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3D APPROACH OF SPECTRAL RESPONSE FOR A BIFACIAL
SILICON SOLAR CELL UNDER A CONSTANT MAGNETIC FIELD
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ABSTRACT

A three-dimensional study is made to improve the theoretical approach of spectral response of bifacial
polycrystalline silicon solar cells. This study has allowed taking into account new parameters like grain size and grain
boundaries recombination velocity, which reduce the cell efficiency. Losses in emitter region and external magnetic
field are also being taken into account in order to perfect the description of measured spectral response. Then the new
analytical expressions of carrier, photocurrent and short circuit densities are produced for front side and rear side
illuminations. Homemade software based on the new analytical expressions of internal quantum efficiency is used to

fit the experimental data.

PACS: 73.50.Pz
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1. INTRODUCTION

The spectral response (SR) data are useful to
determine the quality of solar cells. From the SR, one
can determine fundamental parameters of solar cells like:
effective diffusion length (L.x), effective lifetime (ter),
back surface recombination velocity (Sg), which are used
in the characterization above. There exists a lot of
techniques of characterization using SR data, but each of
them uses its own theoretical approach of SR. We can
cite the linear fit method (Warta, 1992.), (Werner, et al.,
1993), (Basu and Singh, 1994, pp.317-329), (Spiegel, et
al., 2000), (Tool et al., 2002); its application leads to L
directly and is suitable for solar cells where L is much
smaller than the base region thickness.

The theoretical approach of SR is better in
producing accurate values of fundamental parameters.
Thereby, the other parameters must be taken into
account to describe SR especially for the polycrystalline
silicon solar cells (Lu, et al., 2003) (Fedorov, et al., 2002,
pp.49-55), which are mainly used in terrestrial
applications. The grain size and the grain boundaries
recombination velocity (Sg) (Lu, et al., 2003) (Ba, et al,,
2003, pp.143-154) in polycrystalline silicon solar cells
are important parameters which affect its efficiency.

During the SR measurement (Spiegel, et al., 2000), the
influences of external conditions like the temperature and
the magnetic field intensity are not outdone.

In this paper we make a new theoretical
approach of the spectral response through a three
dimensional study. In order to improve the SR, we are
taking into account the contribution of emitter region,
grain size, grain boundaries (GBs) recombination
velocity, and an external magnetic field.

We also apply a new technique to determine the
recombination parameters based on new expressions of
spectral response by fitting experimental data.

This work is split into three parts: in the first part we
have the theory that leads to the internal quantum
efficiency, then in the second part we investigate the
influence of magnetic field and GBs recombination and in
the last part we present the new method and the results
of its application.

2. MODELLING
21. Model and assumptions

In this study, we use a sample of polycrystalline bifacial
silicon solar cell which is presented on figure1.
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Figure 1: A grain in the columnar geometry

Assumptions: 4) The grain boundaries velocity for the emitter region

(Sge) is the same for the base region (Sgp); Sge= Sgp=Sg.
5) The magnetic field is constant and it is applied into the
emitter and the base regions.

1) The grains have square cross section (g,= gy=g) and
their electrical properties are homogeneous. We can
then use the Cartesian coordinates.

2) The grain boundaries (GBs) are perpendicular to
junction and their recombination velocities are constant
and independent of illumination so that the boundary
conditions of continuity equations are linear.

2.2 3D equation of continuity

Applying the magnetic field as described above,
the electron and the 3D hole equations of continuity are

3) The shadow effects of grids are neglected.

respectively given on eq.1 and eq.2
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where §is the carrier density, a function of spatial coordinates and the wavelength A and can be written as 8(x,y,z,A).
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The diffusion length
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The indices n and p are respectively referring to the electron and to the hole.

The generation rate G on the right of equations 1 and 2 is a function of z and 2, it can be expressed as (Mohammad,
1987, pp.767-772), (Mandelis, 1989, pp. 5572-5583):

G(2.4) = a1 - R, (1) pe @ DWW + 21 o (DIH —21] ®)
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a and R are respectively the absorption and the reflexion coefficients. ¢q is the incident electron beam.
The parameters 3 and y determine illumination mode as described in table 1:

Table 1: parameters  and y

lllumination mode B Y
Front side 1 0
Rear side 0 1

The resolution of these equations of continuity leads to the minority carrier densities. We have used the method of
Ducas (Ducas, 1994, pp.71-88) with the boundary conditions:

- For the electrons in the base region

85n (% Y,2,4) s 5n (%y,0,4) .
oz Fn *
z2=0 Dn
06, (%,y,2,4) Sh(x,y,H, 1)
a =8 . ®)
z=H Dn

Here, Sk, is the recombination velocity at junction and Sg is the back surface recombination velocity.
- For the holes in the emitter region

