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Abstract

In this study, a numerical simulation of a three-dimensional model was carried out to analyze the excess minority carrier
density in the base of a bifacial polycrystalline silicon solar cell composed of cylindrical grains. The solution obtained is
adapted to boundary conditions that take into account the shape of the grain boundaries. The idea of the shape of the
grain boundaries was used to characterize the charge carrier density of the solar cell illuminated from both sides and
to evaluate the I-V characteristic, the power and the diffusion capacity. Plots of charge carrier density, power and
diffusion capacity were used to investigate the influence of grain boundary shape on the electrical parameters of the n+-
p-p+ solar cell. The results indicate that the grain boundary size plays a very significant role on the production activity
of the solar cell. Therefore, this study highlights the importance of production losses in the cell due to the shape of the
grain boundaries.
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1. Introduction

Improving the performance of photovoltaic solar cells requires quality control at all stages of solar cell manufacture [1].
Solar cell quality is highly dependent on microscopic and electrical parameters [2, 3]. The performance of the solar cell
is governed by factors including the quality of the intra-grain material [4, 5], the surface finish and the properties of the
grain boundaries [6, 7]. For these factors, the grain boundaries have a constraining contribution to the production, they
participate in the decrease of the solar cell performance [8, 9].

In previous studies, the authors have developed numerous characterization methods in steady state, transient dynamic
and frequency dynamic regimes with the aim of controlling the constraining parameters during cell manufacture [10,
11].

In this work, we propose a method for determining the equivalent electrical parameters associated with the shape of
the grain boundaries in a bifacial solar cell composed of cylindrical grains under the static regime.
1.1. Theoretical study

The n*-p polycrystalline solar cell is a device composed of small grains. The study of solar cells requires the adaptation
of a grain model. This model can be spherical, cylindrical or columnar.
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In this study, the work is oriented towards the cylindrical model shown in figure 1 below [12].

i ngraings . l \L J l l A
& A
= Pl [k}
el Junction (2CE)
g
E‘ Basw (0]
n’- I
Sack surface (p+)
L z
Figure 1 Schematic presentation in the (x, y) plane of a Figure 2 solar cell grain or crystal,
multicylindrical grain solar cell [12]. simultaneous illumination [12].

1.1.1. We make the following assumptions

e The grains have a circular cross-section of radius R and their electrical properties are homogeneous;

o The solar cell also has grain boundaries of square cross-section and sizes whose values, d, vary from (0.0001 to
0.009 cm);

e Illumination is uniform, as that. The generation rate depends only on the depth in the z-base;

e The grain boundaries are perpendicular to the junction and their recombination rates are independent of the
generation rate under illumination AM 1.5. The boundary conditions of the continuity equation are therefore
linear;

e The contribution of the emitter and the space charge zone is neglected so that this analysis is only developed
at the base of the photocell [13].

When the cell is illuminated with multispectral white light, the continuity equation for the excess minority charge carrier
density photogenerated in the cell base can be written as follows [11]:

e Load or current distribution in cylindrical coordinates

%+Vﬁ(r,0,z,t):0 1)

e Load distribution for solar cells

900028 __ 15 5¢.6.2,1+6(2)-R@) ©)

ot e
G(z)=n-a,-e"* ®)

o(r,0,z,t
R(z) = LIGIA)) (4)

T
e Total cell current

J= -eDV§(r,0,z,t) + epd(r,0,z,t)E (5)
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e Since we're working on the assumption of a quasi-neutral photopile base, we have:

E-B=0 (6)

J= -eDV(r,0,,t) (7)

e In the static regime, charge carrier density is independent of time.

oo(r,6,z,t)

s 0 (8)
Therefore:

—%vj(r,e,z)m(z)—R(z):o ©)

e Let's replace the expressions for J(r,6,z) and R(z) in equation (9)

1 8(1,0,2)

-2V -(-eDV(1,0,2)) + G(z) - =0 (10)
€ T

V.V8(0,7) - 202 G (12)

D-t D

0(1,0,2) G(z)
Ad(1,0,z) - =- 12
(r.0.2) - =5 5 (12)

e Laplacian in cylindrical coordinate
2 2 2

9 o’ 10 14 13)

