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Abstract - A theoretical study of a silicon solar cell 

under polychromatic illumination and under base 

doping rate is presented for the back surface 

illumination mode. An analysis of the effects of base 

doping rate on the minority carriers density, and we 

show how the photocurrent, the photovoltage, the 

capacity, the short-circuit photocurrent density, and 
the open-circuit photovoltage depend on base 

doping. Either the I-V characteristic, series and 

shunt resistances are determined and studied versus 

doping rate. 
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I. INTRODUCTION 
The doping of semiconductors is important for the 
manufacturing of electronic components. The 

interesting electronic properties are thus connected to 

the possibility of "doping" of material by the 

introduction of adequate impurities allowing 

introducing free carriers. Seen importance of doping, 

we suggested to study in static regime, the base of a 

silicon solar cell under constant spectral multi-

illumination and under the influence of the doping rate. 

The study is limited to illumination by back side surface 

where the phenomena of recombination are very 

important, We look first at the influence of doping rate 

and at the minority carriers density, Then we are 
interested at its effects on the photocurrent density, the 

photovoltage, the capacity, the short-circuit 

photocurrent and the open circuit photovoltage. We also 

look at the effects of doping rate on series and shunt 

resistances, from study of the I-V characteristic [1]-[2]. 

 

II. THEORETICAL STUDY 
A n+-p-p+ silicon solar cell type [1]-[3] is schematized 

on figure 1:  

 
Figure 1: n+pp+ Silicon Solar cell  

 

When the solar cell is illuminated, different process 

take place in the base: We can mention generation, 

recombination and diffusion of excess minority carriers. 
The continuity equation for all these phenomena in 

static regime is given by the expression below: 
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G(x) is the carrier generation rate.  

Under back side illuminated, the expression of 

generation rate is given by the relation (2): The silicon 

solar cell is used in static regime  
3
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ai and bi are coefficients deduced from solar radiation 

under AM 1,5 spectrum [4];   

We set n = 1 (Number of sun). 

D*(Nb) indicates diffusion coefficient (Which 

translates the more or less good capacity of the material 

to let broadcast the carriers) of electrons generated in 

the base. The diffusion coefficient depends on base 

doping rate by the following relation [5]-[6]-[7]: 
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Where VT is the thermal voltage. 

The diffusion length L* of the excess minority carriers 
depends on doping rate by the following expression: 
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(Nb) is the minority carriers lifetime. 

It is given by equation (5) [8]: 

                                       (5) 

The general solution of continuity equation is given by 

the expression (6):
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With coefficients A and B the final solution of the 

continuity equation is well known [9]-[10].  

These coefficients can be determined through the 

following boundary conditions: 
At the junction (x = 0) 
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At the back surface (x = H): 
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Where H is the total thickness of the solar cell, 

Sf and Sb are respectively junction recombination 

velocity and back side recombination velocity;  

Back side recombination velocity depends on doping 
rate. To determine Sb we use the following relation 

[10]: 

0
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Where Jph is the photocurrent density;   

After calculation we find the following expression: 
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Figure 2 shows the module of back side recombination 

velocity versus doping rate: 

 
Figure 2: back side recombination velocity versus 

doping rate  

 

The back side recombination velocity decrease with the 

doping rate 

 

III. RESULTS AND DISCUSSIONS 

III-1 Excess minority carriers density 

On figure 3, we give profile of minority carriers density 

versus depth for various base doping rates:[11] 

 
Figure 3: Minority carriers Density in the base versus 

depth for various base doping rates: Sf = 3.103cm.S-1  
 

On figures 2 and 3, we observe that the minority 

carriers’ density decreases with base doping rate. It’s 

especially marked for the strong doping of the base. 

Indeed, if the base doping increases, it means that the 

impurities within the material increase: This entails an 
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increase of recombinations in volume and consequently 

a decrease of the density of these carriers.  

We notice also an increase of the density with the depth 

x in the base.  

