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Abstract: Copper–indium–gallium–diselenide Cu(In,Ga)Se2 (CIGS) is a semiconductor compound
belonging to group I-III-VI, with a chalcopyrite crystal structure. CIGS is promising for the develop-
ment of high-performance photovoltaic applications in terms of stability and conversion efficiency. It
is one of the main candidates to rival the efficiency and stability of conventional crystalline silicon
cells, due to its high light absorption coefficient, lower material cost, and high stability. The limitation
of its use is that CIGS integrates indium (In) and gallium (Ga), which are rare and expensive materials.
The amount of these materials in the CIGS cell can be reduced by optimizing the thickness of the
absorber. We show that the introduction of a layer of highly doped silicon in the structure of the
solar cell between the absorber layer and the back surface field layer effectively allows for decreasing
the thickness of the absorber. Within the same objective, we focus on the danger of cadmium in the
CdS buffer layer. In the first optimizations, we replaced the n-type CdS buffer layer with a n-type
Zn(O,S) buffer layer. For this work, we used a one-dimensional simulation program, named Solar
Cell Capacitance Simulator in one Dimension (SCAPS-1D), to investigate this new CIGS solar cell
structure. After optimization, a maximum conversion efficiency of 24.43% was achieved with a
0.2 µm CIGS absorber layer and a 1 µm Si BSF layer.

Keywords: ultra-thin CIGS; Si BSF layer; graded absorber layer; Zn(O,S) buffer layer

1. Introduction

In the last decade, the efficiency of Cu(In,Ga)Se2 (CIGS) based solar cells improved
from 20% [1,2] to 22.6% [3]. This growth in efficiency was achieved by the integration of the
solar cell structure with a CIGS absorber layer with a high optical absorption coefficient [3].
The development of thin film solar cell technology, associated with recent progress in the
manufacturing process, allows for an increase in the commercial demand of CIGS cells for
specific markets. The advantage of CIGS cells is the long-term stability of this structure,
which will decrease the final cost over time while improving its competitiveness [2,4].
Nevertheless, indium (In) and gallium (Ga) are rare and expensive materials, and the
long-term development of this technology is linked to the reduction of the usage of these
two elements in the absorber layer. Reducing materials usage is important for indium
(In) and gallium (Ga) since the supply of these metals may become a problem if CIGS
thin film solar cells are produced in large quantities [5,6]. A possible way to accomplish
that is to take the opportunity offered by the Cu(In,Ga)Se2 compound to change its In/Ga
ratio, resulting in a change of its band gap from 1.02 eV to 1.68 eV [7,8] according to the
percentage of gallium (Ga) content in CIGS layer [9]. This ratio can be constant or graded
in the CIGS absorber layer. Nevertheless, as experimentally shown by Rau et al. [10] and
Hanna et al. [11], the increase in the band gap by introducing gallium creates defects in the
volume of the absorber. These defects become detrimental to device performance when
the gap exceeds 1.15 eV. Thus, considering In and Ga concentrations as given and fixed
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parameters due to the solar spectral range and the technological constraints, the second
possibility that can be used for the improvement of the efficiency of the cell and to the
decrease usage of the elements is by modifying the thickness of the absorber layer. Thus,
optimization of CIGS cells with thinner CIGS absorbers is a way to increase the throughput
of a factory and reduce material consumption.

