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In this work, we have proposed a method for determining the optimum 

temperature of an n+-p-p+ single-face silicon photocell under 

polychromatic front illumination using Fossum's temperature-

dependent diffusion coefficient model Dn (T). The capacitance is 

therefore determined as a function of temperature and the x and y 

dimensions of the crystal. The optimum temperature Topt that gives the 

best short-circuit capacitance is determined from the profile of the 

logarithm of capacitance versus the logarithm of temperature for 

different grain sizes. 
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Introduction:- 
The performance of solar cells depends on several parameters intrinsic to the material, such as the thickness of the 

base [1], the doping rate [2], the diffusion coefficient [3], the lifetime [4], the diffusion length [5], the grain size [6-

7-8], recombination at the junction [6-7-8], at the back [9], at the interfaces (Sg) [6-7-8] and the technology used to 

manufacture them. But also the natural parameters of the photocell exposure environment, such as the magnetic field 

[10], the magnetic field and temperature [11-12-13], the temperature [14, 15], the electric field [16], the irradiation 

[17], the irradiation energy flux [18], the solar concentration [19] and the variation in the angle of incidence [20] 

also have a strong influence on the conversion efficiency. Conversion efficiency is the perceptible indicator of the 

performance and comparability of solar cells. As this variable depends on all the factors and parameters that make 

up the solar cell, it is important to know what influences them. 

 

Some papers have used one-dimensional models [14, 15] to determine the optimum temperature. 

 

The aim of this work is to make a complementary contribution to the work already carried out on controlling the 

behaviour of the multi-crystal solar cell under the impact of temperature for three-dimensional models. 

 

It is based on the study of temperature, capacity and grain size. The optimum temperature corresponding to the 

maximum short-circuit capacity is determined for several grain sizes. 

 

Model and assumptions  

Our study focuses on an n+/p/p+ polycrystalline solar cell under multicolour front illumination. For the three-

dimensional modelling, we started from Fick's first law in one dimension, giving the number of electrons diffusing 

per unit of time and volume, which we generalised to three dimensions (Figure 1). From this generalised law in three 
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dimensions, we determined the diffusion current density, assuming that the solar cell is not polarised. We therefore 

considered a columnar model [21] (Figure 1) in which each grain of the crystal is assumed to have a regular 

parallelepiped shape. 

 
Figure 1:-Diagram of a grain of silicon crystal. 

 

The continuity equation for photogenerated minority carriers in the base is: 
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 zyxn ,,  : minority electron flow. 

Ln  : electron scattering length in the base. 
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Dn  : is the electron diffusion coefficient in the base. 
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 zG  :is the rate of generation of minority electrons in the base. 
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ai and bi are determined from solar irradiance[18,22,23]. 

The solution to the continuity equation (1) is[18, 22]: 

        
k j

jkkj ycxczZzyxn coscos,, 6 

 

By replacing equation 6 in 1 and using the orthogonal conditions for cosine functions, we obtain the following 

continuity equation:  
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The boundaries that limit the base of the solar cell lead us to consider two boundary conditions that allow us to 

determine the expressions for kjA and kjB [6, 8, 18] : 

 At the transmitter-base interface.  
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 On the back.  
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Sf  is the recombination velocity at the n+/p surface, which highlights the free charge flow that manages to cross the 

trqnsition zone. 

Sb is the electron loss rate at the p/p+ interface, which represents the number of carriers lost by recombination at the 

back surface. 

The boundary conditions taken at the contact surface between the grains of the crystal allow us to obtain the 

eigenvalues kc and jc [8, 18] :  
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Sg is the number of charges lost by recombination at the contact surface between the grains in cm.s
-1

; xg  and yg  

are the dimensions of the grains along the x and y axes. The signs   come from the Cartesian reference point 

chosen at the centre of the crystal 

Equation 6 in 14 and 15 gives the transcendental equations: 
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Choice of eigenvalues CkandCj 

The values of Ck and Cj are obtained from the transcendental equations given by equations 16 and 17 by the 

graphical method or by programming. 

 

We used the graphical method to extract the values of Ck and Cj.  The functions f(Ck) and h(Ck) are plotted in the 

same frame of reference. The points of intersection of the curves of these two functions give the values of Ck and Cj. 

The crystal grain is assumed to be square, so Ck= Cj. 
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Figure 2 shows the influence of temperature on the solutions Ck. 

