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Abstract: This article deals with solar cells based on CuIn,Ga) Se2(CIGS) without the toxic cadmium buffer. The software named
AFORS-HET is used to simulate the solar cell, n-ZnS/p-CIGS, in the structure n-ZnO:Al/i-ZnO/n-ZnS/p-CIGS/Mo. The Ga-content of
the CuIn1-xGaxSe2 absorber is x = 0.31 with an energy band gap of 1.19 eV. The optimum conversion efficiency achieved is found to be
26%. The simulation results have shown that the ZnS buffer layer band gap does not influence the solar cell performance. On the other
hand, the cell characteristic parameters were found to be more sensitive to the CIGS layer band gap variation and conduction band
offset. We also analyse the effects of the band gap and thickness of the defect layer on the solar cell performance. The optimum band
gap and thickness were found to be equal to 1.25 eV and 15 nm respectively.
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1. Introduction
In the structure of solar cells based on CIGS, the entire
photo-generation of the carriers must take place within the
CIGS absorber. The role of the ZnS buffer is to participate in
the formation of the ordered defect compound (ODC)/CIGS
homojunction within the CIGS layer (buried junction).
Several geometrical and physical parameters of the materials
involved in the junction formation are critical to the cells
performance. Many studies have shown that the optimum
band gap of CIGS is around1.2 Ev, corresponding to an
absorber Ga-content approximately equal to 0.3.The typical
thickness of the absorber of high efficiency CIGS-based
solar cells is in the range of1.5 to 3 m[1-4]. In fact, CIGS is
a direct band gap material with a high absorption coefficient
(105 cm-1), so that a thin thickness of 0.5 m is sufficient to
absorbs 90% of the incident photons [2][3].As for the defect
layer, the results published are often inconsistent: it has been
found that the absorber surface layer is inverted to n-type
and, to explain this inversion, some authors identify the
layer to ann-type ODC with a large band gap[5-14]. They
have observed several candidates among which CuIn3Se5,
CuIn5Se8, Cu2In4Se7and Cu3In5Se9. Others claim that there is
no ODC structure observed on the CIGS surface and that the
surface layer inversion is due to either a large bending of the
conduction band minimum toward Fermi level or a valence
band maximum much lowered with respect to the Fermi
level[6][15-17].It is also indicated that the surface layer
thickness is about 15nm[18-19]. But in any case, it is
established experimentally that the surface of CIGS has a
wide band gap with a valence band maximum considerably
below the Fermi level,while the position of conduction band
minimum remains approximately constant [8]. This is the
reason of ann-type conductivity.
The difficulty comes from the fact that many physical
properties of CIGS alloys are not yet clarified.Furthermore,
different deposition techniques are used in laboratories to

prepare thin-film CIGS semi-conductor materials for
photovoltaic conversion. Each technique has its own
specifications, which of course leads to different parameters
for obtaining a particular property. This is also frequently
encountered for the same deposition method as a function of
the equipment used. Thus, the material parameters can be
varied within wide ranges.The physical properties of the
materials can be controlled if a good control of the growth
parameters such as temperature, pressure, rate of the gas
flow of the constituents of the materials (Mo, Zn, Se, Cu, S,
In, Ga, etc.), the deposition time and the pH was achieved.
An environment where the risk of particulate contamination
is very low also contributes to obtaining the reproducibility
of these properties.
In a first article [20], we optimized CIGS-based solar cells
by studying the parameters of the key parts of the solar cell,
in particular the thickness and Ga-content of the absorber
layer, thickness of the buffer layer and doping
concentrations of absorber and buffer layers. We found a
maximum conversion efficiency of 26 %.In this article we
extend our investigation to the case of electronic parameters:
the buffer layer,the CIGS absorber band gap, the conduction
band discontinuity; the band gap and the thickness of the
defect layer between the absorber and buffer. The buffer
layer acts as a window layer, so it should be very thin and
have a band gap higher than that of the absorber, to allow
the absorption of almost all of the radiation in the absorber.
The conduction band discontinuity affects the interface
recombination. Finally, the band gap and the thickness of the
defect layer between the absorber and buffer which play an
important role in the solar cells performance.
In this work, we used AFORS-HET software to carry out
numerical simulation of thin-film solar cells based on CIGS
with ZnS as an alternative buffer material to CdS. We
investigate the effects of the band gaps of the key materials
(ZnS, CIGS), band gap and thickness of the defect layer, as
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well as the conduction band offset of buffer/absorber layers
on the photovoltaic parameters (JSC, VOC, FF and ).Since
the processing technology of CIGS-based solar cells has not
yet reached a maturity similar to that of silicon solar cells,
the aim of this work is to examine the trend in the solar cell
performance when the critical electrical properties of the
involved key materials are varied.