Nowadays, the CIGS absorber layer has a typical thickness of about 1–2 µm [12,13].
However, on the way towards mass production, and for the above-mentioned reasons, it
will be necessary to reduce the thickness even further by the optimization of the simulation
process of a cell based on the following structure: graded Cu(In1−x,Gax)Se2/CdS/ZnO and
Al:ZnO as a superficial transparent conductive oxide (TCO) layer. H. Movla in [14] found
that a high efficiency (20.34%) can be achieved when using the graded CIGS absorber layer
with a thicknesses of 0.5 µm and a TCO layer equal to 20 nm. However, on the experimental
side, B. Vermang et al. [15], by employing Si solar cell technology, has increased the
efficiency of ultra-thin Cu(In,Ga)Se2 solar cells up to, but currently limited to, 13.5%
using a CIGS absorber layer with a thickness of 0.385 µm. Otherwise, it was shown
that [16,17] the integration of a very thin absorber layer will affect the cell performance, as
the carrier lifetime is reduced and the carrier recombination increases in the back surface
layer. Moreover, some portions of the incident photons will be lost in the region of the back
contact materials, which will further reduce the generation rate of electronic carriers, but
only a few studies have been led on the possible solutions to the problems arising from the
use of an ultra-thin CIGS absorber. Considering this issue, the first approach to improve the
performance of ultra-thin CIGS cells is the grading in the composition of the absorber layer,
inducing a graded band gap [13,16]. Different types of grading profiles were developed,
such as linear or exponential. With this grade in the band-gap, we can achieve a quasi-Back
Surface Field BSF which creates an electric field in the back surface region to reflect the
minority carrier electrons and force them towards the front contact region [18]. A second
approach is an implementation of the structure of an additional highly doped layer, a BSF
layer between the absorber and the back contact layers [16,17]. Different types of BSF for
CIGS solar cells were developed, such as those based on Tin Selenide (SnSe) [17] or Tin
Sulfide (SnS) [19]. It is to be noted that this last material is used as a BSF in Cu(Zn,Sn)S
(CZTS) solar cells [20].

In the present work, an alternative structure of CIGS solar cells based on ZnO/CdS/CIGS/Si
thin layers is suggested, numerically analyzed, and optimized using the one-dimensional SCAPS-
1D simulator, developed by Gent University [21,22]. We especially focus on the optimization
of the absorber layer thickness and the influence of the BSF on the electrical parameters of
CIGS solar cells. An investigation into the effects of band gap grading on the performance
of ultra-thin CIGS solar cells is also carried out. Finally, with the aim of sustainability,
we replace the buffer layer CdS, because it is highly toxic [23] due to cadmium, with a
non-toxic oxysulfide of zinc(Zn(O,S))layer and continue the optimization process.

2. Solar Cell Structure

Figure 1a presents the structure of the reference CIGS solar cell developed by Jackson
et al. [24], which will serve as a starting reference in the current study. In this structure, a
CIGS absorber layer is deposited by co-evaporation, with a thickness ranging from 2.5 to
3 µm, on a molybdenum (500–900 nm)/glass substrate. This absorber layer is covered by
an N-type CdS (30–50 nm) layer deposited by CBD, which ensures the formation of the
heterojunction. An intrinsic ZnO (50–100 nm) buffer layer and Al-doped ZnO (150–200 nm)
transparent conductive window constitute the superficial layers. Finally, metal flat bands
enable the Ohmic electrical contacts.
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Figure 1. Schematic view of: (a) CIGS solar cells. (b) New ultra-thin CIGS structure with BSF. (c) New
ultra-thin CIGS structure with BSF and Zn(O,S) buffer layer.

The band gap of CIGS ranges from 1.02 eV to 1.68 eV with the Ga/In mole fraction.
This change occurs primarily in the conduction band through the substitution of Ga atoms
for In atoms [25]. With x = Ga/(Ga + In), the band gap energy can be calculated as
follows [26]:

Eg = 1.02 + 0.39238x + 0.24762x2 (1)

With a band gap of approximately 1.15 eV and a Ga content of approximately 30% [10,11],
CIGS solar cells experimentally achieve a conversion efficiency of approximately 20%. In
the reference structure [24,27], the authors have chosen the ratio where Cu/(Ga + In) = 0.91
and the ratio where x = Ga/(Ga + In) = 0.32, yielding a band gap equal to 1.13 eV. The
optical absorption constant can be set from either from a model or from a file in the
software SCAPS [21,22]. The coefficient of CIGS at different x ratios is taken from the
Gloeckler model [28], and we can calculated the absorption coefficient using the following
equation [29]:

a = A(h υ − Eg)
1/2 (2)

where A is the constant of proportionality, which depends on the densities of the states
related to the photon absorption and the irradiation energy. Eg is the band-gap of the
material, and h υ is the photon energy of the incident radiation. The model of the optical
absorption used in the SCAPS for the CIGS solar cell is based on the experimental results
presented in Alonso et al. [8].

