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Abstract: In this paper a study in dynamic frequency regime under monochromatic illumination was made on a CIGS-based
solar cell model. After solving the continuity equation of the minority carriers, equation governing the diffusion capacitance of
the solar cell are extracted. The study shows that increasing the wavelength in the visible increases the module of capacitance
at a gallium doping rate X=0.3. On the other hand, the angle of incidence and the gallium doping rate decrease the module of
diffusion capacitance. The study of the Bode diagram illustrated by the variation of the module of the capacitance and phase of
the latter as a function of the logarithm of the pulsation shows the existence of two characteristic zones of the pulsation whose
limit characterizes the dynamic regime The study shows that the pulsation limiting the static regime to the dynamic regime

increases with the increase of the gallium doping rate.
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1. Introduction

Copper indium gallium selenide (CIGS) of chalcopyrite
crystalline structure has a band gap varying continuously
with the molar ratio of indium from about 1.0 eV (for copper
indium selenide) to about 1.7 eV (for copper gallium
selenide), which is known as an alternative solar cell
material. Recently, a number of fundamental and engineering
studies of CIGS have been reported because of the
importance of renewable energy. To link the characteristics of
a thin-film solar cell with the properties of the CIGS
material, theoretical study models have been made. Electrical
parameters are determined in static mode [1], but also in
dynamic mode [2] under monochromatic illumination. In
thin-film solar cells, the diffusion phenomines at the

CdS/CIGS junction make up most of the cell's performance.
Thus the illumination of the solar cell causes a diffusion of
excess minority carriers. The space charge region of a solar
cell can be considered as a plane capacitor named transition
capacitance [3].

These carriers, characterized by a lifetime in the base, are
the source of the photocurrent and the photocurrent density.
A study of the density of minority carriers, photocurrent
density and phototension in dynamic frequency regime was
previously carried out [4]. For this work, we show the effect
of the wavelength, the incidence angle and the gallium
doping rate on the diffusion capacitance of a CIGS solar cell.
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2. Theoretical Study

The CIGS solar cell considered in this study is presented at
the Figure 1.

Under the effect of an excitation (optical or electric), the
charge carriers are generated in the base of the solar cell.
Taking into account the generation phenomena, diffusion and
recombination in the solar cell, the angle of incidence, the
continuity equation of the minority carrier charge in the base
in the frequency dynamic regime is given bay: [5, 6]

(buffer layer)b

absorber layer)
aas( Mg (back contact)

Cds

x=H

x=0

Figure 1. Simplified schema of a CIGS-based solar cells with one
dimensional dimensions.

Where 6 is the angle of incidence, H is the thickness of
the base.

35(x.0,t)

= —G(x,0,0) +=222 (1)
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With D(w)the complex diffusion coefficient of minority
carriers; 6(x, 6, t)the density of minority carriers; G(x, 6,t)
the generation rate of minority carriers [7, 8] and 7 the
average life of minority carriers.

The density and generation rate of minority carriers can be
set respectively in the form [9, 10]:

5(x,0,t) = 8(x,0)e"iwD) )
G(x,0,t) = g(x,0)e"id 3)

Where §(x,0) and g(x,6) are the spatial component
and e ~i@Y is the temporal component.

For illumination from the front face of the solar cell and
depending on the angle of incidence, the spatial component
of the generation rate is:

g(x,0) = a(D)PA)(1 — R(D))cosfe*D* (4

Where a(4) is the absorption coefficient at the wavelength
A; R (A) is the reflection coefficient of the material,® (A1) the
incident photon flux, and 6 the incidence angle.

By replacing equations (2), (3) and (4) in equation (1) we
get:

225(x,0)  8(x,6)

g(x,0)
ax2 L2 + Dey =0 )
with
_ (1-iwT)
Ly = Lo 1+(wT)? (©)

Lg intrinsic diffusion length

L, the complex diffusion length

The general solution of the preceding equation (5) is given
by the relation (7).

_ 2
S(x, 0) — Acosh (Li) + Bsinh (Li) _ a ()@ (A)(1-R(A)).LE,.cos6 e—a(A)x (7)

The constants A and B are determined from the following
boundary conditions:[11]
(1) At junction x=0:
35(x,0)
0x

S.
= i&(o, 0) ®)

x=0
(2) on the rear face of the base (x=H):

= —325(H,0) 9)

x=H D¢y

38(x,0)
ox

SF and SB denote the recombination speeds of the
minority load carriers at the junction and rear face of the base
respectively.

The expression of minority carriers density is expressed as

a function of the CIGS absorption coefficient. This
coefficient depends on gallium doping and is given by:
h
a(A,X) = A /(f—Eg(X)) (10)

with A (cm™ eV ) a constant [12].

The following figure2 represents the variation of the
energy of the CIGS gap as a function of the gallium doping
rate.

Dy (a?(A)LZ,~1)

9

Gap energy E (eV)

Gallium doping rate

Figure 2. Variation of the energy of the gap with the gallium doping rate.

