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Solar cells are currently the focus of a great deal of research. The aim is to reduce their cost price. To achieve this, we need to reduce
the mass of the materials and increase the conversion efficiency of these solar cells. This has motivated research into the use of thin
films such as a-Si, CdTe, CIGS. This increase in efficiency requires optimizing the performance of the photovoltaic parameters. In
this modeling and simulation work, we use the SCAPS-1D software to study the effect of the recombination speed of the electrons
and holes in the CIGS layer, the effect of the thickness of the layers and the effect of the gap energy of each layer of the material used
for this solar cell on the short-circuit current Jsc, the open-circuit voltage Voc, the form factor FF and the electrical efficiency n of
the CIGS cell for a Mo/p-CIGS/p-Si/In2S3/i-ZnO/Al-ZnO single-junction structure. In this study, we found that recombination speed
affects the efficiency of the photovoltaic cell. The gap energy of the absorber layers influences the cell's efficiency, while the other
layers (In2Ss, ZnO, Al-ZnO) do not have a great influence on solar cell performance and increasing the thickness of the absorber
layer has a major influence on efficiency, increasing it up to a certain limit. The thicknesses of the CIGS, p-Si, In2S3, i-ZnO and
Al-ZnO layers need to be in the order of 0.3um, 0.8um, 0.05um, 0.07um and O.lpm respectively to achieve better
efficiency (31.42%).

Keywords: Density functional theory (DFT); Binding energies; Homo-lumo energy; Fragmentation energy; Magnetic moment
PACS: 73.50.-h, 73.50.Pz

1. INTRODUCTION

The evolution and development of humanity leads to increasing energy consumption while usual energy resources
decrease and pollution increases. Renewable energies appear to provide an optimal solution to address the global energy
problem [1]. Among them, solar energy offers a reliable, clean and adaptable way to generate heat and electricity
according to needs. More particularly, photovoltaics (PV) constitutes an “inexpensive” solution to overcome the energy
supply problem of developing countries, thanks to autonomous systems making it possible not only to supply electricity
but also to power systems water pumps or water filtration [2]. As part of the sustainable development approach, renewable
energies make it possible to preserve planetary resources, ensure the security and diversity of energy supplies and reduce
the environmental impact of our energy consumption. The PV market today is essentially based on silicon technology [3].
Currently, the sector is largely dominated by crystalline silicon technology with nearly 93% of global production.
However, the production of silicon-based solar cells remains expensive and requires a large quantity of material [4].
In addition, silicon cells currently have a maximum efficiency of 25.6% in the laboratory, which is very close to the
maximum theoretical limit for a single junction cell [5]. Consequently, the growing need for photovoltaic energy has
pushed research into the use of other alternative materials, although this in no way means an end to research in the silicon
sector [6-8]. Research, very numerous and varied, focuses mainly on thin film technologies [9-12]. CIGS-based thin-film
solar cells were developed by Arco in the late 1980s using a two-step process with Cu and In as metal precursors, followed
by reactive annealing in an H,S atmosphere, during of which the absorbing layer (CIGS) is doped with N/A. Since then,
the leading research organization in the field of CIGS solar cells (NREL) has reported the remarkable improvements in
efficiency achieved by these cells deposited on substrates of rigid glass [13-16]. The most promising second generation
materials are amorphous and microcrystalline silicon, cadmium tellurium (CdTe) and the Cu (Iny, Gaix)(Sy,Seiy):
(CIGSSe) family of chalcopyrites. These materials are used in the form of a thin layer deposited on a substrate (soda glass,
ceramic, polyamide, etc.), which not only reduces the costs of the final module, but also expands the range of applications
of the cells solar. In a few years, the efficiency of solar cells based on Cu(In,Ga)Se, (CIGS) increased from 20.8% [13] to
22.6% [14].Many studies have proven that cadmium tablets have enabled high productivity, but they nevertheless tend to
be replaced, due to their toxicity, by cadmium-free, higher bandgap materials (InSes, ZnS, Zn(S,0), Zn(S,0,0H),
(Zn,Mg) O) to reduce optical losses [17-20].
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Whatever the structure of a solar cell, its parameters need to be optimized. Typically, the parameters to be
optimized are the Eg bandgap thicknesses and widths, and the doping levels of the various layers making up the cell.
Solar cell optimization therefore involves studying the influence of these parameters on efficiency, in order to obtain
a structure that delivers maximum efficiency. This optimization can be carried out either experimentally or by
simulation. Experimental optimization has the advantage of being real, but it is tedious, boring and expensive. What's
more, we don't have access to certain cell parameters. Simulation-based optimization, on the other hand, follows
a mathematical model of the real system. In this work, we will use SCAPS-1. This allows us to understand in detail the
functioning of the structure of thin film solar cells and the main physical phenomena which govern the operation of our
devices by carefully taking into account: the short circuit current Jsc, the open circuit voltage Voc, efficiency (n%) and
filling factor (FF) [21] CIGS, a non-toxic material widely available on Earth, knowing that it is expensive. To reduce
the thickness of CIGS, we choose the following solar cell structure: Al-ZnO/i-ZnO/In,S3/p-CIGS/p-Si. CIGS and Si we
will use as absorbing layers and In,S; as insulating layer. We study the performance of CIGS-based solar cells
by changing the spacing energy and thickness of each cell layer.

