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Abstract: This article is a theoretical study of vertical parallel
junction silicon solar cell capacitance under modulated
polychromatic illumination: influence of irradiation. Thus, from
the minority carrier density and the photovoltage expressions, the
capacitance is determined. Furthermore, Bode and Nyquist
diagram followed by an equivalent electric circuit of the
capacitance is given.
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l. INTRODUCTION

Solar energy is an inexhaustible energy source. Solar cell

technology has been pioneered in space industry, essentially
because solar energy is one of the main power sources for
satellites. However, space environment is a very harsh
environment for electronic devices, such as silicon solar
cells and other semiconductor based detectors. We can
obtain energy by converting the solar energy in electrical
energy with the semiconductor optoelectronic device such as
the vertical junction solar cell [1] or horizontal junction [2-
3]. The quality of a solar cell is related to its electronic [4]
and electrical [5] parameters. The aim of this study is to
show the influence of the irradiation energy under frequency
modulation on a silicon solar cell, especially for the
following parameters: Relative excess minority carrier
density, photovoltage, and capacitance.

1. THEORY

A solar cell is an electronic component that converts
sunlight into electricity. This conversion is performed by
using a photovoltaic cell in parallel vertical junction.
Figurel represents an n-p-n type of a parallel vertical
junction of a photovoltaic cell.
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Figurel: Schematic structure of a vertical junction solar
cell

2.1. Study Of The Relative Minority Carrier Density Inthe
Base Continuity Equation

The continuity equation governing the phenomena which

take place in the base is giving by the following expression:

D (e, kl,¢p)—a ?)E)z(’t) —
a(x.t) _ G+ 85((;:,0 @

G (2) is the global carrier generation rate at depth z in the
base[6] [7]

3 . .
G(z)=> a,e el @)

i=1
ai and b; are tabulated coefficients of the radiation deduced
from the generation rate modeling considered for overall the
solar radiation spectrum when AM=1.5 [8]

o is the angular frequency
S(x,t) = o(x)el™
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Table 1: Various (different) values of the tabulated
coefficients ai and bi under AM =1.5

ai(cm3.s?) bi (cm™)
2;=6,13.10%° b;=6630
2,=0,54.10%° b,=1000
23=0,0991.10%° b3=130

D(w,¢p,kl)is the diffusion coefficient in dynamic

frequency mode (regime) under irradiation
D(w, @, Kl) is given by the following relation[9].

1+(02T2 _0)2‘[2 —1 .
] 4
D(a),k|,¢p) D(k|*¢p) (1_w22_2)+(2wr)+(1_w272)2+(2wf)2 “
L(kl, 4. )>
D(kl,p,) = # ®)

L = +/7D is the diffusion length

Using the boundary conditions, the solution for equation (1)
is given as follow.

)a 5(X) e(]mt) a(X)e(jwt) _

D(w, kI, g, - ©

_ z a.ePDglien | M
_ ! at

a) atthe junctionx=0
D 4)0 | [stocol. ™

Sfis recombination velocity at the junction [10, 11]

b) Inthe middle of the base x = ﬂ

[D(w, Kl ¢ )%ix)b =0

@)
The general solution ofequationlis given by:
-b2) X
Lo, g)? a,e ™ 4+ Acosh{ Lo kl,¢l 9
S(X) = >
D( ki ¢)( n=1 |: X }
+B ——
L(w, K, ¢,

O(X): is the minority carrier density

A and B to be determined by means of the boundary
conditions.
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In our next pages the relative minority carrier density of
the solar cell versus the base depth for various parameters
are investigated:

a) Damage coefficient effect in short circuit
b) Irradiation energy effect in short and open circuit
c) Frequency effect in short and open circuit

A. Effect of the damage coefficient in short circuit

The following graph is the relative minority carrier density
of the solar cell Near the short circuit versus the depth of the
base for various damage coefficient
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Figure 2:Relative minority carrier density versus base
depth for various damage coefficients (z=0.001cm,
w=10%rad/s, Sf=10cm/s,®p=100MeV)

We observe:
A maximum at x=0.015cm, On both sides of it we note two
types of gradients for a solar cell:

The relative minority carrier density increases from x=0
to x=0.015 (the increasing part of the curve) for the left
emitter, and from x=0.015 to x=0.030cm (the decreasing
part of the curve) for the right emitter. It also increases with
the frequency too.

The gradient is thus positive for in the two localized
zones x<0.015 and x>0.015. As the gradient is positive for
the latter, the number of minority carriers crossing the
junction is much greater, and those reaching the edge of the
depletion zone contribute to the photocurrent.

At x=0.015, where the relative minority carrier density
reaches its maximum, the gradient is null and the carriers are
blocked. This value corresponds to the open circuit.

That the graph remains unchanged whatever damage
coefficient values are.