As shown in Figure 1b, in the new structure, we have, added from the reference, a
p-Si layer with a gap equal to 1.12 eV. The role of this new absorber layer on photovoltaic
cell parameters was examined using the SCAPS computer software program for various
thicknesses of CIGS absorber layer, from 0.1 to 3.0 µm. The Si and CIGS p-type absorber
layer has a thickness of 1 µm, deposited on molybdenum-connected back-glass substrate.

Currently, cadmium sulfide (CdS) is used as a buffer layer in most of the CIGS-
based solar cells [30]. However, cadmium is toxic and harmful to the environment [12,30].
Furthermore, the bandgap of CdS is about 2.4 eV [31], which is not large enough to
transmit all the parts of visible light and limits the further enhancement of light-to-electricity
conversion efficiency. A. Chadel et al., in ref. [32], showed that the solar cell based on
CIGS/Zn(O1−x,Sx) attains an electrical performance equivalent to the solar cell based on
CIGS/CdS. Oxysulfide of zinc (Zn(O,S)) is not toxic, it has a band gap energy (Eg) ranging
from 2.7 eV to 3.6 eV [33], and it is deposited on the CIGS with the co-sputtering PVD,
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which is less expensive than chemical bath deposition. Thus, it is interesting to envisage
the replacement of CdS in the buffer layer by Zn(O,S). This new structure with a Zn(O,S)
buffer layer as shown in Figure 1c.

The parameters that need to be defined are thickness, electron–hole mobility, intrinsic
carrier concentration, electron affinity, band gap and doping density for absorber, buffer,
and window layers. The properties of the materials used in this simulation were based on
experimental data, literature values [17,28,34–36], and, in some cases, reasonable estimation.
The basic values were optimized and the properties of the material used are presented in
Table 1. The specific values of the Rs (series resistance) and Rp (parallel resistance) given in
the reference are as follows: Rs = 0.32 Ω cm2, Rp = 1.76 kΩ cm2 [24]. The silicon parameters
given in the table are extracted from [37].

Table 1. Baseline parameters for modeling CIGS solar cells.

Layer Properties

Al:ZnO
[17,37]

i:ZnO
[28,34–36]

CdS
[17,28,34–37]

CIGS
[17,28,34–37]

p- Si
[28,35–37]

Zn (O,S)
[17,35,36]

Thickness (µm) 0.15 0.1 0.03 0.1–3 0.5–2 0.03

Dielectric permittivity 9 9 10 13.6 11.9 9

Electron mobility (cm2/V.s) 100 100 100 100 1450 100

Hole mobility (cm2/V.s) 25 25 25 25 500 25

Energy of gap (eV) 3.3 3.3 2.4 1.13 1.12 2.9

Effective CB density of states (cm−3) 2.2 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018 2.8 × 1019 2.2 × 1018

Effective VB density of states (cm−3) 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1019 2.65 × 1019 1.8 × 1019