2. OVERVIEW OF SCAPS-1D SOFTWARE

SCAPS (solar cell capacitance simulator) is a one-dimensional solar cell simulation program developed at the
Department of Electronics and Information Systems (ELIS) at Ghent University, Belgium. Several researchers have
contributed to its development: Alex Niemegeers, Marc Burgelman, Koen Decock, Stefaan Degrave, Johan
Verschraegen. The program was initially developed for cellular structures of the CulnSe, and CdTe family. Recent
developments now make the program equally applicable to crystalline solar cells (Si and GaAs family) and amorphous
cells (a-Si and micromorphous Si). The latest version, SCAPS 3.10, may 2020. The program runs on PCs running
Windows 95, 98, NT, 2000, XP, Vista, Windows 7,8 and 10, and takes up around 50 MB of space. It is freely accessible
to the PV research community (universities and research institutes, companies) [22-27].

3. PRESENTATION OF THE STUDIED CELL
The difficulty in simulating electronic devices lies in the choice of simulation parameters. For this, we took a work
submitted by Mohottige RN and Kalawila SP, they found an electrical efficiency 0f~26% [28]. The solar cell architecture
simulated in this study had a substrate/Mo/p-Si/pCIGS/n-In,S3/i-ZnO/Al-ZnO/metal grid, as shown in Fig. (1).

Front grids ﬂ ﬂﬂ H’ ﬂ Front grids

Figure 1. Schematic diagram of the CIGS Structure [28].

The defect density was implemented in the P-Si, CIGS and In,Ss layers. The i-ZnO insulating layer improves the
performance of thin-film solar cells. This material can fill the pinholes in the structure and reduce the electric short
circuit [29]. Electrical short-circuiting of devices is a key concern during the manufacturing process, and it's an
excellent solution to suppress between interfaces to increase efficiency. So, the i-ZnO layer acts as an electron
backscatter barrier, improving Jsc and efficiency. Table 1, shows the optimized material properties for each layer used
in the simulation. These parameters are entered into the SCAPS software.

Table 1. Material parameters used in the simulation [28]

Parameters CIGS P- Si InyS3 I-Zno Al-Zno
Thicknesses (nm) 100 1000 1000 50 70 100
Gap strip (ev) 1.100 1.120 2.800 3.300 3.300
Electronic affinity (ev) 4.500 4.500 4.700 4.600 4.600
Relative Permittivity 13.600 11.900 13.500 9.000 9.000
CB (1/em?) 2.200E +18 2.800E +19 1.800E +18 2.200E +18 2.200E +18
VB(1/cm?) 1.800E +19 2.650E +19 4.000E +13 1.800E +19 1.800E +19
Electron mobility (cm?/Vs) 1.000E +2 1.450E +3 4.000E +2 1.000E +2 1.000E +2
Hole mobility (cm?/Vs) 2.500E +1 5.000E +2 2.100E +2 2.500E +1 2.500E +1
ND(1/cm?) 0.000E +0 0.000E +0 1.000E +18 1.000E +16 1.000E +18
NA(1/cm?) 2.000E +16 1.000E +20 1.000E +1 0.000E +0 0.000E +0
Defect density (1/cm?) 1.000E +14 1.000E +14 1.000E +14 0.000E +0 0.000E +0