2. Device Numerical Modeling and Simulation
We have considered a CIGS-based solar cell whose energyband diagram is schematically illustrated in figure.1. It
consists of seven stacked layers including top and back
contacts. These contacts are assumed as ohmic with surface
recombination velocity Sn = Sp = 107cm/s. The model
presented here is based on the Fermi level pinning which is
modelled by a high density: 3.1018cm-3, of donor defects
located at 0,2 eV below the CIGS absorber conduction band.
These have a small electron and hole capture cross-section,
n=p=10-18cm2, to separate pinning defects from
recombination within the defect layer. In the simulations,
two Gaussian distributions of deep defects with narrow

bandwidths are considered: deep donor defects are assigned
to the p-type materials and deep acceptor defects to the ntype materials. The bulk recombination defect states are
positioned at the mid-gap of the respective layers and the
interface defects are positioned at the mid-gap of the lowest
band gap of the two adjacent materials.
Using Shockley-Read-Hall recombination model, the
simulator solved the fundamental one-dimensional equations
(Poisson’s equation and the transport and continuity
equations for electrons and holes) under steady-state
conditions and calculated the internal characteristics, such as
band diagram, generation and recombination rates, carrier
densities and cell currents. The cell is subjected to AM.1,5G
solar spectrum with an incident power density of 100
mW/cm2 at room temperature.The effects of series resistance
and shunt resistance are not taken into account. The input
parameters for each kind of material are listed in table 1.All
parameters of the key materials, except the band gaps and
electron affinities, are kept constant. In the same way, the
band gap and the thickness of the defect layer are variable.

Figure 1: Energy band diagram of the ZnS/CIGS solar cell under equilibrium condition
Table 1: Input parameters used for the solar cell simulation. (a) and (d) denote shallow acceptor and donor while (A)and (D)
denote deep acceptor and donor

Thickness(m)
Band gap
Eg (eV)
Electron affinity
χ (eV)
Dielectric constant
r
NC (cm-3) /
NV (cm-3)

S thp Sthn
,

(cm/s)

n (cm2/Vs) /
p(cm2/Vs)
Doping level (cm-3)
Nt (cm-3)

CIGSe
3

Layers properties
ODC
variable

variable

variable

4,5
[10]
13,6
[7][10]

4,5
[10]
13,6
[7][10]

6,8.1017/
1,5.1019
[7][10]

6,81017/
1,51019
[7][10]

ZnS
0,03

i-ZnO
0,02

ZnO :Al
0,03

variable

3,2

3,2

4,5
[10]
9
[7][10]
3.1018/
1,7.1019
[7][10]

4,5
[10]
9
[7][10]
3.1018/
1,7.1019
[7][10]

100/
31
[7]
1018 (d)

100/
31
[7] [10]
1020 (d)

1017(A)

1017 (A)

variable
9
2,2.1018/
1.81019
107

100/
10/
100/
50
1.25
25
[7] [10]
[7] [10]
17
17
18
5.10 (a)
5.10 (a)
10 (d)
Bulk Gaussian defect states
1014 (D)
1014 (D)
1017 (A)
[7][9][10]
[7][9][10]
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EGD, EGA (eV)
WGD,WDA (eV)
n (cm2)/
p (cm2)

EC (eV)
EV (eV)
Nt (cm-2)
EGD/EGA (eV)
WGD/WDA (eV)

Mid-gap
0.01
10-13/
10-13/
10-15/ 5.10-13
-15
10
10-15
[7][10]
[7][10]
[7][10]
Interface Gaussian defect states
CIGSe/ODC
ODC(CIGSe)/ZnS
0
0.35 (0.35)
-0.15
-1.91 (-2.06)
1010 (D)
3.1018(D)
Mid-gap
0.01

n(cm2)/

10-13

10-13

p(cm2)

10-15

10-15

3. Results and Discussion
3.1 Effects of band gaps of the absorber and buffer
layers
In the studied hetero-structure, it is generally argued that the
buffer layer participates in the p-n junction formation, but its
actual role is always controversial, since the p-n junction is
buried in the chalcopyrite material.The solar cell absorber
layer is the only part where photo-generation of electronhole pairs occurs. Under these conditions, the buffer layer
should act as a window that transmits most of the solar
radiation and the band gap is the parameter that really
enables to modify its sunlight absorption. We have noticed
that the measured and published values in the literature
about the band gaps of ZnS and CIGS are in the ranges3.53.84 eV and 1.16-1.2 eV for x = 0.3, respectively[21-29]. As
explained above, the variations of these values are due to

10-15/
5.10-13
[7][10]

10-15/
5.10-13
[7] [10]

ZnS/i-ZnO
-0.35
0,05
-

- [7] [10]

variations of the material properties elaborated using
different deposition techniques. In this section,we have
investigated the cell performance as function of the ZnS and
CIGS materials band gap. Varying the buffer layer band gap
in the range of 3 to 4 eV and the absorber layer band gap in
the range of 1 to 1.2 eV, we observe no effect on the
efficiency. On the other hand, the solar cell characteristic
parameters are very sensitive to the CIGS band gapvariation
(figure.2). The conversion efficiency (increases
significantly with the absorber band gap: from 21% to 26%,
for a band gap of 1.2 eV. We observe the same for open
circuit voltage (VOC): from 650 to 850 mV, and fill factor
(FF): from 82.5% to 85.5%. The increase of these
parameters with the band gap is almost linear. The short
circuit current (JSC) decreases: from 40 to 36.5mA/cm2, the
amount of absorbed photons in CIGS layer decreasing with
the band gap.