= + —_ R R
or? 0z>  r*o06* ror

625(r,0,z)+825(r,9,z)+ 1 825(r,9,z)+165(r,0,z) _8(r.60,2) _ G(2)
or? 0z° r’  06° ror L2 D

(14)

e By assumption, the electrical properties of the grains are homogeneous; this gives rise to cylindrical symmetry
and in this case the angle 0 is not taken into account. So the number of cylindrical coordinates is halved:

0%5(r,2) . 0%5(r,2) L 1o8(rz) &(rz) _ G(2)

15
or’ 4 rooor L? D ()
e By analogy, diffusion in the grain boundary is modelled as follows:
2 2
0°0(X,2) N 0°6(X,2)  o(x,2) :_G(z) (16)

Ox? 0z° L2 D

T isthe charge carrier lifetime, D and 6(x) are the diffusion coefficient, minority charge carrier density in the cell base,
respectively;
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g(x) represents the rate of generation of the minority charge carrier density in the cell base and is written as [13]:
3
g(x)=> nxa xe™ (17)
i=1

a; et b; represent, the values of the AM1 spectrum (cm-3.s1) and the silicon absorption coefficient (cm1), respectively.

The equations below represent the boundary conditions of the solar cell, with Sf representing the junction
recombination rate, Sb the backside recombination rate and Sgb the grain boundary recombination rate [12, 14]:

For cylindrical grain

00(r,2) 225(“ 7=0) (18)
oz |,, D

00(r,z) Sgb

ORI 2 s(r=R,z 19
o | = ) (19)

00, 2)l _ S0 5, 2= H) (20)
oz |,y D

For the grain seal

00(X,2) _ ié(x, 7=0) (21)
oz |,, D

05(x2)|  __S8b 50,2 (22)
X oo D

06(X, 7) :—Sibé(x:d,z) (23)
OX  lyg D

00(X,2) Sh

e =——0(x,z=H 24
oz |- D ( ) (24)

The inter-grain boundaries are characterized by a recombination velocity that is equal to Sg%. On the other hand,

extra-grain boundaries, i.e. those formed by the first and last grains of the cell, have a recombination velocity which
corresponds to SQb . As a result, the solar cell production is the sum of the output that takes into account inter-grain
boundaries and extra-grain boundaries.

1.2. Approximation of diffusion equations

1.2.1. Finite difference methods

This numerical solution involves transforming the continuous equation into an algebraic equation. To do this, an

approximation 5” of 5(I’i,Zj) must be found at certain points in I; and Z; of the intervals [0, R] and [0, H]

respectively.
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We first divide these intervals into (n - 1) and (m - 1) sub-intervals (steps) of lengths Ar:'%n 1) and

Az = l%m 1) we note:
rn=0 n=(>-1Ar r, =(n-1)Ar

z,=0 z, =(m-1)Az

z,=(j-DAz
The boundary conditions are known and immediately obvious. All that remains is to determine:

-0,

82,1" é‘3 Lj and 6i,2’ 5},39“'5 1

NEaN i,m-
The solution strategy consists in replacing all the function's derivatives in the differential equation with finite-difference

formulas at each point I; and Z; for i=2,---,n-landj=2,---,m-1.

625(r,z) é‘i—l,j _26‘, j +0

, i+1,j
a (Ar)? | @)
525(I',Z) é‘i—l,' _Zé‘i,' +6i+1,'
or | (Az)J2 J (26)
0°6(r,z) 01,96,
ot JAr J (27)
0°5(r,z) 64— 20,46,
o (AX)? (28)
The continuity equations become:
8i-1,j - 28i,j + 8i+1,j 8i,j-1 - 28i,j + 8i,j+1 + 1 8i+1,j - 8i-1,j iy g _& (29)
(Ar)? (Az)? I Ar YD
8i-1,j - 28i,j 2+ 8i+1,j 8i,j-1 - 28i,j 2+ 6i,j+1 _ %8”2 _& (30)
(Ax) (Az) L " D
The boundary conditions:
D
o, =— 5 31
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D
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D
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D

