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Abstract

This paper investigates theoretically the behavior of the space charge region
of a silicon solar cell and its associated capacitance under the effect of an ex-
ternal electric field. The purpose of this work is to show that under illumina-
tion the solar cell’s space charge region width varies with both operating point
and the external induced electric field and how the solar cell capacitance va-
ries with the space charge region width. Based on a 1D modelling of the qua-
si-neutral p-base, the space charge region width is determined and the asso-
ciated capacitance is calculated taking into account the external electric field
and the junction dynamic velocity. Based on the above calculations and si-
mulations conducted with Mathcad, we confirmed the linear dependence of
the inverse capacitance with space charge region width for thin space charge
region and we exhibit an exponential dependence for large space charge re-
gion.
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1. Introduction

The p-n junction remains the core of semiconductor devices; the device perfor-
mance and behavior are related directly to those of this p-n junction. Among
many parameters that influence the operation of the p-n junction, the injection
level plays a very important role [1] [2] [3] [4]. The injection level depends on
both base doping an illumination level; the base doping level controls impurities
and defects level [5] with induced electric field for higher doping concentration

or higher illumination level. That is, the induced electric field also plays an im-
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portant role for the p-n junction.

The space charge region and the total capacitance can also characterize the
p-n junction [6]. This capacitance is of major importance in switching circuits:
photovoltaic power plant with DC/AC power converters or switching regulators
[7] [8] where the needs are to move or remove an amount of charge as fast as
possible and testing modules under flash illumination [9] [10].

[11] and [12] analyzed the dependence of the capacitance versus space charge
region width and concluded that the space charge region behaves as a plane ca-
pacitor. This means that the inverse of solar cell capacitance increases with the
space charge region width. But these studies have not taken into account the ef-
fect of external electrical field.

The aim of this paper is to analyze the behavior of the space charge region and
the capacitance of a forward biased silicon solar cell on the one hand, and, on
the other, the relationship between the capacitance and the space charge region

width for various polarization induced electric fields.

2. Mathematical Formulation

Figure 1(a) present a schematic diagram of the silicon solar cell.

When illuminated, three major phenomenon occur inside the solar cell: carri-
er generation, recombination and drift/diffusion. Given that the emitter thick-
ness is typically less than 1 um with a high doping density contrary to that of the
base region (thickness up to 300 um and doping about one hundred less than
that of the emitter), the contribution of the emitter is very less than that of the
base. We then neglect the emitter region and consider only the base region of the
solar cell. Regarding to the space charge region width xz + xp (Figure 1(b)), and
considering that the emitter region is hundred times more doped than the base,
xgwill then be hundred times less than xz Therefore, xzis neglected and we con-

sider that the space charge region width is xz.
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Figure 1. (a) Schematic diagram of a silicon solar cell; (b) Solar cell’s space charge region.

We also assume a quasi-neutral base with low injection condition, no lateral
effect and the solar cell forward biased in steady state. Then, the main transport
mechanism is described by a one-dimension diffusion of minority carriers (elec-
trons) written as [13] [14]:

95(x) N HuE 96 (x) B 5(x) N G(x)
ox’ D & ! D

=0 1)

Let us consider L, =u-E-7 and taking into account that [’ =7-D, Equa-

tion (1) is rewritten as:

625(x)+L_E.é’é'(x)_5(x) :_G(x) @)
o L ox r D

5(x) is the excess minority carrier density, Z is their diffusion length and D
their diffusion coefficient.
M is the excess minority carrier mobility and E the external induced electric
field.
Carriers generation rate G(x) at the depth x in the base is in the form [15]
[16]:
3
G(x)=>a,-exp(-b,-x) (3)
i=1
a; and b; are tabulated values obtained from AM1.5 solar irradiance and the
dependence of the absorption coefficient on the illumination wavelength [17].

