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ABSTRACT

The purpose of this study is to show the effect of irradiation on the relative density of minority charge
carriers and space charge region extension of a three-dimensional polycrystalline silicon bifacial photopile
under multispectral illumination in the static regime. Solving the continuity equation allowed us to determine
the expression of the excess minority charge carrier density. From this density, the expression of the relative
density is deduced and studied as a function of the irradiation energy and the damage coefficient. The study
showed that the thickness of the space charge zone decreases with increasing irradiation energy and damage
coefficient.
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1. INTRODUCTION

Several techniques of characterization of the silicon material, determination of the
phenomenological and electrical parameters have been used to improve the capacity of solar cells.
Some of these techniques have been developed in static regime® and others in dynamic frequency
regime®. Extensive studies on the capacity of the space charge area®, have been carried out in 3
dimensions™*® for these two regimes. When the photocell is illuminated, we witness a storage of
opposite charges on both sides of the emitter-base junction. This leads to the establishment of a
planar capacitor whose capacity varies according to the recombination rate at the junction, the
irradiation energy and the damage coefficient. Thus, the diffusion capacitance has been the subject of
several studies in the static regime in order to determine the doping rate®'°. In the transient regime,
the extension of the space charge zone is obtained™"*?. In the dynamic frequency regime, the volume
and surface recombination parameters are sought'>**. Indeed, when there is an important absorption
of irradiation, the concentration of electrons and holes are modified and the parameters of solar cells
are strongly modified™. Our contribution consists in determining the relative density and the
extension of the space charge zone of a three-dimensional silicon solar cell in static regime under
irradiation and multispectral illumination.

We briefly present a theoretical study in which we schematize a grain of the photopile and solve the
diffusion equation. Then we discuss the results obtained before concluding.

2. MODELING AND THEORETICAL ANALYSIS

As a n+ -p-p+ polycrystalline solar cell*

is made of many small individual grains, grain
boundary effects are important; an example being grain boundaries act as electron-hole traps.

With regard to physical process simulation, we can consider the fibrously oriented columnar grain as
shown in Figure 1 in cross-section, Figure 2 illustrates the bifacial solar cell in a planar
configuration. Considering an isolated grain in Figure 3, we made calculations in order to study the
variation of the main parameters, such as grain size g, grain boundaries recombination velocity Sgb,

irradiation (KI, ¢) and illumination modes.
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Figurel: Fibrously oriented Figure 2: Bifacial solar cell
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Figure 3: Schematic of an isolated grain
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

equations**:

0°5(x,y,z) 0°5(x,y,z) 8°5(x,y,z)| &(x v,z
D(KI,¢)x ((3x2 )+ ((?yz )+ f’)zz )] 8 - )+G(z):0 (1)
D(K1, ) is the diffusion coefficient in the presence of irradiation.
It is expressed as follows:
L(KI,¢)
D(Kl,czs):%‘b) @)

In this expression, G(z) represents the generation rate of minority charge carriers in the base® whose

expression is given by the following equation :
3
=>"a,xexp(-b; x2) (3)
i=1

Les valeurs a; et b; sont les valeurs tabulées a partir de la modélisation du spectre d’absorption de la

photopile pour AM 1.5%1617,

L depend on the irradiation energy @ and the damage coefficient Kl through the following

expressions?®2:

(4)

Lo is the diffusion length without irradiation.

The solution of the equations can be written as follows The solution of the equations can be written

as follows®>"18 :

5(x,y,2) ZZZkl z)xcos(C, xx)cos(C xy) (5)

k, j : are the indices for the x and y directions respectively.

5,18,22,23 iLtz_xetig_y.

