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Abstract

After three-dimensional modeling, we expressed the diffusion capacity of p-
layer charges through the transition zone as a function of the impurity con-
centration in the p-layer, the dimensions of a polycrystalline silicon crystal, and
the penetration depth of the p-layer. After analyzing the impact of the parame-
ters cited below on the diffusion capacity, we concluded that the best diffusion
capacity is obtained for a dopant range between 10" and 10" cm™. This range
is modified by variations in crystal size and p-layer thickness. Thus, increasing
crystal size shifts the optimum point towards high doping rates, while increas-
ing p-layer thickness shifts the optimum point towards low p-layer doping
rates.

Keywords
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1. Introduction

If we bring N-doped silicon into contact with P-doped silicon, we create a transi-
tion zone, also known as a space charge zone. From this zone, we can evaluate the
carrier flux that contributes to the current produced by the silicon photovoltaic
cell through charge diffusion. So, let’s talk about charge diffusion capacity through
the space charge zone. The diffusion capacitance of the solar cell is considered to

be the capacitance resulting from the change in charge during the diffusion pro-
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cess within the cell. This capacitance is mainly due to the fixed ionized charges at
the junction boundaries and the diffusion process (diffusion capacitance).
Doping is one of the steps in the manufacture of polycrystalline silicon solar
cells. Polycrystalline silicon is made from several silicon crystals fused together.
Less expensive to produce, it has a slightly lower yield, around 14% and 18%. Com-
pared to monocrystalline, polycrystalline has a low yield, due to the multiplicity
of crystals [1] that make it up, the capture effect at the interface between two crys-
tals [1], the size of the crystals [1] [2], recombination at the crystal joints [2]-[4],
the doping rate [5] [6] and phenomenological parameters such as temperature
[7]-[9], magnetic field [8], etc. The diffusion capacity of carriers across the PN
junction has been the subject of much study in recent years [8] [10]-[14]. This is
because it makes it possible to quantify the number of carriers involved in the cur-
rent generation. Researchers have studied the effect of temperature [15], angle of
incidence of illumination [16], electric field [17], magnetic field [18], emitter thick-
ness [19] [20], wavelength [21] [22], and now the effect of crystal dimensions and
the capture effect between two crystals on the optimum doping rate giving the best
diffusion capacity. In this work, we will evaluate the influence of crystal size and
the capture effect at interfaces on the optimal doping rate, giving the best diffusion

capacity for the PN transition zone.

2. Mathematical Theories

We consider an n*-p-p* type polycrystalline silicon backfield crystal (BSF) whose
three-dimensional structure is given in Figure 1.
The working hypotheses are:
e We will neglect the contribution of the n*-p layer to the photocurrent com-
pared with that of the p layer.
e We have neglected the crystalline field that exists within the p-layer, as we
have assumed that the solar cell is not polarized.
e The distribution is uniform along the x and y directions of the crystal, so
radiation penetration occurs along Z.

e Crystal joints are perpendicular to the n*-p junction.
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Figure 1. Example of a square crystal.

DOI: 10.4236/msce.2025.139004

56 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2025.139004

M. Camara et al.

In a volume element, variations in carrier densities are caused by:

¢ Spontaneous generation of electron-hole pairs due to thermal agitation, char-
acterized by the generation rate G, (z).

¢ Generally, assisted recombination (R,, R,) is usually expressed in terms of
the average lifetime of minority carriers.

e Carrier flows into and out of the volume element ¢, .

The continuity equation, therefore, applies to charge carriers whose lifetimes

are determined by recombination mechanisms in accordance with Fick’s first law

in the one-dimensional case:

oon .
—— =—divg, +G, —R 1
8t ¢ﬂ n n ( )
_ 1—
¢n :__‘Jn (2)
e
Avec I:enynﬁ+eDn?i 3)
X

Assuming that the solar cell is not polarized, and working in the static regime,
we have obtained the simplified form of Equation (1) for a one-dimensional case:

o%on

" ox?