S =— — 5, (34)
" D+Sgb-Ax
D
PR—— (35)
© D+Sgh-Ax

2. Results and discussion
2.1. Gap energy at the crystal interface
The gap energy at the crystal interface is given by the following relationship:

E, =E; +q®+qV, (36)

Eg represents the gap energy at the crystal interface
Eris the fermi energy

Va is the potential barrier

q® is the output work

Figure 3 shows the evolution of the gap energy at the crystal interface as a function of grain boundary size.
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Figure 3 the evolution of the gap energy at the crystal interface in relation to the grain boundary size

The profile in Figure 3 shows the dependence of the gap energy at the crystal interface on the grain boundary size. In
this figure, we see that the gap energy at the crystal interface is proportional to the grain boundary size. At the crystal
surface, the electronic states are modified due to dangling bonds and layers resulting from the oxidation of silicon by
oxygen. However, this modification leads to the existence of a potential barrier, which is the cause of the increase in gap
energy.

2.2. Charge carrier density of the base of the bifacial solar cell

Figure 4 shows the three-dimensional figure that simultaneously illustrates the effect of depth and grain boundary size
on solar cell activity under simultaneous illumination.
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Figure 4 Effect of grain boundary depth and size on charge carrier density for simultaneous illumination

This figure shows that the depth and size of the grain boundary have a significant impact on the total photogenerated
charge carrier density. Indeed, the total charge carrier density increases with depth until it reaches its maximum value,
at which point it drops. This is shown in the results of [15]. However, it gradually decreases with the size of the grain
boundary until it reaches its minimum value. This phenomenon shows that recombination is very active in grain
boundaries, hence the reduction in carriers. The explanation is that the existence of the potential barrier in the grain
boundaries tends to trap charge carriers in the grain boundaries.

Good photo-piles are obtained with a very small grain boundary size, which is accompanied by reduced boundary
activity.
2.3. The current-voltage characteristic

To illustrate the influence of the shape of the grain boundary on the I-V characteristic, we felt it necessary to plot the I-
V characteristic as a function of the size of the grain boundary. Figures 5 and 6 show the respective characteristics, total
cell and lost in the grain boundary, when the cell is illuminated from both sides.
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Figure 6 Current-voltage characteristics in the grain boundary for different grain boundary sizes, simultaneous
illumination

The profiles in Figures 5 and 6 show that for a voltage below 0.3 V, the photocurrent density is maximum and constant,
and therefore independent of the photovoltage density.

For voltage values above 0.3 V, the current density decreases rapidly to zero close to the open-circuit operating point.
The current-voltage characteristic varies between two central points [16]
e The position which characterizes the short-circuit situation where the current is maximum and the voltage

almost zero ;
e The position in the open circuit situation with almost zero current and maximum voltage.
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The variation of photocurrent as a function of photovoltage shows that the current-voltage characteristic evolves with
the size of the grain boundary. Meanwhile, the increase in grain boundary size favours the growth of the I-V
characteristic in the grain boundary. This explains the presence of charge carriers in the grain boundary as a function
of its size. As aresult, the carriers trapped by the existing potential barrier at the crystal interfaces are recombined. This
phenomenon leads to a remarkable loss of the I-V characteristic of the solar cell.

2.4. The power delivered by the bifacial solar cell

Figures 7 and 8 show the electrical power of the photocell as a function of the recombination rate at the PN junction.

However, these figures represent, respectively, the total power delivered by the photocell and that lost in the grain
boundary. The cell is illuminated from both sides.
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Figure 7 Photocell power as a function of recombination rate at the junction and grain boundary size, simultaneous
illumination
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Figure 8 The power delivered by the photocell as a function of the recombination rate at the junction for different
grain boundary sizes when illumination is simultaneous
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Figures 7 and 8 show that, for a given bifacial cell, the power evolves as a function of the recombination rate at the PN
junction. The results presented in this figure are in good agreement with those reported in the literature [17]. It also
confirms their conclusion that the junction recombination rate required to obtain the maximum solar cell power point
available for any grain boundary size is around 1058 cm.s'1. These profiles also show that the grain boundary size has a
very significant impact on the power generated by the cell.

