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Abstract Calculation was carried out by solving minority carrier continuity equation in the base of solar cell 

back illumited with white light .The physical parameters that influence the solar cell performance are geometric 

(H, g) and electronic (Sf, Sb, Sg). Mathematical correlations are established among these parameters to optimize 

the solar cell response. 
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1. Introduction 

Solar cell works for improving efficiency are diverse [1-2]. The theoretical modeling related to experimental 

studies focus on physical phenomena that govern the solar cell operation [3-5]. 

This is the generation - recombination and diffusion of photocreated minority charge carriers in the solar cell 

consisting essentially of 3 parts: the emitter, the space charge region and the base [6] and their boundary 

surfaces.  

Both experimental [7] and theoretical [8] studies are based on a one-dimensional or three-dimensional geometric 

forms [9]. 

The one-dimensional model reveals the physical mechanisms at the junction, in volume and at back surface 

[10]. 

The three-dimensional model reveals recombination at grain boundaries by focusing on grain size and at grain 

boundaries recombination [11-12]. 

The theoretical choices are based on diffusion equation resolution of minority carrier taking into account the 

operating regime: static regime [13-16], transient dynamic regime [17-18] or dynamic frequency regime [19-

20]. 

The solar cell system geometry is great importance because the objective is to create maximum carriers near the 

space charge region (SCR) [21]. Then the choice of illumination from either front or back side of the cell [22] or 

both side simultaneously [23] are proposed. Other geometries such as junction vertical parallel solar cell and 

series [24] make it possible to bring the collecting surface closer to the photogenerated carriers. 

Our study focuses on a rear-illuminated solar cell [25] to highlight the effect of recombination at grain 

boundaries, grain size, and recombination velocity on the back side Sb, on the electrical parameters. 
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2. Modeling and Theoretical Analysis 

In this study, we use n
+
 - p - p

+
 type of a bifacial polycrystalline silicon solar cell. 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 Figure 1 below [3,6,12, 22]. 

A 3D mark is placed at the center at the space charge region. 

 
Figure 1: Polycrystalline silicon columnar grain model 

In this study, the contribution of the emitter is neglected [3, 12].  We take into account only the base 

contribution. 

In addition, it is considered that the illumination applied to the rear side of the solar cell is uniform, which then 

provides a generation rate that depends only on z, the base depth [23]. Finally, we considered that the existing 

crystalline field within the base is neglected and recombination velocity at the grain boundaries is perpendicular 

to the junction and independent to the generation rate under AM 1.5 [3, 15, 25]. 

 

2.1. Density of Minority Carriers in the Base 

When the solar cell is illuminated by the rear side with a constant multispectral light, the minority carriers 

density in the base is governed by the following continuity equation: 
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with L: diffusion length; D: diffusion coefficient; ai and bi are the tabulated values of solar radiation and the 

dependence of silicon absorption coefficient with wavelength for AM = 1.5 [26-27]. 

The resolution of the continuity equation (1) taking into account boundary conditions namely recombination at 

grain boundaries, recombination on the back surface and at the junction, allows us to obtain the expression of 

the carrier density. 

A general solution to this equation can be written as follows [3, 28]: 
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The terms ck and cj are obtained using the following boundary conditions at the grain boundaries [3, 11, 25]: 
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- Sgb is the recombination velocity at grain boundaries. It allows expressing the   
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 recombination rate of minority charge carriers at grain boundaries. 

- gx and gy are grain sizes according to x and y axes. 

From equations 3 and 4, we get the following transcendental equations systems: 
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The solutions of equations 5 and 6 are obtained by a graphic resolution instead of numercical one. 

Using the orthogonality of )cos( xck  and )cos( yc j  functions, we obtain the )(, zZ jk  expression as: 
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The constants jk ,M  and jkN ,  are obtained with the boundary conditions at the junction and at the back 

surface which are [10, 29-30]: 
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In these expressions, Sf represents the minority carrier recombination velocity at the junction which reflects the 

flow of carriers crossing  the junction and Sb is the recombination velocity on the back surface. It allows 

expressing how minority carriers in the base disappear to the back side. 
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2.2. Photocurrent Density 

The photocurrent density is obtained from the expression of the minority carriers density in the base. It is given 

by [3, 6, 13, 25, 29] : 
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After calculation we get:  
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2.3. Photovoltage 

It is obtained using the Boltzmann expression [3, 25, 29] 
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3. Results and Discussion 

3.1. Study of the Minority Carriers Density in the Base 

Are presented in Figures 2 and 3 the profiles of the excess minority carriers density as a function of base depth, 

respectively for different recombination velocities at the grain boundaries and for different grain sizes. 