0=D,

+G, —-R, 4)

In our work, we have generalized this one-dimensional case to obtain the three-
dimensional model. This model allows us to take into account the speed of recom-
bination at crystal boundaries. (S, ). The capture effect at the interface between
two crystals (C, etC, ) and crystal dimensions ( g,, g, ). Thus, we have given the

corresponding continuity equation for this model as follows [2] [23]:

o°on(x,y,2) N o’on(x,y,2) . o’on(x,y,2) ~ sn(xy,2) N G(z)
X’ oy’ oz’ Ln(Nb) ~ Dn(Nb)

=0 (5

The expression for the carrier density given by Equation (6) is the solution to
Equation (5) [2] [23].

§n(x, Y Z) - kazjyzkxvjy COS(CkXX)COS(Cij) ©)

We obtained Equation (7) by replacing the carrier density in Equation (5) with
its expression given by Equation (6). With Equation (8), the solution to Equation
(7) is.

2
0°Zy sy 1 _ 1
' Lng, Y Dy,

z . z 3
Z, . =M, cos| ———|+N, .sin| ——— |->Qe™ 8
ki =k [Lnk,j(Nb)}L k] [an(Nb)] le ®

M,; and N, ; given by the boundary conditions at the surfaces bounding

G(z) (7)

the p layer along the zaxis:
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e Atlayern*or z=0

D{M} =Sfon(x,y,2=0) ®
Z
z=0
e Atthep'layeror z= H
—H
Dn{%} ——sbon(x,y,z=H) (10)
Z
z=H

C,andC; are obtained through crystal boundary conditions along the x and
yaxes:

¢ Following x

osn(x,y,z) g
Dn N7 T :_S 5n __X, :Z
[ ~ ]ng Sy [ ) y (11)
e Following y
DH{M} =¢Scr5n[x,ig—y,z] (12)
oz yos 3y 2
2

Thus, Equation (13) gives the general equation for capacitance, and Q is the quan-

tity of charge given by Equation (14).

~9Q(x, yx,z)
C(x,y,z)_m (13)
Q(xy,2)=00n(x.,2) (14)
C(x,y,z):qw (15)

Dividing Equation (15) by % , we have Equation (16), the solution of which

gives us the capacity equation in Equation (17). C,(Nb) and Cq ( Nb,g,, 9, H )
are respectively dark capacity and diffusion capacity.

_aon(x,y,2) 1

Clxy.2)=—0gt Ny (16)
osf

R

CO(Nb):% (18)

o (x,y.No) =g NX¥220) (19)

C(,,g,.Nb,H)=C, (Nb)+C, (Nb,g,,g,,H) 20)
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3. Results and Discussion

Influence of grain size and interface capture on the effect of doping rate on
effective diffusion length

The effective diffusion length is the distance electrons have to travel before re-
combination, and is related to crystal size, the rate of loss at the crystal joints [1]

[2], and the doping rate of the p-layer.
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Figure 2. Profile of the effective diffusion length as a function of the proportion
of base dopant for some grain size: Sg = 10° cm.s™".

To analyze the impact of the proportion of p-layer dopant on the effective dif-
fusion length, Figure 2 shows the effective diffusion length as a function of p-layer
dopant for several crystal size values along the xand yaxes, respectively (g, = g, =
8-

In Figure 2, we can see three zones:

A first zone for dopant levels ranging from 10" cm™ to 10'* cm™ shows a plat-
eau in effective diffusion length. In this zone, the effective diffusion length is in-
sensitive to changes in dopant level.

A second zone for p-layer dopant levels ranging from 3.10"° cm™ to 10" cm™,
the effective diffusion length decreases slightly with the dopant level. This is ex-
plained by a decrease in charge carrier lifetime with increasing p-layer dopant
concentration. Increased doping, which consists of introducing impurities into
silicon, increases the density of charge carriers (electrons and holes). This increase
in density, in turn, promotes Auger recombination, a process whereby the energy
of an electron recombining with a hole is transferred to another electron, heating
it up. This phenomenon reduces the lifetime of charge carriers and decreases the
likelihood of these charges being collected by the solar cell junction, resulting in a
loss of power.