Electron thermal velocity (cm s−1) 107 107 107 107 107 107

Hole thermal velocity (cm s−1) 107 107 107 107 107 107

Electron affnity (eV) 4 4.45 4.2 4.5 4.05 4

Shallow donor density ND (cm−3) 1018 0 1018 – – 1018

Shallow acceptor density NA (cm−3) – 0 – 2 × 1016 1020 –

Bulk defect properties

Capture cross-section elect (cm2) 10−12 10−12 10−13 5 × 10−13 5 × 10−13 10−12

Capture cross-section hole (cm2) 10−12 10−12 10−13 1 × 10−15 5.07 × 10−15 10−12

3. Results and Discussion
3.1. Energy Band Diagram

The band diagrams for the structures of CIGS/CdS/i:ZnO/Al:ZnO and Si/CIGS/CdS/
i:ZnO/Al:ZnO solar cells are represented in Figures 2 and 3, respectively. We simulated
these energy bands using SCAPS. Energy band diagrams help in explaining the properties
of both photovoltaic cells. We observed that there was a good band alignment between the
Si and the CIGS absorber layers. It should be noted that the defect is taken into account in
each layer, as well as in the interface between Cu(In0.7,Ga0.3)Se2 and Si.

The electron affinity and the values of the band gap of the semiconductors are consid-
ered to calculate ∆EC and ∆EV. Thus, we can readily identify the band bending that occurs
between in the Si/CIGS junction. We also observed a “spike” formed with ∆EC~+0.3 eV at
the CIGS/CdS junction.
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Figure 2. Band diagram for CIGS structure solar cells without BSF.

Figure 3. Band diagram for CIGS structure solar cells with BSF.

3.2. J–V Characteristics

Figure 4 shows a superposition of the J–V curve of the reference CIGS solar cell and
both proposed structures, CIGS/CdS/i:ZnO/Al:ZnO and Si/CIGS/CdS/i:ZnO/Al:ZnO,
presented in Figure 1, where the absorber thickness is taken as the default thickness of 3µm.
The resulting performance parameters of the open-circuit voltage, short-circuit current
density, fill factor, and efficiency are shown in Table 2. The efficiency of the reference cell
was found to be equal to 20.8%; this value is compared with the efficiency value found by
the simulation of 19.24%. Although the experimental values are more advanced than the
simulated ones, excellent agreement was observed in the J–V characteristic. The accordance
between the experiment and the simulation for the J–V characteristic validates our set of
parameters as a baseline for simulating the influence of the variation of absorber parameters
on the solar cell’s performance.
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Figure 4. J–V Characteristics of the different structure of the CIGS solar cell.

Table 2. Results from simulation compared with experimental data and with solar cell with a
BSF layer.

VOC JSC FF η

Reference 0.75 34.8 79.1 20.8

Simulation 0.64 38.42 77.14 19.24

With BSF 0.65 38.89 76.34 19.49

By joining 1 µm of the new layer, Si of p-type, the efficiency was increased from
19.24%, for the reference CIGS structure, to 19.49% for the new structure. Moreover, as
shown in Figure 4, the cell efficiency increases when the absorbing layer is thicker. Our
results showed that, for a CIGS thickness of 3 µm, an efficiency of 19.49% was achieved.
This is mainly owing to the thickness of the absorber layer, such that more photons can
be absorbed and more electron–hole pairs are generated. This slightly increases JSC and
VOC, and thus the efficiency is improved. To explain the observed results, we recall that
the BSF layer keeps the minority carriers in the CIGS absorbing layer far from the high
recombination with the carriers of the back contact. Thus, for the back surface fields, the
conduction band is at its highest level, and the valence band is at its lowest possible level.
The performances of both solar cells, with and without Si, are summarized in Table 2.

3.3. Effect of CIGS Absorber Layers Thickness

The performance parameters of the cell, JSC, VOC, FF, and efficiency (η) of the CIGS
solar cell as a function of the thickness of the absorber layer for both solar cells, with and
without Si (BSF), are shown in Figure 5. The thickness of CIGS changes from 0.1 µm to 3 µm,
while other input parameters are kept unchanged. Figure 5, without BSF layer, presents
the effects on cell performance parameters with different thicknesses of the CIGS absorber
layer. It is well understood that with an increase in the thickness of CIGS absorber layers,
all parameters increase up to 2 µm; after 2 µm, they increase only slightly. The JSC passes
from 26.5 to 38.42 mA/cm2. This is primarily due to the recombination of photo-generated
electrons at the back contact (Mo) [38,39]. We remark that the VOC passes from 0.46 to
0.64 V. A thin absorber layer means that the back contact and the depletion regions are
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very physically close to each other, which enhances the capturing of electrons by the back
contact. This form of recombination process is prejudicial to cell performance as it affects
both VOC and JSC. The thickness of absorber layer increases the efficiency increases from
7.67% to 19.24%. The increase in the conversion efficiency is mainly due to the increase in
the p-type CuIn0.7Ga0.3Se2 absorber layer. As the p-type layer grows, most photons in long
wavelengths can be collected in the absorber layer [16,31].