 
Figure 2: Profile of the excess minority carrier 

density as a function of depth z in the base for 

different Sgb ; g=0.005cm, 𝑆𝑓 = 3. 103𝑐𝑚/𝑠 , 

𝑆𝑏 = 3. 103𝑐𝑚/𝑠 𝑤𝑏 = 0.03𝑐𝑚 and AM1.5 

Figure 3: Profile of the excess minority carrier 

density as a function of depth z in the base for 

different grain sizes; 𝑆𝑔𝑏 = 105𝑐𝑚/𝑠; 𝑆𝑓 =

3. 103𝑐𝑚/𝑠, 𝑆𝑏 = 3. 103𝑐𝑚/𝑠; and AM1.5.

These profiles show that the density of minority carriers in the base increases as one approaches the back. This 

is related to the generation rate which decreases exponentially as the distance from the back side along the axis z 

increases. The number of carriers generated is also much higher in the back than in the front [23] (Fick law). 

The analysis of the curves shows that the decrease in the grain size causes a decrease of the carrier density [13, 

28-29]. 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 rate at the grain boundaries, the more the carrier density is small. 

This change highlights the effect of recombination at the joints. 
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3.2. Study of the Photocurrent Density 

Figures 4 and 5 show the profiles of the photocurrent density as a function of the recombination velocity at the 

junction, respectively for different grain sizes and different recombination velocities at the grain boundaries. 

 
Figure 4: Profile of the photocurrent density as a 

function of the recombination velocity at the 

junction for different grain sizes;𝑏 = 105𝑐𝑚/

𝑠; 𝑆𝑏 = 3. 103𝑐𝑚/𝑠;  𝑤𝑏 = 0.03𝑐𝑚 and AM1.5 

Figure 5: Profile of the excess minority carriers 

density, based on the recombination velocity at the 

junction for different Sgb; g=0.005 cm;  

𝑆𝑏 = 3. 103𝑐𝑚/𝑠, 𝑤𝑏 = 0.03𝑐𝑚 and AM1.5 

The profiles show that the photocurrent density is almost zero for low recombination velocity values at the 

junction (Sf ≤ 2.10
2
cm/s), which corresponds to an open circuit mode of the solar cell. It gradually increases 

with Sf when 2.10
2
cm/s ≤ Sf ≤ 5.10

5
cm/s and becomes constant for Sf ≥ 5.10

5
 cm/s. In the latter area, the solar 

cell is in short-circuited mode. 

In this area, the photocurrent density decreases almost by 50% when the grain size passes from 0.2 cm to 

0.005cm. It becomes almost zero when the grain size approaches 0.005cm. It decreases by about 80% when the 

recombination velocity at grain boundaries ranges from 10 cm/s to 10
3
 cm/s. 

For very high recombination velocities (6.10
6
 cm / s), the photocurrent density tends to zero.   

Therefore these figures highlight the discreasing of the photocurrent density when the recombination rate is 

important in the base substrate of the solar cell. 

 

3.3. Study of the Short Circuit Current Density 

We get the short-circuit current density Jsc from the photocurrent density for large values of the recombination 

velocity at the junction [10, 29]. 

It is given by the expression 

JJsc
scmSf /10.5 5

lim


                                                                                                           (22) 

Expression of the short circuit current density for an illumination of the solar cell from the back side is given by 

equation (23) below: 
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To assess the effect of grain size and the recombination velocity at the joints on the short-circuit current density, 

we represent in the Figure 6 the profile according to the recombination velocity at the grain boundaries for 

different size grain, and in Figure 7 the profile according to the grain size for different recombination velocities 

at the grain boundaries. 
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Figure 6: Profile of the short-circuit current 

density according to the recombination velocity at 

the grain boundaries for different grain size with 

𝑆𝑏 = 3. 103𝑐𝑚/𝑠; 𝑤𝑏 = 0.03𝑐𝑚 and AM1.5. 

Figure 7: Profile of the short-circuit current 

density according to the grain size for different 

recombination velocities at the grain boundaries 

with, 𝑏 = 3. 103𝑐𝑚/𝑠;  𝑤𝑏 = 0.03𝑐𝑚 

 

Analysis of the curves shows that the short circuit current density generally decreases as the recombination 

velocity at grain boundaries increases, and more the grain size is small, the more it is low. 

Recombination at grain boundaries has a powerful influence on the short-circuit current when the grain size is 

small. 

For high 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 illuminated by the back side [6, 13, 28-29]. 

 

3.4. Study of the Photovoltage 

Figures 4 and 5 show the profiles of the photocurrent density as a function of the recombination velocity at the 

junction, respectively for different grain size and different recombination velocities at the grain boundaries [3, 6, 

25, 29]. 

 
Figure 8: Profile of the photovoltage density, as a 

function of the recombination velocity at the 

junction for different recombination velocities at 

the grain boundaries: g=0.005 cm, 𝑆𝑏 =

3. 103𝑐𝑚/𝑠 cmwb 03.0  and AM1.5. 

Figure 9: Profile of the photocurrent density as a 

function of the recombination velocity at the 

junction for different grain sizes: 𝑆𝑔𝑏 = 105𝑐𝑚/𝑠; 

𝑆𝑏 = 3. 103𝑐𝑚/𝑠 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 ≤ 3.10
3
cm / s), which corresponds to the solar cell operation in open circuit; then it decreases 

when Sf increases. 