We present on figure 3, 4the relative minority carriers
density versus base depth for various irradiation energy.
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Figure 3: near the open circuit
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Figure 4: near the short circuit

Figure 3and 4: Relative minority carrier density versus
base depth for various particle energy. (z=0.001cm,
©=10%rad/s, klI=15cm?/MeV)

The relative minority carrier density increases with
increasing depth of the base up to the value x = x0 and also
increases with the irradiation energy. in this region, the
gradient is positive more carriers traverse the junction and
participate to photocurrent.

At x=0.015, where the relative minority carrier density
reaches its maximum, the gradient is null and the carriers are
blocked. This value corresponds to the open circuit.
Furthermore, we note that the two graphs reflect virtually
the same trends of the carrier density, the fundamental
difference lying in the behavior of the density when it
reaches its maximum. Indeed, the solar cell density in open
circuit situation has a bearing whereas short-circuit we
notice a spike in x0.

The gradient is thus positive for in the two localized
zones x<0.015 and x>0.015. As the gradient is positive for
the latter, the number of minority carriers crossing the
junction is much greater, and those reaching the edge of the
depletion zone contribute to the photocurrent We present on
figure 5 the relative minority carrier density versus base
depth for various frequency.
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Figure 5, 6: Relative minority carrier density versus base
depth for various particle energy. (z=0.001cm,
®p=100MeV, kl=15cm?/MeV)

The relative minority carrier density increases with
increasing depth of the base up to x0 and also increases with
the frequency. The positive gradient in this zone mean more
carriers traverse the junction and participate to photocurrent.

A zero gradient at the maximum density value: in this
position the carriers are blocked at the junction; it is an open
circuit situation. for low frequency values, we also notice
that for the solar cell near open circuit the carriers are
blocked at the junction for several values of the base depth,
unlike the solar cell near short circuit, zero gradient is
located just at the position x = x0.  The positive gradient
when x greater than x0 the relative density decreases with
increase of the base depth all carriers in this zone traverse
the junction and participate to photocurrent.

We present on figure 7, 8 the relative minority carrier
density versus base depth for various frequency.
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Where NB, VT, Kb and T are respectively the base doping
density and the thermal voltage the Boltzmann constant
andT the absolute temperature.
The figure below shows the photovoltage versus
recombination velocity for various particle energy.

Base depth (cm)
Figure 8 near the short circuit

Figure 7, 8: relative Minority carriers density versus
base depth for various frequency (z=0.001cm,
®p=100MeV, kl=15cm?/MeV)

The relative minority carrier density increases with the base
depth until a maximum value and then decreases gradually.
We observe two types of gradients.

A positive gradient when x <x0 and x> x0 in these regions
all the carriers cross the junction and are involved in
photocurrent.

At position x = x0 the gradient is nil carriers are blocked at
the junction. When the solar cell is in open circuit at 10° rad
/ s frequency ,fewer minority carriers participate to the
photocurrent. But when the solar cell is near short circuit at
10 Srad / s frequency all carriers participate to the
photocurrent.

Furthermore, we note that the two graphs reflect virtually
the same trends of the carrier density, the fundamental
difference lying in the behavior of the density when it
reaches its maximum. Indeed, the solar cell density in open
circuit situation has a bearing whereas short-circuit we
notice a spike in x0.

2.2. Photo voltage

From Boltzmann law, the photovoltage can be written
as:[12, 13,14]
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recombination velocity.

We have two areas: the first one corresponding to the
open circuit where the photovoltage is at its maximum value
and it’s constant .Indeed, near open circuit the carriers are
accumulated at the junction there by increasing the
probability of interaction with the particles radiation an
therefore the damage; the last one corresponding to the
short-circuit situation where the photo voltage increases
very rapidly towards a maximum value .Increasing
irradiation energy decreases the photovoltage across the
solar cell.

2.3. Capacitance

The diffusion capacitance of the solar cell is considered to
be the capacitance resulting of a charge variation through
diffusion process in the solar cell [13, 15, 16]. This
capacitance can be written as:

00(X,2)
C=q-——— (13)
Ny o
‘N
c 4N o 0(0,2)
V; V;
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The diffusion capacitance consists of two terms; the first
term is the intrinsic capacitance and the second depend on
the operating point.

n, = is the equilibrium concentration of
minority carriers in the base We present in the figure below
the capacitance versus recombination velocity for various

damage coefficient.
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Figure 11: Capacitance versus Junction recombination
velocity for various types of damage coefficient
(®p=100MeV, z=0.001cm, ®=10°rad/s)

We note that the maximum capacitance then decreases
sharply until practically a minimum value. When damage
coefficient increases, we see a decreased capacitance of the
solar cell and especially for low values of the recombination
velocity so near the open circuit. This means that it is when
we have a large accumulated charge that damage are most
noticeable.