Figure 5. The performance of the solar cell without and with BSF as a function of CIGS thickness.

The recombination of electrons at the back contact is due to the depletion region being
very close to the back contact. Furthermore, the CIGS/Mo interface has a high recombina-
tion velocity [40] which improves the electron-catching process during cell operation. To
increase the efficiency of the ultra-thin CIGS solar cells, the carrier recombination at the
back surface must be reduced. One of the practical ways is to introduce a back surface field
(BSF). Moreover, this layer decreases the back contact barrier height and reduces minority
carrier recombination loss [41,42]. The influence of the thickness of the CIGS absorber layer
on the performance of the proposed cell with BSF is shown in Figure 5. By incorporating
the BSF layer, when the absorber layer increases from 0.1 to 3 µm, the JSC increases from
28.65 to 38.89 mA/cm2, and VOC decreases slightly from 0.776 V to 0.65 V. The Si BSF layer
reduces carrier recombination losses and improves carrier movement due to migration.
This phenomenon leads to an increase in the short-circuit current and a drop in the open-
circuit voltage. The decrease in the open-circuit voltage is explained by the existence of
the leakage current or diode current. Thus, it can be seen that the open-circuit voltage
follows the same variation as the fill factor. This effect was also previously confirmed by the
relationship between FF and VOC as shown in the examples defined in Todorov et al. [43]
and Green [44]. Finally, the cell efficiency increases rapidly when the Si layer is fused to
act as a BSF layer (1020 cm−3 doping) adjacent to the CIGS absorber layer (2 × 1016 cm−3

doping). The interface between p+-type Si and p-type CIGS acts as a p–n junction. The
electric field thus created acts as a barrier to the flow of minority carriers towards the rear
surface. The simulation results show that a 0.2 µm thick CIGS layer can be considered as
optimal, a value which will be applied in the rest of the study. This result is confirmed
by Duchatelet et al. [45], who showed that an absorber layer thickness of 0.3 to 0.7 µm is
sufficient to absorb almost all of the incident solar radiation due to the direct band gap and
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the materials related to chalcopyrite. This small discard of 0.1 is the difference between the
simulations and the experiment, and it confirms that we are not far from the theory.

It is known that indium and gallium are rare, dangerous, and expensive materials,
and, therefore, the production of thin absorbers in CIGS-based solar cells is recommended.
Furthermore, silicon is more available, less harmful, and less expensive than indium and
gallium. Our study shows that its integration in the CIGS solar cell structure has a certain
interest because the efficiency of new cells resulting from its integration is high, and the
costs are reduced.

3.4. Effect of Si Back Surface Field Layer Thickness

Figure 6 shows the performance of the solar cell with BSF according to the thickness of
the BSF Layer (Si). The thickness of the BSF layer was changed from 0.5 µm to 2 µm while
all the remaining parameters of the solar cell were kept constant. Simulated fallouts show
that, with an increase in the thickness of the BSF layer, a very small variation is observed
in the functional parameters, i.e., in JSC, VOC, η, and FF, such as the efficiency η, which
decreases from 21.53% to 21.45%. This result shows that an increase in BSF layer thickness
does not affect the output of the proposed device. In the design of Si/CIGS solar cells, the
optimum thickness of the BSF layer is 1 µm.

Figure 6. The performance of the solar cell with BSF as a function of Si BSF layer thickness.