This digital survey was carried out in three stages: The effect of the recombination rate of electrons and holes on
the cell was studied. Next, we studied the influence of varying the gap energy values of each layer on the cell's
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performance, and extracted the relationship between the gap energy of the CIGS and p-Si absorber layers. Finally, cell
performance was optimized by changing the thicknesses of each cell layer: the CIGS and P-Si absorber layers, the In»S;
buffer layer, the i-ZnO insulator layer and the Al-ZnO window layer. The simulation was carried out under solar
spectrum AM 1.5 and at an incident power of p = 1000Wm2. SCAPS simulation can perform measurements under light
and dark conditions and in various temperature ranges and other parameters. In this study, we maintained the thickness
of the p-Si, i-ZnO and Al-ZnO layers at 1 um, 50 nm and 100 nm respectively [28] in order to investigate solar cell
parameters such as: Short-circuit current Js, Open-circuit voltage V.., Efficiency (n%) and fill factor (FF). The first
layer deposited on the substrate is the back contact electrode. Its main role is to collect the charges generated in the cell.
From an electrical point of view, it constitutes the positive pole of the photovoltaic generator. This layer is composed of
Molybdenum (Mo) and is between 50 nm and 1500 nm thick, this result is consistent with the results reported in the
literature [30,31]. In addition, the Mo layer is used as a reflector to lengthen the optical path of light in the CIGS,
thereby increasing the number of photons absorbed [32]. Numerous studies have also proven that during the deposition
of CIGS on Mo, a thin layer of MoSe2 is formed at the interface. This layer is responsible for establishing ohmic
contact with the CIGS [33,34].

4. EFFECT OF THE RECOMBINATION SPEED OF ELECTRONS AND HOLES

Generation in semiconductors is the process in which electron-hole pairs are created. The energy necessary for the
transition of an electron from the valence band to the conduction band is obtained by different physical processes:
thermal absorption, external electric field and absorption of photons by the semiconductor. The electron-hole pairs
created are sooner or later recombined. In this section, we will present in a first part the results relating to the effect
of the recombination speed for a CIGS thickness of 0.1um: as well as their analyzes in order to understand the effect
of the recombination speed of electrons and holes. In a second part, Effect of the recombination rate for a CIGS
thickness of 0.3 um will be presented so that it can be examined and properly interpreted and this in comparison with
the conclusions resulting from the electron recombination rate and we fix the hole rate. To do this, different parameters
such as: the thicknesses of each layer of the Al-ZnO/i-ZnO/In,S3/p-CIGS/p-Si solar cell will be varied, to obtain the
best electrical efficiency.

4.1. Effect of recombination speed for a cigs thickness of 0.1uM
4.1.1. Effect of electron recombination speed
The values of the electron surface recombination velocity are varied, and the hole velocity is fixed. The results
obtained are shown in Table 2.

Table 2. Functional parameters of the solar cell with different electron surface recombination velocities.

