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ABSTRACT

This work is carried out on the excess minority charge carriers density basis in the base, d(X), obtained from the
continuity equation solution. The latter involves modelling the phenomena that arise when long wavelengths A

lllumination is emitted from our n+/p/p+ type solar cell at temperature T, under static regime. Using the &(X)
expression, the excess minority charge carriers relative density in the base versus depth x in the base is plotted. The
maximum of this relative density, projected onto the x-axis, is denoted by X. As we are considering the case where the
solar cell is in an open-circuit condition, X is denoted by Xco. This is also referred to as the space charge region thickness

or width when the solar cell is in an open-circuit condition. As the solar cell is at a high temperature and high A, then

Xco corresponds to Xco(T, Anigh). The solar cell capacitance expression is derived from those for 8(X) and the
photovoltage Vph. Based on the neperien logarithm graph of capacitance against the temperature neperien logarithm,

Xco(T, Anigh) is investigated.

Keywords: Silicon solar cell, Thickness Xco(T, Anigh), Temperature, Long wavelength, Static regime.

1 INTRODUCTION

The silicon solar cell manufacture involves the formation of an (n/p) junction between n-type and p-type silicon [1-2].
Other studies have proposed the manufacture of this solar cell with an n+/p junction [3-14]. This junction is established
by the migration of electric charges between the two semiconductors [1-2] or within a single semiconductor [15-27],
which take the form of fixed charges of opposite signs. This junction is also known as the space charge region (SCR) [28,
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29]. The SCR is linked to the junction recombination velocity (Sf), which governs the solar cell operation [6-9]. When Sf
is low, the solar cell is in open-circuit mode [7, 8, 28] and the SCR width becomes Xco [28, 29].

Using the minority charge carriers relative densit and the silicon solar cell capacitance in static regime when illuminated

on its emitter, we will investigate the width Xco(T, Anigh). behaviour.

2 THEORETICAL STUDY

The solar cell under consideration is of the n*-p-p* type, and its structure is shown in Figure 1. [26-29].

Emitter (nt)

Monochromatic

I

Figure 1: n*-p-p* solar cell structure

The phenomena that occur when the solar cell is illuminated are described by the continuity equation. This equation is
given by Equation 1.

2%6(x,Sf, A4, T) &(x,Sf,A,T)
p(r)ZoStAT) ——g)

OX T (1)
Where: x, T and A are, respectively, the depth into the base, the temperature and the wavelength.
and
d (x, Sf, A, T) is the excess minority charge carriers density in the base,
o(A), a(r), R(A) and g(x) are, respectively: the monochromatic incident light flux, the material monochromatic
absorption coefficient, the material monochromatic reflectance coefficient and the minority charge carrier generation

rate,

ou

)
L(T)=/D(T)z (3)

L(T), t and D(T) are respectively: is the electrons diffusion length in the base, the electrons lifetime in the base, and
the electrons diffusion coefficient in the base. The latter is given by the Einstein relation, which is
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D(T):y(T)%T @

Ou

K1(T), kb and q are respectively: the electron mobility coefficient [30], the Boltzmann constant and the electron
elementary charge.

1(T)=1,43.10°T 2“cmav s )

Thus, the general solution to Equation 1 is:

B T O €0 160 (09 100 )
e e o e ©

The expressions for A and B are determined from the following boundary conditions [6,7,8] :

§(x,/1,T)=Acosh(

Alajonction (x = 0)

os(xAT)| S,
x |, D(T)

j) Aarriére (x = H)

S(XAT) )

05 (x,A,T)

= =—i5(x,,ﬂ)| 8

D(T) x=H

x=H

Sfis the junction recombination velocity of excess minority carriers, and also determines the solar cell operating point
[6,7,8].

Sb is the back face recombination velocity of excess minority charge carriers [6,7,8].

3 EXCESS MINORITY CHARGE CARRIERS DENSITY

The minority charge carriers density expression is given by Equation 6. This equation can be used to plot the (X, Sf,
A, T) relative density curves. These curves are shown in Figures 2, 3, 4 and 5.

Figure 2 shows the excess minority charge carriers relative density profile versus depth x in the base, for a temperature
T1 and a long wavelength X of the solar cell in an open-circuit (Sf= 1.5 x 10%.° cm/s).
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Figure 2: Minority charge carriers relative density versus x for A=0.92 pm and.T: = 309 K. (Sf= 1.5 x 10"
cm/s), Xco(309 K, 0.92 um) = 0.0001 cm.