05p(x,y,2,) 5p(x,y0,2)
—TVFp T 9)
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Where, Sk, is the recombination velocity at junction and Sg the front surface recombination velocity.
The expressions of the minority carrier densities are:

On(X,Y,2,4) = i izni j(Z,/i)COS(C-X)COS ©)

, i ——Y
i—0j=0 NCS )

% o0 . C
Sp(X,y,2,4)=2. D" Z j(z,/l)cos(cix)cos Ly (12)

i—0j=0 NS

Then, we can obtain the photocurrent densities from the densities above by the following relations:

2 004(X,Y,2,4
1,(1)=—Fn j j* (XY, ZA) | g ;
9x9y —2 oz (19)
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2.3. The internal quantum efficiency (Se>4.10* cm/s'). When Sg increases, there are more

The internal quantum efficiency is deduced to the
short circuit photocurrent density. This density is
obtained from the above defined photocurrent density,
the junction recombination velocity must be high

Jsc p (2)+ Jscp (1)

Q) = G - RG]

and more carriers going through the junction.
Taking into account the contribution of the emitter region,
the IQE can be expressed as:

(15)

Jsc, is the hole short circuit photocurrent density and Jsc, the electron short circuit photocurrent densities.

3. RESULTS OF SIMULATIONS

3.1. Emitter contribution on IQE

For pointing out the emitter contribution on the
IQE, we have to compare the curves of IQE versus the
wavelength for two theoretical expressions (Base only,

Base + Emitter). These curves are plotted for a grain size
g=0.01 cm with a magnetic field B = 5x10™ T. Figure 1
concerns the front side illumination and Figure 2 the front
side illumination.
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Figure 2: The curves of IQE versus A for front side illumination with: H=299.9 ym, W=0.1 pm, Ln=100 pym, Lp=0.04
um, g=0.01 cm , SB=2x10? cm/s, SE=3x10° cm/s, Sg=100 cm/s, B=5x10° T
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Figure 3: The curves of IQE versus A for rear side illumination with: H=299.9 ym, W=0,1uym, Ln=100 ym, Lp=0.04

pum, g=0.01

cm, SB=3x10° cm/s, SE=2x102 cms™', Sg=100 cm/s, B=5x10 T.
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We note that the contribution of the emitter region can be
neglected when the solar rear side illuminated (figure 3)
because the curves are confounded. But for the front
side illumination (figure 2) the curves are different from
380 nm to 680 nm, and the contribution of emitter
consists to reduce the IQE. In fact, for a front side
illumination there are lots of generated holes in the
emitter and most of them will be the traps of the
electrons coming from the base region. The profile of
IQE using the eq.15 is in a good agreement with the
experimental spectral response (Meier, 1988)

The emitter region becomes the electron recombination

Internal quantum efficiency (%)
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areas when it is sufficiently illuminated. Taking into
account the contribution allows one to improve the IQE
analytical expression.

3.2, The magnetic field influence on the IQE

To determine the influence of the magnetic field
on the IQE, we plot the 3D curves giving the variations
for a grain size (9=0.01cm).

On figure 4 and figure 5, the 3D curves are presented
respectively for the front side and rear side illuminations.

Figure 4: 3D curve of IQE for a front side illumination with: H=299.9 ym, W=0.1 ym Ln=100 pym, Lp=0.04 ym, g=0.01
cm , SB=2x10? cm/s, SE=3x10> cm/s, Sg=100 cm/s
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Figure 5: 3D curve of IQE for a rear side illumination with: H=299.9 ym, W=0.1uym Ln=100um, Lp=0.04 ym, g=0.01
cm, SB=2x10% cm/s, SE=3x10° cm/s, Sg=100 cm/s

The IQE is heavy reduced for the magnetic field
B>0.1 mT or (B>1O'4 T), from this limit, the more B
increases the more spectral response gets narrower
(figure 4). The influence of magnetic fieldis pronounced
for the rear side illumination; the magnetic field acts on

the carriers of charge by reducing their diffusion
coefficients. When a magnetic field is applied, the values
of the diffusion coefficients change (see eq.4). When B
increases, the diffusion coefficient decreases, the
electrons and the holes are less mobile, and this
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increases their recombination. For the rear side
illumination (figure 5), there are more generated
electrons near the back surface of the base region, they
can not move to junction when a high magnetic field is
applied and in addition this back surface is commonly a
recombination zone.
In the figures above, for B<0.1 mT the variation of IQE is
very weak, and then the influence the terrestrial magnetic
which is around 0.05 mT, can be known. The terrestrial
magnetic field can not affect seriously the efficiency
polycrystalline silicon solar cells.
3.3. Influence of the boundaries

recombination velocity

Now, the 3D curves are computed to point out
the influence of Sq4 on the spectral response for a grain
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polycrystalline silicon solar cell (g=0.01 cm) under a
constant magnetic field B=5x10° T. The GBs
recombination velocity Sy is the same for the base and
the emitter regions. The results are presented in figure 6
for the front side illumination and figure 7 for the rear side
illumination.