3.5. Effect of Ga-Grading on the Cell Performance

Several research groups have studied the effect of varying the band gap on the per-
formance parameters of the solar cell based on CIGS [10,11,25,40]. Cu(In1−xGax)Se has
a variable band gap of 1.02 eV (CuInSe2) to 1.68 eV (CuGaSe2). The variation of the ab-
sorber layer band gap is consistent with the variation of its electron affinity and is related
to changes in its optical absorption [7,26]. The optical absorption coefficient of CIGS at
different Ga/(Ga + In) ratios (GGI ratio) is given from the Gloeckler model [28]. With an
exponential band gap profile, the electron affinity is quasi-independent of the composition;
this situation is called ‘EC grading’ [46]. With an exponential band gap profile and 0.2 µm
thickness of graded-CIGS, we analyze the J–V characteristic shown in Figure 7. The other
parameters of the absorber, as well as the properties of the other layers of the cells, are as-
sumed to be steady in this work, such as the thickness of BSF at 1 µm. Table 3 compares the
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performance parameters of the new structure with a graded-CIGS and with an ungraded
CIGS with the same thickness as the CIGS and BSF.

Figure 7. J–V characteristics curve of the solar cell based on graded CIGS.

Table 3. Results of the performance parameters for graded CIGS compared with data of the
ungraded CIGS.

VOC JSC FF η

Ungraded-CIGS 0.777 33.73 81.99 21.51

graded-CIGS 0.774 37.72 82.45 24.07

We can see in Table 3 that the JSC and η of both structures are largely different, such as
the JSC increase from 33.73 to 37.72 mA/cm2 and the η increase from 21.51% to 24.07%. For
an absorber thickness of 0.2 µm, the gain in efficiency is around ∆η = 2.51%. It is the same
result obtained by O. Lundberg et al. in [40] for a thickness of 0.5 µm. These developments
in JSC are due to the passivation of the back contact, which is increasingly prejudicial to
the device performance when the CIGS thickness is reduced. Moreover, for pure CIS, a
significant improvement in the device performance is obtained by introducing an increased
Ga concentration towards the back contact. This improvement is, however, more related
to the introduction of Ga itself than to the gradient of the Ga-concentration. From many
simulations, the largest gain is predicted for an increased Ga/(In + Ga) ratio towards the
CIGS surface [40].

3.6. Insert Buffer Layer without Cadmium

The CdS layer, as shown in Figure 1, acts as a buffer layer between the highly conduc-
tive window layer, ZnO, and the absorber layer, CuIn1−xGaxSe2. It contains the highest
level of carcinogenic cadmium. Therefore, several research groups have studied replac-
ing this material with another that is not toxic, such as In2S3 [47], ZnS [30], ZnSe [48],
Zn1−xMgxO [49], and Zn(O,S) [32,50]. We chose Zn(O,S) because of its excellent optical
and electrical properties, which are related to its high band gap that ranges from 2.7 eV to
3.6 eV [33]. The exact value of the Eg depends on x, namely, the (S/S + O) ratio. It is non-
toxic, and it is deposited on the CIGS with co-sputtering PVD [33]. A. Okamoto et al. [51]
found that the CIGS solar cell with the Zn(O0.82S0.18) (S/S + O) = 0.18 corresponding to
Eg = 2.9 eV) buffer layer showed a higher JSC than that with the CdS buffer layer, and the
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efficiency of the CIGS solar cell with the proposed buffer layer approached that of the CIGS
solar cell with the CdS buffer layer. All parameters of Zn(O,S) are listed in Table 1.

The current–voltage (J–V) characteristics of the new structure Zn(O,S)/graded-CIGS/Si
with a Zn(O,S) buffer layer, are shown in Figure 8 and are within 0.2 µm and 1 µm of graded-
CIGS and Si, respectively. The performance parameters of both structures, CdS/graded-
CIGS and Zn(O0.82S0.18)/graded-CIGS, are illustrated in Table 4. We note that the JSC and
efficiency are slightly increased, from 37.72 to 38 mA/cm2 and 24.07% to 24.43%. This
is due to a decrease in the absorption loss in the Zn(O,S) buffer layer, which has a wider
energy band gap than CdS (EgZn(O,S) > EgCdS). These results are very much in agreement
with the results found by references [32,51,52].