Figure 3 shows the excess minority charge carriers relative density profile versus depth x in the base, for a temperature
T: and a long wavelength A of the solar cell in an open-circuit (Sf= 1.5 x 10*° cm/s)

1 == 5f=1510"15 cm's, Lamda = 0.92 micrometers, T = 314 K _

0.8
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Normalised excess charge carriers density in the base (cm®-3)

0 0.01 0.02 0.03

Depth x in the base

Figure 3: Minority charge carriers relative density versus x for A= 0.92 pm and.T. = 314 K. (Sf= 1.5 x 10"
cm/s), Xco (314 K, 0.92 @m) =0 cm.

Figure 4 shows the minority charge carriers relative density profile versus the depth x in the base for a temperature T2
and a large wavelength A of the solar cell at the open circuit end (Sf=3 x 103 cm/s).
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Figure 4: Minority charge carriers relative density versus x for A= 0.92 pm and.Tz = 314 K. (Sf= 3 x 103 cm/s),
Xco(314 K, 0.92 pm) = 0.002 cm.

Figure 5 shows the excess minority charge carriers relative density profile versus the depth x in the base for long
wavelengths A and a temperature T1 of the solar cell at the open circuit end (Sf= 3 x 10% cm/s).

T
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Figure 5: Minority charge carriers relative density versus x for different Anigh, T1 = 309 K, (Sf=3 x 103 cm/s),
Xco (0.92 um) = 0.002 cm et Xco (0.98 um) = 0.0048 cm.

Two spatial variation rates are observed in Figures 2, 3, 4, and 5:

e The horizontal coordinate density Xco(T, Anigh) highest point corresponds to a zero spatial variation rate. This
location presents a excess minority charge carriers barrier or storage.

e The excess minority charge carriers in the base are forced to remain there to avoid crossing the emitter-base
junction, due to the change negative spatial rate presence. This leads to the minority charge carriers

recombination both on the surface and within the volume.
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We also observe that increasing the temperature leads to a decrease in Xco(T, Anigh) when the same open-circuit
conditions (Sf = 3 x 10° cm/s) and wavelength (A = 0.92 um) are present. Then there is a open-circuit solar cell space
width Xco(T, Anigh) narrowing. (figures 2 and 3).

We also note that increasing the recombination velocity, Sf, induces an increase in Xco(T, Anigh); this occurs when the
wavelength (A = 0.92 pm) and temperature (T = 314 K) remain the same. This results in a thickness widening, Xco(T,
Anign), (Figures 3 and 4).

Finally, we observe that under the solar cell same operating conditions (Sf = 3 x 10 cm/s) and at the same temperature
(T = 309 K), increasing the wavelength leads to an increase in Xco(T, Anigh). Therefore, the bandwidth Xco(T, Anign) is
broadened. Figure 5.

4 PHOTOVOLTAGE

Boltzmann's relation, when applied to the minority charge carriers density, yields the following expression for the solar
cell photovoltage.

_ N,
V(S oAT)=V, In (nf(T))a(o,sf,z,T)ﬂ 9)

Where Vr is the thermal voltage, defined as follows:

V ;= &T (10) n; is the minority
q

carriers intrinsic density [31], expressed as follows

3 E
(T)= AT? 9 11
n,(T) exp[ 2.kb.Tj (11)

Ny is the doping concentration

The bandgap energy (Eg = 1.12 x 1.6 x 107*° ]) is the difference between the conduction band energy (Ec) and the
valence band energy (Ev). A =3,87.1016 cm3 K3/2 is a constante.

5 CAPACITANCE

The solar cell capacitance crude expression, combined with that of the photovoltage, is:

do(s,, A, T
c(sf,g,T):M (12)
v (S, AT)
with Q(S,,4,T)=05(x=0,S,,4,T) (13)
ds(x=0)
C=q—on"_"J 14
q v (14)
Equation (12) can be rewritten as:
dé(x=0) 1
C= 15
e, av .
ds,
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The final, capacitance detailed expression is given by Equation 16:

a(n,(T))? N 05(x=0,S,,4,T)

C(S,;,AT)=

(814T) NV, V; (e
C(S;.A.T)=Cy(T)+Cy(S;.4T) (17)
on ¢, (1) ) (18)

N,V

05(x=0,S,,4,T)
VT

Co(T) and Cua(T,A, Sf) are, respectively: the solar cell short-circuit capacitance [28, 29] and the solar cell diffusion
capacitance [28].