ElectrS(;r; ;eic((;rrrlll?slatlon Recombmatégrrll]/sseed of holes Voe (V) | Jse (mA/em?) FF (%) (%)
8.00E 0 1.00E 7 0.801 38.96 83.38 26.03
9.00E 0 1.00E 7 0.800 38.95 83.45 26.02
1.00E 1 1.00E 7 0.7996 38.94 83.51 26.12
1.00E 2 1.00E 7 0.781 38.44 84.20 25.29
1.20E 2 1.00E 7 0.779 38.36 84.17 25.18
1.70E 2 1.00E 7 0.777 38.19 84.13 24.98
1.90E 2 1.00E 7 0.776 38.14 84.11 2491
1.00E 3 1.00E 7 0.768 37.37 83.58 24.01
1.00E 4 1.00E 7 0.766 37.00 83.28 23.60
1.00E 5 1.00E 7 0.765 36.95 83.24 23.55
1.00E 6 1.00E 7 0.765 36.95 83.23 23.55
1.00E 7 1.00E 7 0.765 36.95 83.23 23.55
1.00E 8 1.00E 7 0.765 36.95 83.23 23.55

According to the results listed in the Table (2), we can summarize them in the following points :

»  For an electronic recombination speed equal to 1.2x10% cm/s, the efficiency is equal (25.18%). This results is in
agreement with those reported in the literature [28]

»  For electron recombination velocity equal to 10 cm/s, we obtain an electrical efficiency (26.12%) better than that
found in the Ref [28].

»  For electron recombination values below or above 10 cm/s, we find a decrease in electrical efficiency.
Based on these remarks, we have chosen the electron recombination speed 10 cm/s for an optimum electrical
efficiency value (n1=26.12%).

4.1.2. Effect of hole recombination speed
Fixing the electron recombination speed at 10 cm/s and varying the surface recombination speed of the holes, the
results found are shown in Table 3.
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Table 3. Functional parameters of the solar cell with different surface recombination rates

Electron recombination Recombination speed Jsc
speed (cm/s) of holes (cm/sp) Voe (V) (mA/cm?) FF (%) n(%)
1.00E 1 1.00E 0 0.8004 39.52 77.95 24.55
1.00E 1 8.00E 0 0.806 39.26 80.98 25.63
1.00E 1 9.00E 0 0.806 39.24 81.11 25.67
1.00E 1 1.00E 1 0.8066 39.23 81.23 25.70
1.00E 1 1.00E 2 0.8089 39.05 82.49 26.06
1.00E 1 1.20E2 0.8089 39.04 82.52 26.07
1.00E 1 1.70E 2 0.8090 39.039 82.58 26.08
1.00E 1 1.90E 2 0.8091 39.037 82.59 26.08
1.00E 1 1.00E 3 0.8092 39.022 82.68 26.11
1.00E 1 1.00E 4 0.8093 39.01 82.70 26.11
1.00E 1 1.00E 5 0.8093 39.019 82.70 26.12
1.00E 1 1.00E 6 0.8093 39.019 82.70 26.12
1.00E 1 1.00E 7 0.8093 39.019 82.70 26.12
1.00E 1 1.00E 8 0.8093 39.019 82.70 26.12
1.00E 1 1.00E 9 0.8093 39.019 82.70 26.12

It can be seen that increasing the surface recombination speed of the holes increases the electrical efficiency to a
certain value, after which it remains constant. For a hole recombination speed equal to 10 cm/s, we obtain a higher
efficiency (26.12%). We can see that the backside recombination velocities for electrons and holes influence solar cell
efficiency. Based on the results obtained, our choice is based on an electron speed of 10 cm/s and a hole speed
of 1107 cm/s.

4.2.  Effect of recombination rate for a cigs thickness of 0.3 uM

The thicknesses of each layer of the Al-ZnO/i-ZnO/In,S3/p-CIGS/p-Si solar cell chose respectively 100nm, 70nm,
50 nm, 0.3 um and 1 pm, to achieve the best clectrical efficiency [28].We vary the values of the electron surface
recombination rate, and fix the hole rate, and then do the reverse, fix the value of the electron surface recombination
rate that gives the best electrical efficiency, and vary the hole surface recombination rate. The results obtained are
shown in Tables 4 and 5.