For a given grain, the IQE decreases when the
GBs recombination velocity Sy increases. When S43>100
cm/s the IQE obtained for rear side illumination (figure 7)
is heavily reduced; the good bifacial polycrystalline
silicon solar cell must have Sy smaller than 100 cm/s.

The intensity of the GBs recombination in
polycrystalline solar cell is also due to the grain size. This
is because when the grains are very small, the solar cell
contains several grains that increase the grain
boundaries.

Figure 6: 3D curve of IQE for a front side illumination with: H=299.9 ym, W=0.1 ym, Ln=100 pym, Lp=0.04 pm, g=0.01
cm , SB=2x10° cm/s, SE=3x10° cm/s, and B=5x10"° T
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Figure 7: 3D curve of IQE for a rear side illumination with: H=299.9 ym, W=0.1 ym, L,=100pm, L,=0.04 ym, g=0.01

cm , Sp=2x10? cm/s, Sg=3x10° cm/s, B=5x10° T

4, METHOD OF CHARACTEIZATION

This method of characterization is developed from
MathCAD software and is based on the fitting of
experimental and theoretical data of the internal quantum

efficiency. Here the theoretical data are generated by our
expression of internal quantum efficiency. The IQE
defined above is a function seven of parameters as: the
effective electron diffusion length L,, effective hole
electron diffusion length L, the back surface
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recombination velocity in the base region Sg, the front
surface recombination velocity in the emitter region Sg,
the grain size g, the GBs recombination velocity Sy and
the external magnetic field intensity B.

Mathematically, the key parameter of this method is
given by:

(16)

IQE provides the theoretical data of efficiency and n
provides the experimental data.

The quality of the fit depends on the value of [J, smaller
values producing better fits.

This method is very practical, and be used to
determine the recombination parameters desired. It was
applied for 2D modelling of spectral response; the
determined recombination parameters are: the effective
diffusion length, the back surface recombination velocity.
We note that, grain size, GBs recombination velocity and
the magnetic field have not been taking into account. The
results are given in table2:

Table 2: determined recombination parameters

Cell Q37C Cell Q68C CellQ7C
H=160 um H=150 pm H=140 um
Ln
experimental 36 um 89 um 200 ym
6=0.0188 6=0.043 6=0.057
Front side _ _ _
ilumination L,=41 uym L,=86 um L,=190 um
Sp=3x1 0%cm/s Sg=200 cm/s Sg=200 cm/s
6=0.016 6=0.029 6=0.072
Rear side _ _ _
illumination L,=31 um L,=95 um L,=195 um
Se=5x10°cm/s | Sp=4x10*cm/s S=350 cm/s

The other characteristics of cells Q37C, Q68 and Q7C are given in (Meier et al., 1988).

The analysis of table 2 shows a good fit with the
cells Q37C and Q68C. For these cells the diffusion
length is smaller than the base thickness, and the
difference between experimental and theoretical values
is not so big for 6<0. 05.

When the diffusion length is bigger than the base
thickness, ¢>0.05 increases the difference between
experimental and theoretical values.

The values of the velocity Sg is decreasing when the
diffusion length becomes more and bigger than the base
thickness. The rear side illumination leads to the large
values of Sg compared to the front side illumination, and
is in a good agreement with the literature.

Generally the results of applying the method are in a
good agreement with the experimental data and with the
literature.

The basis of this method is the analytical expression of
the spectral response (or internal quantum efficiency)
and getting the accurate values of the recombination
parameters needs an improved analytical expression of
the IQE. Then the 3D study made in this paper provides
this improved expression of the IQE.

Using the new expression of IQE, this method can
predict an average of grain size and return account of a
great number of the recombination phenomenon in the
polycrystalline silicon solar cells.

CONCLUSION

This work has allowed us to establish an improved

analytical expression of the internal quantum efficiency
which takes into account the losses in the emitter region,
the grain size, the grain boundaries recombination
velocity and the terrestrial magnetic field. The influences
of these parameters on the spectral response have been
investigated and well known.

A judicious exploitation of the IQE expression is made by
a new method of characterization using homemade
software. The basis of this method is the analytical
expression of IQE; it has to fit the experimental and
theoretical data the spectral response. The results of an
applying the method using a 3D modelling IQE are in
good agreement with the experimental values.
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