Considering several identical photocells, but with increasing grain boundary sizes, we note an increase in the amplitude

of the photocell power and a shift in the point of maximum power, which is accompanied by a decrease in the
recombination rate at the PN junction. This is explained by the power losses of the cell due to the presence of the
potential barrier at the crystal interfaces, which traps and allows the recombination of charge carriers in the grain
boundary, thus reducing the performance of the solar cell.

2.5. Scattering capacity at the base-transmitter junction

Figures 9 and 10 below show the capacity of the solar cell as a function of the recombination rate at the grain boundary.
These figures show, respectively, the total capacity of the solar cell and the capacity lost in the grain boundary. The solar
cell is illuminated from both sides.
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Figure 9 Photocell capacity as a function of recombination rate at the junction and grain boundary size, simultaneous
illumination
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Figure 10 Cell capacity as a function of photovoltage density for different grain boundary sizes when the cell is
illuminated from both sides

For figures 9 and 10, we note that the capacity of the solar cell depends on the recombination rate at the junction and
the shape of the grain boundary [14].

When excess minority carriers diffuse into the base of a solar cell, part of the carriers cross the base-emitter junction.
The remaining part induces the cell's diffusion capacity. This comes from the transport of excess minority carriers into
the base of the solar cell.

Figure 9 shows that the diffusion capacity decreases with the rate of recombination at the junction. Near the open circuit,
all of the excess minority carriers are stored in the cell, resulting in a higher capacity. The diffusion capacity decreases
with higher values of the recombination rate at the junction. This is due to the large flow of carriers through the junction,
which consequently reduces their storage in the cell.

In Figure 10, the increase in grain boundary size favours the growth of the diffusion capacity in the grain boundary. This
reflects the losses of charge carriers leading to a reduction in the cell's diffusion capacity.
2.6. Study of production losses in a solar cell made up of cylindrical grains

Table 1 Variation in the electrical parameters of two grains and the grain boundary of the multi-cylinder grain solar
cell.

Electrical Total production for two cylindrical | Electrical parameters in the grain boundary
parameters grains (losses)

§(103cm™3) 4.04 0.84

P (mA.cm™2) 0.0236 0.0044

C (107°F.cm2) 17.34 4.5

The table shows the charge carrier density of a bifacial solar cell illuminated from both sides, the power delivered by
the cell and the diffusion capacity at the base-emitter junction of the grains and the grain boundary of a multi-cylinder
grain solar cell. However, we found a very significant production loss rate. This reduction is 20.79 % for the charge
carrier density, 18.64 % for the power and 25.95 % for the capacity of the solar cell.
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Numerical analysis is a calculation method that can be used to solve any given problem, leading to a single, precise
result. This is how numerical analysis distinguishes itself from other, more traditional mathematical methods of solving
problems, such as the separation of variables method. In fact, for a given problem, it is possible to use several numerical
resolution methods, resulting in different algorithms. These depend on certain parameters that influence the accuracy
of the result.

The final result and its degree of accuracy depend on the choices made. An important part of numerical analysis is
therefore to contain the effects of the errors thus introduced, which come from three main sources:

e Modeling errors;
e Computer representation errors;
e Truncation errors.

relative error=——

3. Conclusion

In this study, a method for specifying the equivalent electrical parameters associated with the shape of the grain
boundaries in a bifacial photovoltaic solar cell composed of cylindrical grains was presented. The solar cell is subjected
to a static regime and illuminated simultaneously from both sides. The results show that the shape of the grain
boundaries has a negative effect on the production activity of the multicylindrical grain solar cell. The results show very
significant losses due to the trapping and recombination of charge carriers in the grain boundaries. For production, we
note a loss rate of 20.79% for the charge carrier density, 18.64% for the power delivered by the solar cell and 25.95%
for the diffusion capacity.

The aim of this work was to investigate some possible improvements in the I-V characteristic, power and diffusivity of
the solar cell. These improvements may come from a reduction in recombination at the grain boundaries.
Experimentally, this parameter can be controlled by passivation the recombination site.
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