A third zone, from 10" cm™ to 10" cm™, whose diffusion length decreases con-
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siderably with dopant concentration, becoming constant for dopant levels above
10" cm™. In this zone, the material loses its semiconducting properties and be-
comes a conductor.

We also analyze an increase in the effective diffusion length with increasing
crystal dimensions (along xand y), as shown by Dugas and Oualid in 1987. This
increase in diffusion length can be explained by the fact that increasing crystal
dimensions reduces the density of recombination centers. We also note that, for
low dopant concentrations (zones 1 and 2), the effective diffusion length in-
creases strongly with crystal size. So, to obtain a better effective diffusion length,
the dopant concentration must be between 10> cm™ and 10'7 cm™ for large grains.
If the dopant concentration is higher than 107 cm™, the small grains should be
used.

In the following paragraph, we’ll look at the impact of crystal size on the effect
of p-layer dopant content on diffusion capacitance.

Influence of junction electron loss rate and low p-layer doping rates on dif-
fusion capacity

Figure 3 shows the diffusion capacity of the solar cell as a function of the re-

combination velocity at the junction for different low doping levels of the p-layer.
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Figure 3. Diffusion capacity profile as a function of recombination velocity at the junction
for low base doping levels: Hp = 120 um, g = 64 um, Sb = 10* cm/s, S = 10° cm/s.

Figure 3 shows that for a given doping level, at low recombination rates at the
junction, the cell’s diffusion capacity is constant and corresponds to the open-
circuit diffusion capacity. In an open circuit, the charge is stored on both sides of
the transition zone.

Athigh recombination velocities at the junction, the diffusion capacity is almost
zero, which corresponds to the diffusion capacity at short circuits.

We also note that the amplitude of the diffusion capacitance increases with lower

p-layer doping ratios (Figure 3). Indeed, when impurities are introduced into the
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p-layer, the conductivity of the semiconductor improves. The storage of minority
charge carriers in the vicinity of the transition zone also increases. This is why
diffusion capacity is improved in this area. This is confirmed by Figure 4, which

shows that diffusion capacity increases with low doping levels.
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Figure 4. Diffusion capacity profile as a function of low base doping levels: H, = 120
pm, g = 64 um, Sb = 10* cm/s, Sg = 10° cm/s.

Intrinsic semiconductors are akin to insulators, with no free electrons to pass
through them. Conduction is improved by adding a tiny amount of dopant to the
intrinsic semiconductor. This process, known as doping, generates a large number
of free carriers. This leads to an increase in the density of minority charges as the
doping rate of the p-layer increases (from 10" cm™ to 107 cm™), which in turn

increases the diffusion capacity of the photopile Figure 3 and Figure 4.
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Figure 5. Diffusion capacity profile as a function of junction recombination velocity
for high p-layer doping rates: Hy = 120 pum, g = 64 um, Sb = 10* cm/s, Sg = 10° cm/s.

DOI: 10.4236/msce.2025.139004

61 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2025.139004

M. Camara et al.

Influence of junction electron loss rate and high p-layer doping rates on
diffusion capacity
Figure 5 shows profiles of the solar cell’s diffusion capacity as a function of

junction recombination velocity for high p-layer doping levels.

2x107 T T T

1.5x10™*

1x107*

5x107

Diffusion Capacity (F.cm™2)

1 1 1
1.0-10'7 4.0-10" 1.6-10 6.5-1018 1.0-10"
Doping levels (cm™)

Figure 6. Diffusion capacity profile as a function of high p-layer doping rates:
Hb = 120 um, g = 64 um, Sb = 10* cm/s, Sg = 10° cm/s.