 
Figure 2:-Own values Sg =10

3.0
 cm/s, g = 20 µm,a)T = 273 K et b)T = 333 K

 

 

Variations in temperature and recombination rate at the interfaces (Sg) do not affect Ck values if Sg ≤ 10
3.0

 cm/s. 

 

Tableau 1:- Own values Ckfor Sg = 10
 3.0

 cm/s. 

Temperature (K) Own values Cj = Ck(/cm) ; j= 0, 1, 2, 3, 4 

273
 

127,613 2251,000 4492,000 6735,000 8978,000 

333
 

127,613 2251,000 4492,000 6735,000 8978,000 

These values are verified by several recombination velocities at grain interfaces sg ≤ 10
3.0

 cm/s and for different 

temperatures. 
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Figure 3: -Own values Sg˃ 10

3
 cm/s, g = 20 µm, a) T = 273 K et b) T = 333 K.

 

Ck increases with temperature if Sg ˃ 103.0 cm/s (Figure 3) as shown in Table 2. 

 

Table 2: - Own values Ckfor Sg = 5.10
4
 cm/s. 

Temperature (K) Own values Cj = Ck (/cm);k= 0, 1, 2, 3, 4 

273
 

867,635 2747,000 4811,000 6963,000 9154,000 

333
 

916,425 2836,000 4891,000 7028,000 9208,000 

 

In Figure 4, we will study the influence of grain size on the values of Ck and Cj. To do this, based on the above 

studies, we set the recombination velocity at the interfaces between two grains at 10
3.0

 cm/s. 

 

 
Figure 4: -Own values Sg = 10

3.0
 cm/s, T = 333 K, a) g = 28 µm et b) g = 64 µm. 

 

We find that the grain size (g) has a strong influence on the eigenvalues whatever the recombination rate at the grain 

interfaces and temperature. Figure 4.a was plotted for a grain size fixed at g = 28 µm while for figure 4.b, the grain 

size is fixed at 64 µm. We can see that for one interval in Figure 4.b, the number of Ck eigenvalues has doubled 
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compared with the interval in Figure 4.a. We have therefore plotted the eigenvalues associated with the grain sizes 

used in this work. The results are given in Table 3. 

Table 3: -Own values Sg = 10
3.0

 cm/s, T = 333 K. 

Size (µm) Own values Ck = Cj(/cm);k= 0, 1, 2, 3, 4 

10 179,600 3317,000 6619,000 9928,000 13230,000 

28 127,613 2251,000 4492,000 6735,000 8978,000 

37 119,139 1708,000 3401,000 5098,000 6795,000 

46 114,659 1376,000 2737,000 4101,000 5466,000 

55 104,619 1152,000 2290,000 3430,000 4572,000 

64 96,764 991,502 1968,000 2949,000 3929,000 

73 90,397 870,450 1726,000 2585,000 3445,000 

82 85,099 775,968 1537,000 2302,000 3067,000 

91 80,599 700,171 1386,000 2075,000 2764,000 

100 76,714 638,015 1262,000 1888,000 2516,000 

 

Impact of the operating point on the relative density of minority electrons 

The normalized excess minority electron density profile as a function of base penetration depth for short-circuit and 

open-circuit modes of operation is shown in Figure 5. 

 
Figure 5:-Profile of the density of excess minority carriers in the normalised base as a function of the depth of the 

base for a temperature of T = 333K. 

 

Xco (T, g) is the thickness of the transition region when the solar cell is operating in open-circuit mode. 

Xcc (T, g) is the thickness of the transition region when the solar cell is operating in short-circuit mode. 

The efficiency of the solar cell is expressed as the abscissas Xco (T, g) and Xcc (T, g) as[24]: 

 
 
 gTXcc

gTXco
gT

,

,
1,   20 

The capacitance of a planar capacitor 
X

S
C





 can be studied by comparing the maximum abscissae of two 

relative densities. Finding the performance of the capacitance is simplified to that of the abscissa Xcc(T, g), because 

the value of the abscissa Xco(T, g) is negligible compared with that of Xcc(T, g). 
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Cell capacity 

The expression for capacity is obtained from the following relationship: 
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By dividing the numerator and denominator of equation 23 by ∂Sf we obtain equation24:
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By solving equation 24, we obtained the expression for capacity given by equation 25: 
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C0(T)the cell's intrinsic capacity. 