In the figurel2 below the capacitance versus
recombination velocity for various frequency is studied.
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Figure 12: Capacitance versus Junction recombination
velocity for various frequency (®p=100MeV, z=0.001cm)

We find that the capacitance de creases with increasing
recombination velocity. The solar cell capacitance is
constant whatever the frequency value. In both situations:
open and short circuit but for the intermediate values of the
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recombination velocity capacity decreases more quickly and
reaches faster the short circuit situation. The open circuit
capacitance is greater than the short circuit capacitance.

In the following the study we present the Nyquist diagram
for different types of particle energy [17]: Irradiation energy
effect in short and open circuit
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Figure 13:Imaginary capacitance versus Real
Capacitance for various particle energyvalues.
(z=0.001cm, kl=15cm?/MeV)

.The Nyquist diagram of a parallel R-C network is shown in
Figure 14, 15.The capacitance spectrum is a semicircle, with
its radius equal to 'R/2'. The semicircle is in the fourth
quadrant, the real axis and does not touch the origin near
short circuit. The open circuit capacitance is greater than the
short circuit capacitance. This confirms that the radius near
open circuit is greater than the radius short circuit. We
present in the figure below the Bode diagram of the
capacitance
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Figurel6: Bode diagram of the capacitance
(kI=10cm?/MeV, z=0,01cm,Sf=10%cm/s,®p=100MeV)
We now plot on Fig. 16 the capacitance of the cell versus
modulation frequency in semi-logarithmic scale (Bode

diagram).

This figure shows that the capacitance decreases with
increasing modulation frequency.

We note that the code of static regime phase is maximum
and constant then abruptly decreases in dynamic mode to
negative values equivalent electrical models deduced from
Bode and Nyquist diagram reflecting the resistive and
capacitive effects.

We present in the scheme below equivalent electrical
circuit of capacitance near short circuit

2.4. technical determination of the equivalent electric
model of CO [18]:

L R, + X,
R, + X,
Ry Xy | IRsX,

) 2zt 52 2

R, +X, Ry+X,

Z =R+ jX

(X —af +(Y —bf =r?

H 2
7 Res_ RSN i(«R shc)2 _zc4z,
1+(wRshC)* 1+ (wRshC)
Rsh i(wR?shC)

Zc=Rs+Z -
" R+1+(a)RShC)2 1+ (ewRshC)

Zc can be rewritten as the two components (real and
imaginary part)
Zc=Re(Zc)+ jIm(Zc)

(18)
Zc=X+jY
With X= Re (Zc); Y=Im (Zc) and j the complex variable
(=V-1)

To simplify notations, we define the variables a and b; with
a=C0,sand b =CO0,p
Terms of the Zc are connected by the equation:
2
[X —(a+9)} +Y? = (9)2

2 2 (20)
The resolution of the equation leads to the determination of
Xand:

2
X =Re(Z6) = Co,s+ 2, + -2 ¢ (COPN
1+(w-C-CO, p) on
2
Y = Im(Zc) = »-C-(CO, p) :
1+(w-C-CO, p) )

The characteristics of particular points are summarized by
the following equations:
»—0

X =Re(Zc) =C0,5s+CO0, p

(23)
Y =Im(Zc)=CO0, p (24)
M= ¢
(X =Re(zc)=C0,s+ 22 P
J (25)
Y = Im(zc) = E%P
L 2 (26)
®—00
X =Re(Zc) =CO0,s @7)
Y =Im(Zc)=0 28)

N—
From the expressions obtained at ®—0 and ® = wc, we

give the following table:

Sf=102cm/s Open circuit
$o (MeV) | Ro(Q.cm? | Rs(Q.em? | C(F)
50 47.015 1.54 9.8x10*
100 52.282 1.69 9.4x10*
200 55.87 1.89 9.2x10*

Knowing the values of the parallel resistor Rp and cut-off
frequency value [3] we can deduce the capacity from the
relationship:[19]

27
R,C="—

.

Sf=10%m/s Short circuit
g, MeV) | Rp(Qemd) | Rs(Quemd C (F)
50 3.35x10* 2.9 2.46+107
100 3.95<10° 3.2 2.19x107
200 4.08+10* 3.38 2.07<107
Co, il@xC?0,pxC
26=C0,54Z, + 0 il p<C)
1+(&xC0,pxC) 1+(wxCO,pxC)
For this, we consider the center of a semicircle
A((CO0,s+C0,p /2);0) and radius
R(CO,p /2).
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From this Table, we find that when the value of the

irradiation energy increases, the resistance decreases Rp

which is due to the slowdown in minority carrier diffusion
caused by irradiation. Consequently, the intrinsic properties
of the solar cell are damaged; this implies a lower quality of
the cells [20], [21].

o

Rp

Figure 14: equivalent electrical circuit of capacitance
near short circuit

1. CONCLUSION

The resolution of the continuity equation helped to
determine the expression of the minority carrier density.
This theoretical study highlighted the irradiation effect on
the minority carrier density, on the photovoltage and on the
capacitance of a parallel vertical junction silicon solar cell.
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