Ck and Cj are obtained from the conditions at the grain boundaries 5 ~
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05(x,y,2) _ Sgb 9,

[T} - D(K|,¢)5[i Y Z] (6)
05(x,y.2) _ Sgb 9,
{Tlﬂy_“D(KI@f(Xi > ’Z] 7)

gx is the grain width, gy the grain length Sgb the recombination velocity at the grain boundaries.
From equations 6 and 7 we obtain two transcendental equations® which are:

9, )| _ Sgb

tan(ck X?j ~2.C, xD(Kl,¢) ®)
9y | Sgb

tan(c" X?j " 2C, xD(Kl,¢) ®

By replacing 8(x, y, z) in the continuity equation and the fact that the cosine function is orthogonal,

we obtain the following differential equation:

Zk,=Ak,jXC°Sh[LZ ]+Bijs|nh[ ] ZK xexp(-b xz)  (10)
K.j i=

Or
H
K. . = z ' 11
UETD i, -1 ()
1
With L, ; =|C{+CF + ! ? 12
it + A
o L9 -
And
D, = D(KI, ) [C, xg, +sin(C, x gx)].[Cj xg, +sin(Cj x gy)] 13)

16. sm(C ng sm(C Xg ]
2 2

The coefficients Ak,j and Bk,j are calculated from the following boundary conditions®**%:
At the junction (2=02=0);

[aa(gw)l_o B D(ifl,gb

Sf is the junction recombination velocity, written as Sf = Sfy + Sfj with Sfy being the intrinsic

)6(x,y,0) (14)

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®89202
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At the back side (z = wb):

Sb is the back surface recombination velocity. It quantifies the rate at which excess minority carriers

5(x,y,ab) (15)

are lost at the back surface of the cell. The derivation of the photocurrent with respect to Sf, provides

for each illumination mode the expression of Sb, as in>#192024,

1'(3“_bijxexp(—baX“’b)+kai(lD(slfl,¢5)+bij

2 L.; L D(KI,¢)
Ak'i_i:l i,k,i>< SfXij ij (16)
iy M
D(KI,¢) L,
Sf Sh Sf
: —b, |xexp(=b, xwb)+ X .(+bi]
5 ‘iK . D(K|,¢)(D(K|,¢) ] “J\ D(KI,¢) a7
R SExY Xy
FRALS
D(KI¢) L,
With:
1 . wb Sb wb
X, . =—xsinh + x cosh| — (18)
k,j Kj [Lk,j] D(KI,¢) [ k,j]
Yk‘jzixcosh[ wb]+ Sb xsinh[w—b] (19)
L., L.;) D(Kl,¢) Ly ;

Relative Density of Minority Charge Carriers
We have seen upstream that when the photocell is illuminated by a polychromatic light, there is
storage of charges of opposite signs on both sides of the junction and an enlargement of the space
charge area. Thus, this junction is comparable to a plane capacitor whose displacement of the
armatures produces a current density. This displacement is relative to the operating point and to the
variation of the maximum density point of the minority charge carriers in excess in the base.
We will now study the relative density of the excess minority charge carriers in the base which is
defined as follows:
5(z,Sf, Sb, g, Sgb, Kl, ¢)

O (20)

dmax IS the maximum density of minority charge carriers.

0

(z,5f,Sb, g, Sgb, KI, ¢) =

rel

To materialize the displacement of the maximum point of the minority charge carrier density that we

present the following Figures (4, 5, 6, 7) which illustrate the profile of the relative density of
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minority charge carriers as a function of the depth of the base for different operating points and for
different values of the recombination velocities at the Sfj junction, grain sizes, recombination
velocities at the grain boundaries, irradiation energy, and the damage coefficient.

3. RESULTATS ET DISCUSSIONS

Effect of the grain size on the relative density

In the same wake, we plot in Figures 4 the profile of the relative density of minority charge carriers
as a function of depth in the base as the grain size varies.

In this study, we assume that the recombination rate at the joints, the irradiation energy and the

damage coefficient are constant.
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Figure 4: Relative density of minority charge carriers as a function of depth z in the base for different grain sizes
Sgb=4,5x10°cm/s; KI=10,5 cm?/MeV; ®=150 MeV; Sfj=106 cm/s; ®b=0.03 cm and AM 1.5

We can see on this Figure 4 that the density of minority charge carriers always increases with the
grain size as underlined earlier, but we have here in the case of illumination by the front face a shift
of the maximum of carriers. More precisely, we observe a displacement of the maximum of charge

carriers towards the junction, i.e. a narrowing of the space charge zone.