The excess minority carrier density &(x) is then given by:

5(x) =exp(ﬂ-x)-[A-cosh(a-x)+B-sinh(a-x)]+gK, -exp(—b,-x) (4

1
(L, +4-1°) L B a I
o Py D TE L]

with a =

By help of the following boundary conditions (Equation (5) and Equation (6)),
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coefficients A and Bare evaluated easily:

- at the junction (x=0):

as(x)| S
ox o D 5(0) >)
- at the backside (x= H):
85(x) 3 _Sb'
o |, D o(H) ©

H s the base thickness, Sb is the back surface velocity that traduce carrier lost
at the backside of the cell; Sfis the junction dynamic velocity describing how
carrier flow through the junction and is directly related to the external load con-
ditions [18].

We now derive the capacitance Cof the solar cell as follow [19] [20]:

c=49
v

ph

)

Qs the total amount of charge across the junction and V,,; the photovoltage
across the junction; we have O =¢&(x=0) with ¢ the elementary charge.
The photovoltage result from the Boltzmann relation as:

Nb-5(0
V,, =Vt ln£n—?()+ 1) ©)
Vt is the thermal voltage, n; the intrinsic carrier concentration and Nb the
base doping density.
Replacing Q by its expression and rearranging the capacitance equation, we
obtain:
do(x=0 1
C=gq —( ) . )
dsf deh
dsf

Finally, replacing V,; by the corresponding expression and doing some calcu-

lations we obtain the capacitance as [21]:
2

TN, 99(0)
2T

(10)

3. Results and Discussion

Based on the above mathematical formulation, we performed simulation using
programs written in Mathcad software with various induced fields through dif-
ferent forward biased voltages and various external load conditions through the

dynamic junction velocity.

3.1. Relative Excess Minority Carrier Density

The relative excess minority carrier density is the ratio of the minority carrier

density and the corresponding maximum value for a given operating conditions.
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Figure 2 presents the relative excess minority carrier density versus the depth x
in the base for various induced electric field E.

This figure shows that the excess minority carrier density increase with the
depth x in the base until a maximum situated at a certain depth X, in the base.
Above x, the excess minority carrier density decrease very quickly. Since illu-
mination comes from the front side and taking into account the “Beer-Lambert”
law, there are more carrier generated near the front side. Due to the presence of
the junction, the photogenerated carrier in the neighborhood of the junction flow
through the junction, giving rise to the observed maximum at x.

For increasing electric field, this maximum is left shifted leading to a space
charge region width reduction; this reduction corresponds to an increase of the
carrier stored in the base because there is less and less carrier flowing through
the junction. This increase of the carrier stored in the base lead to an increasing
capacitance. That is, the solar cell capacitance depends directly on the induced
electric field.

We now present the relative excess minority carrier density versus the depth x
in the base for various junction dynamic velocities (Figure 3).

This figure shows that the maximum of relative excess minority carrier densi-
ty is also shifted according to the junction dynamic velocity but now the maxi-
mum is right shifted contrary to that obtained with the induced electric field.
This behavior could be well explained by the fact that when the junction dynam-
ic velocity Sf increase, carrier flow through the junction increase also. There are
less and less free carrier in the neighborhood of the junction leading to more
depleted region that is, a widening of the space charge region. The decrease in

excess minority carrier density in the base and especially near the junction is

1.000

Relative excess minority carrier density

09954 ——E=0V/iem|\ T, \
— —E=2V/cm ‘\ . \
- -+ E=4V/icm ol \
—- E=6V/icm . \
. \
\ .
0.990 T T T T A L T T T 1
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
Base depth (cm)

Figure 2. Relative excess minority carrier density versus base depth for various electric
fields (8= 10° cm/s, b= 10° cm/s, H =200 pm, L= 100 pm and Nb = 10 cm™3).
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Figure 3. Relative excess minority carrier density versus base depth for various junction

dynamic velocities (£ = 2 V/cm, $b = 10° cm/s, H= 200 um, L = 100 um and Nb = 10
cm™).

associated to a decreasing capacitance since there is less and less free carrier

stored in the base.