Figure 8. J–V characteristics of the new structure Zn(O,S)/graded-CIGS/Si.

Table 4. Performance parameters of the both structures: CdS/graded-CIGS and
Zn(O0.82S0.18)/graded-CIGS.

VOC JSC FF η

Zn(O,S)/CIGS 0.773 38 82.62 24.43

CdS/CIGS 0.774 37.72 82.45 24.07

Finally, considering the cell structure and its various layers, we discuss the pertinence
of the results obtained by modeling the performance of a CIGS cell, as performed in
the current work, compared to the performance of commercial cells. Recent theoretical
research [53,54] proves the advantageous effect of a p-silicon layer on the performance
of CIGS solar cells. The results propose a silicon layer associated to the absorber layer
and point out the fact that more photo-generated carriers improve the cell performance.
In addition, this layer can have good contact with molybdenum [55]. This could make
back contact of solar cell more Ohmic by decreasing the carrier recombination in the back
contact layer. In [56], S. Djoumi et al. fabricated a nano/micro hybrid structure solar
cell. The emitter and back surface field (BSF) layers were formed by the spin-on-dopant
method. In ref. [57], Ramanujam et al. detailed the fabrication of CIGS based solar cells with
and without a BSF layer. The CIGS films were prepared by a three-stage co-evaporation
technique, allowing a double-graded conduction band profile with a deep notch point
closer to the absorber’s front surface.

It should also be noted that low-cost production of high-efficiency and long-term
stable cells are critical factors for the large-scale commercialization of CIGS solar cells. The
stability of CIGS solar cells is discussed in ref. [57], showing the advantage of adding a
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BSF layer to the structure. In the CIGS solar cell, a graded bandgap can be achieved by
fine-tuning the (Ga)/(Ga + In) ratio, and Cu can be used advantageously to synthesize
CuInSe2 from the Cu substrate. Furthermore, in thin-film solar cells, there are some specific
concerns: (a) the lack of flexible substrates that meet minimum requirements, (b) the use
of a high-temperature process, (c) the integration of metals and polymers, and, (d) most
of these metals contain a large amount of impurities. Among the metals used, Cu and
Al can withstand high temperature treatment. Nevertheless, they have a high density of
impurities, a high coefficient of thermal expansion, and a high roughness. Contamination
due to the diffusion of undesirable elements from the metal sheets to the absorbers is
disadvantageous for the global performance of the cell.

4. Conclusions

To obtain a thin solar cell with high efficiency, we added 1 µm of silicon (Si) as the
back surface field (BSF) layer on a solar cell based on CIGS. We analyzed and simulated,
on SCAPS simulator software, the thickness of the absorber layer (CIGS) when this layer
is ungraded and exponentially graded. The simulation results show that the efficiency
is 21.51% for ungraded CIGS and 24.07% for graded CIGS for the same thickness of
the absorber layer. Finally, we replaced the toxic buffer layer, CdS, with oxysulfide of
zinc (Zn(O,S)).

The values obtained from the proposed solar cell were: power conversion efficiency of
24.43% and fill factor (FF) of 82.62%, short circuit current (JSC) of 38 mA/cm2. and open
circuit voltage (VOC) of 0.773 V. These results found that the best structure must have a
window layer (Al-doped ZnO) with thicknesses of 0.15 µm and 0.05 µm for intrinsic ZnO,
a buffer layer (Zn(O,S)) with a thickness of 0.03 µm, an absorbent layer with a thickness
of 0.2 µm, and Si with a thickness of 1 µm. The results showed that the new ultra-thin
CIGS solar cells structure without Cd has a performance that is comparable to that of the
conventional solar cell, with a decreased price.
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