III-2 Photocurrent density 

The photocurrent density of the solar cell is obtained by 

the gradient of minority carriers at the junction and is 

given by the following expression: 

 

                        (11) 
 

 

Where q is the elementary charge.  

Figure 4 illustrates variation of photocurrent density 

versus junction recombination velocity for different 

values of doping rate: 

 
Figure 4: Photocurrent density versus junction 

recombination velocity for different doping rates 

 

We observe that photocurrent density increases with 

junction recombination velocity with a maximum value 

near short circuit. The photocurrent density decreases 

very quickly with base doping rate: The back side of the 

solar cell is very sensitive to doping rate. 

III-2-1 Short-circuit photocurrent   
We present in figure 5 the effect of doping rate on 

short-circuit photocurrent density:  

 
Figure 5: Short-circuit photocurrent density according 

to doping rate 

 

We can observe that the short-circuit photocurrent 
decreases with doping rate of the base. 

III-3 Photovoltage 

From Boltzmann law, the photovoltage can be written 

as:  
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VT is the thermal voltage; ni is the intrinsic 

concentration of the minority carriers Kb is the 

Boltzman constant (1,38.10-23m2. Kg.S-2.K-1);  
T is the absolute temperature. 

We present in figure 6 the profile of photovoltage 

versus junction recombination velocity for different 

doping level: 

 
Figure 6: Photovoltage versus junction 

recombination velocity for different doping rate 
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We observe that photovoltage increases with doping 

rate. It is interpreted by decreasing of diffusion 

coefficient with base doping rate. Also the space charge 

zone width is inversely proportional to base doping rate. 

When the doping of the base increases, the width of 

space charge region decreases, fewer carriers are 

collected by the junction. 

III-3-1 Open circuit photovoltage 

On figure 7 is represented the profile of open circuit 

photovoltage according to the base doping level : 

 
Figure 7: Open circuit photovoltage versus doping rate 

 

The open circuit photovoltage increases with doping 

rate for values between 1015 and 1017 cm-3, beyond 1017 

cm-3 it decreases. 

III-4 I-V Characteristic 

Profile of I-V characteristic for various doping level is 

given on figure 8: 

 
 Figure 8: I-V Characteristic for various doping level 

 

This figure shows that near short-circuit, the 

photovoltage is low, the current is there almost constant 

and corresponds at short-circuit current. When the 

photovoltage aims towards open circuit photovoltage, 

the photocurrent decreases to nullify. 

III-5 Study of series and shunt resistances 

For the I-V characteristic of the solar cell we are going 

to determine some electrical parameters of the solar cell 

such as series and the shunt resistances. 

II-5-1 Series Resistance 

The series resistance Rs is a fundamental parameter 

which depends on nature of substratum, on temperature, 

on used technology and plays a role determining on the 
quality of a solar cell. It characterizes the contacts 

resistance, the resistivity of the base material. For a 

front illumination, the series resistance is often very 

small. Contrariwise as we can notice it on figure 10, for 

the back surface illumination we obtain higher values of 

series resistance, since excess minority carriers 

generated at the back side must travel along the base 

depth before crossing the junction. 

On the characteristic current-tension of solar cell we 

obtain two operating points, It is about open circuit 

situation where the photovoltage is maximal and short-
circuit situation where the photocurrent is maximal.  

In this study, for determining the series resistance Rs, 

we propose the equivalent electrical model of the solar 

cell in open circuit (low values of Sf) where the solar 

cell operates as photovoltage generator associated to 

series resistance and the external load (Rch) [12]-[13]. 

The equivalent electrical model of the solar cell near 

open circuit is represented below:  

 
Figure 9: Equivalent electrical model of the solar cell 

near open circuit situation  

 

By applying the law of meshs to the circuit of  figure 9, 
we find the expression of series resistance: 
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RS and Rch are respectively series and charge 

resistance. 

Sf aims towards Sfco which is junction recombination 

velocity limiting the open circuit[14]. On figure 10, we 

give the profile of series resistance versus junction 

recombination velocity for various doping rate: 
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Figure 10: Series Resistance versus junction 

recombination velocity for various doping level 

 

We note that at open circuit situation,   the series 

resistance increases gradually with the junction 

recombination velocity. We also observe that the series 

resistance increases with doping rate of the base. We 

can thus conclude that the resistivity of the material 

increases with the doping. 