3.2. Space Charge Region

From the maximum of the excess minority carrier density, we have extracted the
corresponding depth xscx in the base given to be the space charge region width.
Figure 4 shows how the space charge region width xsc is related to the junction
dynamic velocity (semi logarithmic scale) for various induced electric fields.

As stated previously, there is a widening of the space charge region with in-
creasing junction dynamic velocity. Near short circuit, carrier flow through the
junction is very important and these carriers come mainly from the neighbor-
hood of the junction, emptying this region and thus leading to a roll back of the
maximum of the excess minority carrier density deeply in the base. That is, the
more the solar cell operate near short circuit, the more the space charge region is
wide.

For increasing induced electric field, more and more carriers in the bulk of the
base are drifted to the neighborhood of the junction so that they can flow through
the junction. Then the bulk is emptied as seen on Figure 2 and the space charge

region become thinner as observed on Figure 4.

3.3. Capacitance

Since charge variation in the solar cell is related to a variation of the solar cell
capacitance and given that the charge variation is also related to the space charge

region width, then the capacitance is directly related to the space charge region
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width. To illustrate this, we have plotted in Figure 5 the inverse capacitance
versus space charge region width for various induced electric fields.

We can observe an increasing inverse capacitance with space charge region
width and this increase is more marked when the space charge region is the
largest for a given operating conditions. We can see in Figure 6 that the inverse

capacitance behaves linearly with respect to the space charge region width for

Space charge region width (cm)

10° 10° 10° 10°
Junction dynamic velocity Sf (cm/s)

Figure 4. Space charge region width versus junction dynamic velocity for various electric
fields (85 =10° cm/s, H =200 pm, L =100 um and Nb = 10" cm™).
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Figure 5. Inverse capacitance versus space charge region width for various electric fields
(8f=10° cm/s, $b = 10° cm/s, H= 200 um, L = 100 um and Nb = 10* cm™).
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small space charge region width as previously demonstrated [11] [12]. For large
space charge region width the inverse capacitance does not behaves linearly; that
is, space charge region does not behaves as a plane capacitor for large values of
the space charge region width.

For larger space charge region, this behavior is fitted as an exponential grow
(Figure 6) in the form:

1 X—X X—X
— =y, +Al-ex 0 1+ 42 -ex 0 11
C Yo p( i ] p( tz j (11)

Finally, we can write that:

=a xSCR +b if x < 'xthres
(12)

al— al-

=%, +A1-exp(x_x°J+A2-exp(x_xoj if x> x,,,
tl tZ

Xures 18 @ certain threshold depending on both operating conditions and base

doping density; a, A1, A2, x, y, & and & are adjustments coefficients presented
in Table 1.

- v
8.0x10° &
NE 1 <& Inverse of capacitance <
) Linear fit <;>
_'F-a 6.0x10° - +++2+ Exponential grow fit :
= :
g H
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£ ¢
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Figure 6. Theoretical fit of the inverse capacitance.
Table 1. Linear and exponential grow fit parameters.
Linear fit parameters
Intercept () 2141.1187
5.96156E6

Slope (a)

Exponential grow fit parameters

» 39,860.75428

X0 0.00613
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Continued
Al 0.01518
4 7.53284E-5
A2 21,702.42063
b 4.68509E—4

4. Conclusions

The behavior of the excess minority carrier density in the base of a silicon solar
cell was investigated with respect to induced electric field and junction dynamic
velocity. We showed that the space charge region width is directly related to both
induced electric field and junction dynamic velocity. This dependence was then
studied and we proved that the space charge region behaves as a plane capacitor
only for thinner space charge region. For larger space charge region, based on a
theoretical fit of the 1/C-xscr curve we pointed out a nonlinear relation (expo-
nential growth) between the space charge region width and the inverse of the ca-
pacitance.

Future work is on the one hand experimental to validate the theoretical model
used and, on the other hand, to consider 3D modeling for poly or multi-crys-

talline solar cells by taking into account the effects of grain boundaries.
Conflicts of Interest
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