In this section, we analyze a decrease in the diffusion capacity of the solar cell
as a function of the doping rate of the p-layer for low values of the recombination
velocity at the junction (Figure 5). The physical mechanism related to energy band
boundary deformation is associated with free donor-transporter interactions.
These interactions increase the initially discrete impurity level. This leads to the
union of this energy band of excess ionized impurities with the valence band.

In heavily doped silicon, the mechanism linked to the distortion of energy band
boundaries can be summarized in three cases:

e The limits of the valence and conduction bands give rise to tails that pene-

trate the band gap.

o Ifthe rate of acceptor dopants is high, the energy levels of the dopants expand

into a dopant band that overlaps with the valence band.

¢ A high number of acceptor atoms leads to a spatial variation in bandgap width,

resulting in crystal lattice deformation.

These changes result in an apparent drop in bandgap width. This leads to a
reduction in storage diffusion capacity at high impurity levels Figure 5 and Figure
6.

The doping of semiconductor substrates allows us to vary their electrical con-
ductivity over a wide range. Highly doped semiconductors (n* or p*) have a con-
ductivity close to that of metals. This leads to a reduction in diffusion capacity.
These are the areas we encounter when making ohmic contacts.

By analyzing Figure 3, Figure 4, Figure 5, and Figure 6, we obtain an optimum
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value for the p-layer dopant ratio of the order of 10" cm™. In the next paragraph,
we’ll look at the impact of crystal size and p-layer thickness on this optimum value
for impurity concentration.

Influence of crystal dimensions and p-layer thickness on the optimum dop-
ing rate for best diffusion capability.

Figure 7 and Figure 8 show the diffusion capacity profile of the photovoltaic
cell as a function of the doping rate of the p-layer, respectively, for different sizes

of the crystal and thicknesses of the p-layer.

3x107 T T T
pe= o = 30 pm
bes g =40 um
f= = g =50 um
t=++ g =060 pm -
2%10-4 g=100 um 7 . i
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1 1
3.2:10 1.0-107 3.2-10%

Doping levels (cm™)

1.0-10" 5.2-10"

Figure 7. Capacitance profile as a function of base doping rate for various crystal sizes and
p-layer thicknesses, respectively: g = 64 pm, Sb = 10* cm/s, Ser = 10° cm/s, and Hp = 120 um.
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Figure 8. Capacitance profile as a function of base doping rate for various
p-layer thicknesses, respectively: g = 64 um, Sb = 10° cm/s, Ser = 10% cm/s.
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The figures above show that the cell’s capacity increases with crystal size along
the xand yaxes (Figure 7), and with p-layer thickness along the zaxis (Figure 8).

This increase is explained by the growth of minority carriers as the dimensions
of Figure 7 and the thickness of the p-layer in Figure 8 increase. Crystalline silicon
is characterized by broad absorption over the entire solar spectrum. However, the
absorption coefficients associated with these wavelengths are low. Silicon solar
cells would need to be several tens of microns thick to absorb the light. As a result,
the effect of minority carriers is accentuated in larger and thicker solar cells, as the
larger volume of the base results in a greater number of minority carriers in the
p-layer.

Figure 7 shows that increasing the dimensions along xand y increases the op-
timum doping rate, while increasing the p-layer thickness decreases the optimum
p-layer doping rate Figure 8. In other words, the larger the crystal dimensions
along x and y and the smaller the p-layer thickness, the higher the optimum p-
layer doping rate.

4. Conclusion

In this work, we have shown that the maximum diffusion capacity is obtained for
p-layer dopant concentrations between 10" cm™ and 10"7cm™. We then studied
the effect of crystal dimensions and p-layer dopant penetration depth on the op-
timum impurity ratio, which gave the best diffusion capacity. From our analysis,
we found that the amount of dopant giving the best diffusion capacity (the diffu-
sion capacity corresponding to the optimum doping rate) increases with crystal

size, whereas it decreases with increasing impurity penetration depth.
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