Figure 2: The solar cell performance as a function of CIGS band gap
3.2 Effect of the interface conduction band offset

a cliff (figure (3b)) acts as a barrier against electrons injected
from the buffer layer[34-36].

The conduction band offset EC is one of the most important
parameters that affects the performance of hetero-junction
solar cells based on CIGS [30-33].Several authors clearly
explained the influence of the conduction band offset, in
both cases whether positive (spike) or negative (cliff). They
showed that a spike(figure 3(a)) acts as a barrier against
photo-generated electrons in the CIGS absorber layer while
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Figure 3: Schematics band diagram of the cell structure when (a) a spike or (b) a cliff is formed
In this part of our work the band gap of the ZnS window was
assumed to be a constant equal to 3.6 eV and the conduction
band offset at buffer/absorber interface was varied by
changing the electron affinity of ZnS layer. Figure.4 shows
the effect of conduction band discontinuity on the solar cell
characteristic parameters. As it can be seen in this figure, the
short circuit current decreases slightly when a spike is
formed. This is caused by the photo-generated electrons
being blocked and enable to cross over the barrier. When a
cliff is formed, there is no barrier against photo-generated

electrons. However, the cliff causes recombination between
the majority electrons injected from the buffer layer and the
interface defects, which alters the open circuit voltage and
the fill factor while the short circuit current is almost
constant. The fill factor decreases when a high spike or a
deep cliff is formed. The optimum value of the conduction
band offset at the interface between buffer and absorber
layers is of 0.3 eV where an efficiency of 26% is reached.
Moreover, in the range of 0.1 to 0.35 eV the solar cell
efficiency is nearly constant.

Figure 4: The solar cell performance as a function of the conduction band offset of buffer- absorber layers
3.3 Effects of defect layer band gap and thickness
All work on the CIGS thin-film agree that the surface
material has a wide band gap which partly explains the high
performance of solar cells based on this material [7-15].
Using the Fermi level pinning model, the defect layer
parameters are chosen similar to that of the bulk CIGS,
except the band gap, the thickness and the carrier mobilities.
Under these conditions, figure.5 displays the effect of the
defect layer band gap on the cell performance. As can be
seen VOC and FF increase rapidly with the band gap up to a
value of Eg = 1.25 eV where a maximum conversion
efficiency of 26% is reached. This trend is explained by the

fact

that

the

barrier

Ebp increases.

There

the

recombination at ZnS/CIGS interface decreases. Above Eg =
1.25 eV,VOC and FF are almost constant while JSC decreases
slightly because the contribution of the thin surface layer in
the carriers photo-generation decreases with the band gap
increase.
We have also investigated the effect of the defect layer
thickness on the solar cell characteristic parameters. In the
literature some authors argue that the defect layer is formed
by 1 or 2 atomic layers while others claim that it is several
nanometers thick (up to 60 nm)[6][9][16][18-19]. In the
following, the defect layer thickness was varied from 1 to 31
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nm. The influence of the defect layer thickness on the open
circuit voltage is negligible because of the high band gap of
the ZnS layer toward the interface. Similarly, the short
circuit current decreases almost linearly with a very low
slope of 0.013 mA/cm2/nm. This decrease of JSC is due to the
low carrier mobilities, which enhances the bulk

recombination. The fill factor remains almost constant up to
a thickness of about 15nm and decreases slightly when the
thickness of defect layer exceeds this value. Consequently,
the cell conversion efficiency follows the fill factor trend.

Figure 5: The solar cell performance as a function defect layer band gap

4. Conclusion
The present work has focused on the examination of the
effects of the band gaps of the materials forming the nZnS/p-CIGS hetero-junction. The effects of the band gap
and thickness of the defect layer present between the two
adjacent materials hasalso been investigated. Calculations
have been performed using the AFORS-HET simulator. The
resultsshow that the solar cell performance is more sensitive
to the electrical properties of the absorber and defect layers
and is particularly influenced by the defect layer thickness.
The band gap of ZnS has no significant effect on the
characteristic parameters of the solar cell while the band gap
of the CIGS absorber layer and that of the defect layer are
more critical. Indeed, an increase of these band gaps
enhances the solar cell efficiency.But; above 1.25 eV, the
band gap of the defect layer alters the cell efficiency. The
defect layer thickness can reach up to 15 nm without altering
the solar cell optimum efficiency, which is of 26%. As for
the effect of the conduction band offset, the simulation
results show that a spike in the range of 0.1 to 0.35 eV is
very advantageous and that the solar cell efficiency remains
almost constant within this range. The optimum height of the
spike is of 0.3 eV above the conduction band of the CIGS
absorber.
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