Effect of recombination velocity at Sgb grain boundaries on relative density
Thus, in Figure 5 below, we present the profile of the relative density of minority charge carriers as a

function of depth in the z-base for different recombination velocities at Sgb grain boundaries.
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Figure 5: Relative density of minority charge carriers as a function of depth z in the base for a grain size g =
0.0005cm and for different values of the recombination rate at the junction
KI=10,5 cm™?/MeV; ®=150 MeV; Sfj =5.105cm/s, ®b=0.03 cm and AM 1.5

The above curve allows us to better perceive the influence of the recombination velocity at the grain
boundary; we can indeed observe a significant decrease in the vicinity of the junction with respect to
the amplitude and the carrier gradient. This curve confirms our previous observations concerning the
effect of the recombination velocity at the grain boundaries.

We note once again a shift of the charge carrier maximum, but this time a widening of the space
charge zone.

The influence of the grain size, of the recombination velocity at the grain boundaries and of the
irradiation energy is shown, we propose to see now the effect of the damage coefficient on the

relative density of minority charge carriers.

Effect of irradiation energy on the relative density of minority charge carriers

Thus we consider that the grain size, the recombination rate at the grain boundaries and the damage
coefficient are constant. This cell under invariant illumination is illuminated from the front.

The Figure 6 shows the effect of the irradiation energy on the relative density of minority charge

carriers as a function of the depth z of a front-illuminated photocell.
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Figure6: Relative density of minority charge carriers as a function of depth z in the base for a grain size g =
0.0005cm and for different irradiation energy values,
Sfj=5.105 cm/s; Sgb=4,5x10° cm/s ; KI=10,5 cm-2/MeV; 7=10-5 s ; ®b=0.03 cm and AM 1.5

We can see on this Figure 6 shows the influence of the irradiation energy with the reduction of the
mobility of minority charge carriers at the junction and a decrease in the density of minority charge
carriers with the irradiation energy ¢. This confirms our previous results, but here we have for front

side illumination a shift of the charge carrier maximum towards the base.

Effect of the damage coefficient Kl on the relative density
We can also illustrate on the following Figure 7 the profile of the relative density of minority charge
carriers as a function of the depth z for different damage coefficients. For this purpose, we will fix

the recombination rate at the grain boundaries, the grain size and the irradiation energy.
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Figure7: Relative density of minority charge carriers as a function of depth z in the base for a grain size g =
0.0005cm and for different damage coefficient values
Sfj=5.105 cm/s; Sgb=4,5x10°cm/s ; ¢=20MeV; =10-5 s ; ®b=0.03 cm and AM 1.5
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In this Figure 7 above, we can see that the space charge region enlargement increases as the damage
coefficient increases.

Indeed, one of the consequences of the damage coefficient Kl is to reduce the density of minority
charge carriers in the base. Hence an extension of the space charge zone up to its limit value, which
corresponds to the enlargement of the latter when the solar cell is operating in short circuit. For this
operating regime, the passage of minority charge carriers at the junction leads to a significant
expansion of the space charge zone

Moreover, by analyzing the effect of the damage coefficient, we find that there is a slight reduction
of the space charge zone when the damage coefficient decreases. Thus, independently of the
recombination rate at the grain boundaries, the irradiation energy and the grain size, the thickness of
the space charge zone evolves in the same direction as the damage coefficient.

4. CONCLUSION

In this paper we have studied the three-dimensional polycrystalline silicon photocell under
irradiation and multispectral illumination from the front side in static regime. This study showed us
that the thickness of the space charge region shrinks with the increase of the recombination rate at
the junction. With the increase of the irradiation energy and of the damage coefficient, the thickness
of the space charge zone widens, hence the decrease of the capacity efficiency of the photopile. The
study of the relative densities of the minority charge carriers as a function of the depth z in the base,
introduces the extension Z, of the space charge zone.

The extension Z,, of the space charge zone characterizes the operating point of open-circuit

operation of the photopile and its quality.
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