Figure II-2 shows the variation in gap energy as a function
of the gallium doping rate. There is an increase in the energy
of the E; gap of the CIGS absorbent layer with the gallium
doping rate. This evolution is also predicted by other authors
[13, 14].
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Figure II-3 shows the absorption coefficient as a function
of wavelength for different gallium doping rates.
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Figure 3. Variation of the absorption coefficient with wavelength for
different gallium doping rates.

Figure II-3 shows the variation of the CIGS absorption
coefficient as a function of wavelength for different gallium
doping rates. There is a gradual decrease of the absorption
coefficient in terms of wavelength. Indeed, for a given

V(L ,SF,SB,0,X) = V;ln[>3 (0,4, w,SF,SB,6,X) + 1]
0

with V; the thermal voltage, Nb the base doping density, n,
the intrinsic carriers’ density.

The charge variation in the base leads to a corresponding
photovoltage variation across the junction; this gives rise to
an associated capacitance. This capacitance is mainly due to
the fixed ionized charge (dark capacitance) at the junction
boundaries and the diffusion process (diffusion capacitance)
[15, 16]

The solar cell’s capacitance can be defined by:

c=22 (13)

- deh
with
Q = q'6(('xlﬂ'l (IJ,SF,SB, Q’X))|X=0 (14)

The following expression (15) is obtained after calculation

n3 N q.5((0,A,w,SF,SB,0,X)) (15)
b Vr

C(x,1,w,SF,SB,0,X) = -~
Vr.N

From this expression it is clear that the capacitance is
composed of two terms:

The first term expresses the intrinsic capacitance Cj; it
depends on the nature of the material (substrate) through n,,
the doping of the material through (Nb) and the temperature
through V- and the gallium doping rate.

In the second term, of course, it depends on the
temperature (Vr), the doping of the material and its nature (D
and L), the operating point (Sf), the quality of the rear
interface (Sb), the size of the photopile (H), the incident
angle (8) and the gallium doping rate. From this analysis of

gallium doping rate, the low wavelengths (high energies) will
correspond to a high absorption, hence the look of the curve.

Moreover, the four curves show that for a given
wavelength, the increase of the doping rate leads to a
decrease of the absorption coefficient. Indeed, our study
already shows an increase in the energy of the CIGS gap as a
function of the gallium doping rate (Figure 2). Thus the
increase of the gag decreases the ratio energy incident energy
of the gag, hence a decrease of the absorption coefficient.

Beyond the expressions of minority carriers density,
photocurrent density and photovoltage are determined
according to the angle of incidence of gallium doping rate,
frequency and wavelength.

The photocurrent density is given by the following
expression:

08 (x,A,w,SF,SB,0,X)

ax x=

J(A, w,SF,SB,0,X) = q.D,,. (11)
0
where ¢ is the elementary charge.

From the excess minority carriers’ density, we deduce the
photovoltage across the junction, according to the
Boltzmann’s relation as follow

(12)

the expression of diffusion capacitance, it is easy to
understand that it will be easily influenced by parameters
such as wavelength, frequency, the incident angle and the
gallium doping rate.

3. Results and Discussions
3.1. Diffusion Capacitance Profile: Wavelength Effect

Figure 4- below shows the module of diffusion capacitance
as a function of recombination speed at the junction for
different wavelength values.
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Figure 4. diffusion capacitance module as a function of recombination rate
at the junction for different wavelengths.
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SB =210%2cm/s ; w = 3.103rad.s™1 ;8 =0°X=0,3

These curves show that the capacitance module decreases
with the recombination speed at the junction. Thus we
distinguish two characteristic zones:

- first zone located in the vicinity of the open circuit: this
zone with low recombination speed values corresponds to the
maximum capacitance. Indeed, in the vicinity of the open
circuit few excess minority load carriers in the base pass
through the junction. Hence a significant charge storage in
the space charge area.

-second zone corresponding to the high recombination
speeds: here the capacitance suddenly decreases to finally
tend towards the short-circuit capacitance. This sudden
decrease is due to a rapid release of minority carriers in the
base of the photopile.

Moreover, a deeper observation of the influence of
wavelength in the visible allows us to observe that the more
the wavelength increases, the more the amplitude of the
photopile's capacitance module increases. Indeed, the
increase in wavelength corresponds to a decrease in energy
associated with radiation. This is an energy domain just
necessary to stimulate inter-band transitions in the space load
zone, resulting in an increase in the accumulation of charges,
therefore that of the capacitance.

3.2. Diffusion Capacitance Profile: Incidence Angle Effect

Figure 5 shows the variation of the photopile capacitance
module as a function of the recombination speed at the
junction for different values of the angle of incidence.
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Figure 5. Diffusion capacitance module as a function of the recombination speed at the junction for different values of the incidence angle.

SB =210%>cm/s ;w = 3.103rad.s™*;1=0,60um ;X =0,3

The capacitance remains constant and high for low values
of the recombination speed at the junction and decreases to
reach very low values towards high wvalues of the
recombination speeds at the junction. A decrease in
capacitance is observed if the angle of incidence is increased.
Indeed the decrease of the luminous intensity, the shading
effects due to the metal grids and those of the ohmic
contacts... are so many elements limiting a good generation
of minority carriers. Thus we are witnessing a low generation
of minority carriers, resulting in a slight decrease in carrier
storage, and therefore a slight decrease in capacitance.