Cy(S,AT)= (19)

With, Vt represents the thermal voltage, which is given by Equation 10:

Equation 16 can be used to represent Figure 6.

The open-circuit solar cell capacitance logarithm profile versus the temperature logarithm for long wavelengths A is
shown in Figure 6.

== Lamda = 084 micormétres
@ @ @ Lamda = 0.92 micormétres
4 @ Lamda = 098 micormétres
gh - dr= & Lamda = 1.02 micormétres

Log. Solar cell capacitance (Flom?®)

Log. Temperature T (°K)

Figure 6: Solar cell capacitance logarithmic profile versus the logarithmic temperature for large wavelengths
A.(Sf=10 cm/s).

From Figure 6:

On the one hand, an increase in temperature leads to a decrease in capacitance up to a reference temperature. Above
this temperature, an increase in temperature causes an increase in capacitance. This reference temperature is called the
optimum temperature (Topt). The optimum temperature corresponds to an solar cell operating condition that provides

high capacitance efficiency for the given wavelength [28, 29]. However, the Topt temperature varies with long
wavelengths, hence Topt( Anigh)-

Indeed, for T < Topt, the decrease in capacitance is equivalent to the increase of Xco(T, Anigh) up to T = Topt corresponding

to Xco(Topt, Anigh). Thus, for T > Top, the increase in capacitance is equivalent to a decrease in Xco(T, Anigh). This leads us to
the following inequality:
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[T < Topt, Xco(T, Anigh)] < XcO(Topt , Anigh) < [T > Topt ,Xco(T, Anigh)]
On the other hand, increasing the wavelength leads to a decrease in capacitance. Therefore, Xco(T, Anigh) increases.

The decrease in Xco(T, Anigh) corresponds to a space charge zone narrowing, and its increase is equivalent to a space
charge zone widening.

Figure 6 allows the solar cell capacitance to be modelled using Equation 20 [28]:

C, (T):Zﬂ-m

(20)

where,

}(/1 is proportional to the capacitance and is determined from the intercept. Thus, )/ is the slope.

The values of}(/1 and )/ ) derived from the plots in Figure 6 are given in Table 1.

Table 1: The values of /l/ /2 and 7/ ) versus temperature for solar cell wavelength low values in open-circuit

conditions.

Zone Ahigh (um) | %, (F.em-2) |y,
0,84 3,60.10-3 -0,41

T < Topt(rhigh) | 092 4,91.10-3 -0,54
0,98 7,20.10-3 -0,70
1,02 10,93.10-3 | -0,84
0,84 1,80.10-52 | 18

T > Topt(rhigh) | 092 3,45.10-47 | 16
0,98 4,75.10-58 | 20
1,02 3,55.10-66 | 23

6 CONCLUSION

The work carried out on this subject involved studying the space charge zone thickness or width Xco(T, Anigh) of a solar
cell in an open-circuit configuration illuminated at its emitter and in static regime. The study of this width was based on
the excess minority charge carriers density in the basis §(x, Sf, Anigh) and the solar cell capacitance C(Sf, Anigh, T). This
revealed that:

e Regarding the density 6(x, Sf, A, T), the excess minority charge carriers relative density profile in the basis
versus the depth x in the basis showed that:
o Asthe temperature increases, Xco(T, Anigh decreases,
o Asthe wavelength increases, Xco(T, Anigh) increases.
o When the junction recombination velocity increases, Xco(T, Anigh) increases.
e Regarding the capacitance C(Sf, Anigh, T), the solar cell capacitance neperien logarithm profile versus the
temperature neperien logarithm showed that:
o For T < Top, as the temperature increases, Xco(T, Anigh) increases up to a temperature T = Topt
corresponding to Xco(Topt, Anigh),
o  For T > Topy, as the temperature increases, Xco(T, Anigh) decreases.
o Increasing the wavelength induced an increase in Xco(T, Anigh).
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