minority charge carriers. In this scenario,  

o the recombination effects dominate over the 
generation effects, compromising the cell's 
efficiency. 

To further illustrate these findings, we present data in 
fig.6, where we plot the inverse of the capacitance as a 
function of Z0,av . The curve's shape aligns with the 
characteristics of a plane capacitor, reinforcing our 
hypothesis regarding the capacitive behavior of the 
space charge zone under varying recombination 
conditions. 
Overall, these results underscore the critical interplay 
between grain boundary dynamics and the electrical 
performance of bifacial solar cells, highlighting the 
importance of optimizing these parameters to enhance 
solar cell efficiency. 
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This curve in Figure6 of the diffusion capacity is a 
linear function of the extension of the space charge 
zone of the photocell, whose slope is strictly positive. 
This shows that the diffusion capacity increases with 
the extension of the space load zone.  

 

 
Figure.6: Inverse of the capacitance of the open-circuit 
solar cell as a function of the extension Z0,av(cm) of the 

space load zone, when the recombination rate at the grain 
boundaries varies, H=0,03cm; g=0,003 cm; Kl=6 cm-

2/MeV; Φ=80 MeV. 

 

4. Conclusion 
In this study, we presented a robust technique for 
determining the extension Z0,av of the space charge 
zone within polycrystalline solar cells. Our findings 
demonstrate that elevated recombination rates at grain 
boundaries significantly reduce the diffusion capacity 
of the photocell. Conversely, an increase in grain size 
enhances this diffusion capacity, thereby improving the 
overall performance of the solar cell. 
The investigation into the relative densities of minority 
charge carriers as a function of depth z within the base 
layer provides critical insights into the dynamics of the 
space charge zone. Specifically, the extension Z0,av 
serves as a pivotal parameter that characterizes both the 
open-circuit operating point of the solar cell and its 
overall quality. 
Moreover, our analysis underscores the delicate 
balance between microstructural properties and 
electrical performance. By elucidating the relationships 
between grain size, recombination rates, and diffusion 
capacity, we contribute to the understanding of how 
these factors influence the efficiency of polycrystalline 
solar cells. A method for the determining the extension 
of the space charge zone has been presented. This 
method reveals that the increase in recombination rates 

at grain boundaries, from 
1.20  scmSgb , leads to 

a decrease in the diffusion capacity,  going from 
24 .10.31,1  cmnFCav  to 

2.5042  cmnFCav . 

On the other hand, the increase in the grain size from 

mg 20  to mg 210.00,3  leads to an increase 

in this diffusion capacity up to . The analysis of the 
relative densities of the minority charge carries as a 
function of the depth z in. 
This work lays a foundation for future research aimed 
at optimizing solar cell designs, ultimately enhancing 
energy conversion efficiencies and advancing 
photovoltaic technology. 
Overall, the methodology and results presented here 
not only deepen our understanding of space charge 
dynamics but also offer valuable guidance for 
improving the performance of next-generation solar 
cells.  
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