Cd(T, g)broadcasting capacity [14, 15]. 

 

Figure 6 shows the capacitance profile as a function of the diffusion rate at the n+/p face for a number of 

temperature values. 

 
Figure 6: -Capacitance profile as a function of diffusion velocity across the transition zone for different 

temperatures: H = 200 µm, g = 28 µm, Sb = F (T), z = 0 µm. 

 

These curves show three levels and decrease: 

1. In an open circuit, the diffusion capacity is initially constant and maximum. This maximum diffusion capacity 

reflects the fact that there are few charge carriers in the p-zone crossing the junction. Hence a significant storage 

of charges in the space charge zone; 
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2. On short-circuit, the capacitance decreases and reaches its minimum. This decrease is due to the fact that a large 

number of minority charge carriers in excess in the base cross the emitter-base junction to participate in the 

generation of photocurrent. This leads to a depopulation of minority charge carriers in the storage area as the 

recombination rate at the junction increases; 

3. A transient capacitance occurs between two operating points of the solar cell other than the open circuit and the 

short-circuit. 

 

The effect of temperature is most visible in open circuit (SF ˂ 10
2
 cm/s). As the temperature increases, the Co(T) 

capacitance decreases and its thickness increases.As the operating point moves towards the short-circuit, the 

diffusion capacitance Cd(T, g) becomes small and its thickness increases. At this operating point, the capacitance 

can be associated with a large, temperature-dependent capacitor. 

 

Figure 7 shows the capacitance profile as a function of temperature for different values of the grain size of a short-

circuited solar cell. 

 
Figure 7: -Profile of logarithm of capacity as a function logarithm of temperature for different grain sizes: H = 120 

µm, Sb = F (g), Sf = 6.10
6
 cm. s

-1
, z = 0 µm. 

 

Within the limit of a minimum value Xcc(T, g) for the abscissa Topt (Topt = 383 K), the capacity of the solar cell 

decreases linearly with temperature. This is for temperatures below Topt. The extension of the transition zone is 

identical to the decrease in the cell capacity. Then we have a linear increase in capacity linked to the slope. This 

increase occurs at temperatures above Topt. This corresponds to a reduction in the thickness of the transition zone 

Xcc(T, g). The optimum temperature gives the best capacity. The projection of the point where the two tangents to 

the curve meet the temperature axis gives the optimum temperature. We also note that the short-circuit capacity of 

the solar cell decreases with smaller grain sizes. 

 

The design of a theoretical model of the capacity of the solar cell using the profiles in Figure 7 is given in [25]: 
gTC g


  27 

χgis deduced from the intersection, it is equal to the capacity. 

γgis the slope with Tγ homogeneous to capacity. 

 

Table 4 shows the values for χg et γgobtained from figure 7. 

Tableau 4: - Values of χgandγg for different grain sizes. 

Zone g (µm) χg (F/cm
2
) γg 

T ˂ Topt (g) 10 1,32.10
-7 

-0,84 

28 1,76.10
-7

 -0,84 
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37 1,93.10
-7

 -0,84 

46 2,03.10
-7

 -0,84 

55 2,03.10
-7

 -0,84 

T ˃ Topt (g)  3,24.10
-80 

27,77 

 

Conclusion: - 
The study showed that the capacitance efficiency depends on Xcc(T, g), which is the area of extended space charge 

when the photocell is operated short-circuited. The expressions C0(T) and Cd(T, Sf, g) were determined from the 

composition of the photocell capacitance expression. 

 

The evolution of capacity as a function of temperature for different grain sizes was used to determine the optimum 

Topt temperature that gives the best capacity. 

 

When the temperature is below Topt, the capacity of the solar cell decreases linearly with temperature to a minimum 

abscissa corresponding to the value of Topt. This decrease is due to the extension of the thickness of the space 

charge zone Xcc(T, g). 

 

For temperatures above Topt, the capacitance increases linearly whatever the grain size. This causes the thickness of 

the space charge zone Xcc(T, g) to shrink. 

 

On the basis of this study, we modelled the capacity of the solar cell with temperature for a very high value of the 

recombination rate at the n+/p side (Sf = 10
6
 cm/s), which imposes the short-circuit condition. 
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