III-5-2 Shunt resistance 

The shunt resistance RSh characterizes current losses at 

the junction. It allows to appreciate the quality of the 

solar cell. To determine the shunt resistance, we 
propose the equivalent electrical model of the solar cell 

near short circuit (larges values of Sf (4.104cm.s-1< Sf < 

6.106 cm.s-1). The illustrative model of this device is 

given to figure 11 

 
Figure 11: Equivalent electrical model of the solar cell 

near short-circuit  
 

By applying the nodes law to the circuit 11, we find the 

expression of the shunt resistance datum in the relation 

15: 
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Jphcc is the short-circuit photocurrent; it’s determined 

from the following relation: 

ph
Sf
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RSh and Rch are respectively shunt and charge 

resistance. 

Sf aims towards Sfcc which is the recombination 

velocity at junction initiating the short-circuit [14]; the 
profile of the shunt resistance versus recombination 

velocity at junction for various values of doping rate is 

given at the figure 12:  

 
Figure 12: Shunt resistance versus junction 

recombination velocity at junction for various doping 

rate  

 

We note an increase of the shunt resistance with the 

recombination velocity at junction. The shunt resistance 

also increases with the base doping rate. 

III-6 The capacity 

The capacity is obtained from the following expression: 
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After calculation, we find the following expression: 
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C0 is the intrinsic capacity without illumination and 

without base doping. 

We give on figure 13 the profile of the capacity versus 

recombination velocity at junction for various doping 

rate of the base: 
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Figure 13: Capacity versus recombination velocity at 

junction for various doping rate 

 

We observe on figure 13 that the capacity decreases   
with the junction recombination velocity (Sf). When Sf 

increases, the minority carriers cross the junction to 

participate at the photocurrent: what decreases the 

storage of these carriers near the junction. The 

recombinations of carriers increase with the doping of 

the base, what induce a decrease of the minority carriers 

stored thus a decrease of the capacity [15]. The profile 

of the logarithm of the capacity versus photovoltage for 

various doping rate is represented at figure 14: 

 
Figure 14:   Logarithm of the capacity versus 

photovoltage for various doping rate of the base 
 

These curves (Figure 14) present a linear evolution. The 

capacity increases with the photovoltage at the 

boundaries of the solar cell and decreases with doping 

rate of the base. For every rate of doping we have a 

particular value of the intrinsic capacity because it only 

depends on the level of doping and on the temperature. 

 

 

Table 1: Intrinsic values of capacity for various 

doping level under back side illumination: 
 

values of C0 (F/cm2) 

C01       1,19.10-6 

C02         3,65.10-7 

C03         1,35.10-7 

C04      5,04.10-8 

 

This table shows that the intrinsic capacity decreases 
with the doping of the base. Indeed, in relation 19, the 

intrinsic capacity is inversely proportional to doping. 

 

IV. CONCLUSION 
We presented in this work a theoretical study of a 

silicon solar cell in static regime, under constant 
spectral illumination and under the influence of base 

doping rate. The expression of the minority carriers 

density, for back side illumination was established. The 

profile of this density is represented versus the depth x 

in the base for various doping rate. This minority 

carriers density decreases with the base doping rate. 

The determination of the minority carriers density in the 

base of the solar cell, allowed us to have the 

expressions of the photocurrent and of the 

photovoltage. The I-V characteristic was represented, 

this allowed us to establish the expressions of series and 

shunt resistances following both modes of functioning 
of the solar cell (open circuit situation and short-circuit 

situation). Whose profiles were also studied according 

to the junction recombination velocity for various base 

doping rate. Either, the capacity study was made. From 

profiles of the logarithm of the capacity according to 

the photovoltage, we determined the intrinsic capacity 

without illumination, and we showed that the capacity 

decreases with the base doping rate. 
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