3.3. Diffusion Capacitance Profile: Gallium Doping Rate
Effect

The following figure6 represents the variation of the
capacitance module as a function of the recombination speed
at the junction for different values of the gallium doping rate
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Figure 6. Diffusion capacitance module as a function of recombination
speed at junction for different gallium doping rate.

SB =210>cm/s; w = 3.10%rad.s™* ;1 =0,60um ;6 =0

For low values of the recombination speed at the junction,
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the capacitance remains independent of the SF speed. It
decreases very quickly to tend towards very low values. The
increase in gallium doping rate decreases the module of
capacitance. Indeed the increase of the gallium doping rate
increases the area of space charge, hence the width of the
capacitance. Thus we are witnessing an increase in
recombination zones, resulting in a decrease in minority
carriers and therefore a decrease in capacitance.
Subsequently, the following results explain the Bode diagram
[17] of the cell capacitance

3.4. Bode Diagram Capacitance of the Solar Cell: Incident
Angle Effect

The following figure 7 shows the variation of the diffusion
capacitance with logarithm of pulsation for different values
of the incidence angle
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Figure 7. Variation of the capacitance module with the logarithm of the
pulsation for different values of the angle of incidence

SB =210% cm/s ; SF = 3.103cm/s ; A = 0,60um ; X = 0,3

This figure 7 shows two characteristic pulsation zones.

A first zone [0rad/s —10%°rad/s[ in which the
capacitance module does not change with pulsation. A
second zone [10%rad/s — 107rad/s[ where the diffusion
capacitance module varies with pulsation. An increase that
highlights the dynamic regime. Moreover, the increase of the
incidence angle reduces the module of capacitance without
affecting the frequency limiting the two zones mentioned
above.

The following figure8 shows the variation of the
capacitance phase as a function of the logarithm of the
pulsation for different values of the incidence angle.
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Figure 8. Phase variation of the capacitance with the logarithm of the
pulsation for different values of the angle of incidence

SB =210% cm/s ; SF = 3.103cm/s ; 1 = 0,60um ; X = 0,3

This figure 8 shows the existence of two characteristic
zones: a first zone[0 rad /s — 105rad/s[ in which the phase
of capacitance does not vary with pulsation. A second
zone [10°rad/s — 107rad/s[ where the phase of the
diffusion capacitance varies according to the pulsation. Thus
in this second zone, there is phase shift between the incident
signal and the carriers produced. Moreover, the increase in
the angle of incidence does not affect either the phase of the
capacitance or the frequency limiting the two zones
mentioned above.

3.5. Bode Diagram Capacitance of the Solar Cell: Gallium
Doping Rate Effect

Figure 9 shows the variation of the module of diffusion
capacitance as a function of the logarithm of pulsation for
different values of the gallium doping rate
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Figure 9. Variation of the diffusion capacitance module with the logarithm of the pulsation for different values of the gallium doping rate.

SB =210% cm/s ; SF = 3.103cm/s ; A = 0,60um ; ;
6=0,0

In this figure9 two characteristic pulsation zones are
distinguished. A first zone[0 rad/s — 10%rad /s[ where the
capacitance module does not vary with pulse. A second
zone [10°rad/s —107rad/s[ where the diffusion
capacitance module varies according to the pulsation: this is
the dynamic regime. Moreover, the gallium doping rate
increase tends to decrease the module of capacity and also a
slight increase in frequency limiting the two zone previously
mentioned.

Figure 10 shows the phase variation of the capacitance as a
function of the logarithm of the pulsation for different values
of the gallium doping rate.
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Figure 10. Phase variation of the diffusion capacitance with the logarithm
of the pulsation for different values of the gallium doping rate.

SB =2.102 cm/s ; SF = 3.103cm/s ;A1 = 0,60um; ;0 =0

Two zones are highlighted in this figurelO: a first
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zone [07rad/s —10°rad/s[ in which the phase of
capacitance does not vary with pulsation. A second
zone [10°rad/s — 107rad/s[ where the phase of the
diffusion capacitance increased with pulsation. Thus there is
phase shift between the incident signal and the carriers
produced. Moreover, the increase in the doping rate with
gallium decreases the phase of the capacitance but increases
the frequency limiting the two previously mentioned zones.

In short, the study of the Bode diagram illustrated by the
variation of the capacitance module as a function of the
logarithm of the pulsation and that of the phase as a function
of the logarithm of the pulsation highlights the predominance
of inductive phenomena over the capacitive phenomena of
our solar cell.

4. Conclusion

This article highlights the effects of wavelength, angle of
incidence and gallium doping rate on the diffusion
capacitance of a CIGS-based thin-film solar cell. Thus the
increase of the wavelength in the visible increases the
diffusion capacitance, that of the angle of incidence and the
gallium doping rate decreases the capacitance. A study of the
Bode diagram gives characteristic pulsation zones where the
dynamic regime can be identified. It is also observed the
influence of the gallium doping rate on the limit of the
dynamic regime.
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