It generally decreases when the recombination rate at the grain boundaries increases and when the grain size 

decreases. 

3.5. Study of the Photovoltage in Open Circuit Condition 

In open circuit condition, the recombination velocity at the junction tends to zero, so we get the expression of 

the open circuit photovoltage in exploiting the following equation [29]: 

)s / cm3.10( 3 SfVVco                                                                                          (24) 

which gives: 
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To assess the effect of grain size and recombination at the joints on the voltage in open circuit, we represent in 

figure 10 the profile according to the recombination velocity at the grain boundaries for different grain size and 

in figure 11, its profile as a function of the grain size for different recombination velocities at the grain 

boundaries. 

 

Figure 10: profile of photovoltage density in 

open-circuit condition, depending on the 

recombination velocity at grain boundaries for 

different grain sizes, 𝑆𝑏 = 3. 103𝑐𝑚/𝑠;

cmwb 03.0  and AM1.5. 

Figure 11: Profile of photovoltage density in 

open circuit condition, depending on the grain 

size for different recombination velocities at 

the grain boundaries;𝑆𝑓 = 3. 103𝑐𝑚/𝑠; 

𝑆𝑏 = 3. 103𝑐𝑚/𝑠 cmwb 03.0  and AM1.5.

For Figure 10, the analysis of the curve shows that the photovoltage which is plotted as a function of the 

recombination velocity at the grain boundaries decreases and generally decreases as the grain size decreases. 

Analysis of Figure 11 shows that the photovoltage which is plotted versus the grain size  increases  and 

generally decreases as the recombination velocity at the grain boundaries increases. 

The influence of the recombination velocity at grain boundaries on the open circuit photovoltage is more 

remarkable when the grain size is small. 

This confirms that the presence of crystals of small grain sizes in the Si material corresponds to an increase of 

recombination centers. 

 

3.6. Current - voltage characteristics 

The current - voltage characteristic is obtained by plotting the current density provided as a function of the 

photovoltage linked by Sf [31]. 
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Figure 12: current-voltage characteristic for 

different grain sizes with 𝑏 = 105𝑐𝑚/𝑠 , 𝑆𝑏 =

3. 103𝑐𝑚/𝑠 ; cmwb 03.0  and AM1.5. 

Figure 13: current - voltage characteristic for 

different values of Sgb , g=0.005cm and for, 𝑆𝑏 =

3. 103𝑐𝑚/𝑠 , cmwb 03.0 and AM1.5

The analysis of the curves shows that the current - voltage characteristic generally decreases when the 

recombination velocity at the grain boundaries increases and when the grain size decreases [28, 29]. 

When the photovoltage is zero, the photocurrent corresponds to the short-circuit current and when the current 

goes to zero, the voltage is the open circuit voltage. 

The decrease in the short circuit current rating is more than 50% when the grain size decreases from 0.2 cm to 

0.05 cm. It tends to zero when the grain size becomes very small (0.005cm). 

 

3.7. Recombination Parameter: Recombination Velocity on the Back Side Sb 

When the solar cell is illuminated from the back side, strong recombination of photocreated carriers is observed. 

The control of back side recombination parameter could be useful to improve the quality of these solar cells. 

To determine the back surface recombination velocity, we consider that the current density is the sum of many 

small current densities: the Jk,j depending on solutions of transcendental equations (5) and (6) [6,13,29]. 
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The current density being constant for very large junction recombination velocity Sf  values [10, 29]. 

We can then write: 0
/10.5 5
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This allows us to have jkSb , expression, a recombination velocity which depends on kc , jc  , solutions of 

transcendental equations (5) and (6). 
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We have a new expression that describes how the minority carriers in the base recombine when the solar cell is 

illuminated from the back side with a constant multispectral light. 

To assess the influence of the grain size and recombination at grain boundaries, on recombination at the back 

surface, we presented in figure 14 its profile according to the recombination velocity at the grain boundaries for 

different grain sizes. 

 

Figure 14: Profile of the recombination velocity at rear side, depending on the recombination velocity at grain 

boundaries for different grain sizes; cmwb 03.0  and AM1.5 

4. Conclusion 

We have shown the influence of g and Sg on the minority charge carrier density. Using the Sf concept, I (Sf) - V 

(Sf) characteristic has been plotted focusing g and Sg effects. Thus, it could be used to determine series and 

shunt resistors (Rs, Rsh) and either the transition capacitance Cz 

Expression of minority carrier junction recombination velocity on back side (Sb) versus grain size (g) and the 

grain boundaries recombination velocity (Sg) is established for a given solar cell thickness wb. The calibration 

curves indicate the interest g and Sg ranges which are of interest for making a solar cell leading to low Sb values 

(With BSF) with a BSF effect and those giving high Sb values (ohmic contact avoidance). 

The solar cell could be studied for a low thickness wb, which would make it possible to bring the carriers closer 

the junction. 
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