Table 4. Functional parameters of the solar cell with different surface electron recombination speed for CIGS layer thickness = 0.3pm

Electron rec((;ﬁk/);lanon speed Recomblnatz(c)rr;1 /sS[;eed of holes Voe (V) Jse (mA/em?) FF (%) n(%)
1.00E 0 1.00E 7 0.7749 37.617 83.54 24.34
8.00E 0 1.00E 7 0.7746 37.616 83.54 24.34
9.00E 0 1.00E 7 0.7746 37.626 83.53 24.35
1.00E 1 1.00E 7 0.7746 37.615 83.55 24.34
1.00E 2 1.00E 7 0.7722 37.520 83.63 24.23
1.20E 2 1.00E 7 0.7719 37.502 83.63 24.21
1.70E 2 1.00E 7 0.7712 37.460 83.64 24.16
1.90E 2 1.00E 7 0.7710 37.445 83.64 23.14
1.00E 3 1.00E 7 0.7678 37.134 83.48 23.80
1.00E 4 1.00E 7 0.7659 36.849 83.28 23.50
1.00E 5 1.00E 7 0.7656 36.801 83.24 23.45
1.00E 6 1.00E 7 0.7655 36.7960 83.23 23.45
1.00E 7 1.00E 7 0.7655 36.7955 83.23 23.45
1.00E 8 1.00E 7 0.7655 36.7954 83.23 23.45

Table 5. Functional parameters of the solar cell with different surface recombination rates of the holes for a CIGS layer thickness = 0.3 pm

Electron rec((élrlrlll;;;latlon speed Recomblnat(lsr?1 /sSI;eed of holes Voe (V) Jse (mA/em?) FF (%) %)
1.00E 0 1.00E 0 0.7738 37.680047 76.66 2235
1.00E 0 8.00E 0 0.7753 37.661992 81.09 23.68
1.00E 0 9.00E 0 0.7753 37.66006 81.27 23.73
1.00E 0 1.00E 1 0.7753 37.65832 81.43 23.77
1.00E 0 1.00E 2 0.7753 37.63201 83.23 24.27
1.00E 0 1.20E 2 0.7753 37.631144 83.28 24.27
1.00E 0 1.70E 2 0.7753 37.629822 83.35 24.29
1.00E 0 1.90E 2 0.7753 37.629479 83.37 2431
1.00E 0 1.00E 3 0.7753 37.627015 83.50 2431
1.00E 0 1.00E 4 0.7753 37.626470 83.52 24.35
1.00E 0 1.00E 5 0.7753 37.626416 83.53 24.35
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Electron rec((zrrnnl/);latlon speed Recomblna‘cégrr;1 /sS[;eed of holes Voe (V) Jse (mA/em?) FF (%) %)
1.00E 0 1.00E 6 0.7753 37.626410 83.53 24.35
1.00E 0 1.00E 7 0.7753 37.626410 83.53 24.35
1.00E 0 1.00E 8 0.7753 37.626409 83.53 24.35
1.00E 0 1.00E 9 0.7753 37.626409 83.53 24.35

From this study, we can say that to obtain the best electrical efficiency from the cell, it is only necessary to vary
the electron recombination rate. For a CIGS thickness of 0.1 pm, the cell gives a high efficiency compared with a
thickness of 0.3 um. A major drawback of practical devices is the reduction in CIGS layer thickness due to interlayer
mixing and aging. Thickness reduction allows electronic recombination with the back contact.

4.3. Effect of varying the gap energy of solar cell layers
4.3.1. Effect of Varying the Gap Energy of The Cigs Layer
The variation in the gap energy values induces a modification of the photovoltaic parameters of the cell. The
effects of the gap energy variation on the different photovoltaic parameters of the cell are illustrated in Fig. (2).
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Figure 2. Effect of varying the gap energy of the CIGS absorber layer of the CIGS cell on:
a) The open-circuit voltage Voc, b) The short-circuit voltage density circuit Jsc, ¢) Form factor FF%, d) Efficiency n%

The observation to draw from this figure is that when the gap energy of the CIGS has a value of 1.3 eV, the best
efficiency is obtained. However, when we increase the spacing energy of the CIGS absorbing layer from 1 eV to
1.5 eV, we notice that:

- The short circuit current density (Jsc) increases from 37.626 mA/cm? to 40.662mA/cm?.

- Open circuit voltage (Voc) increases from 0.775 V to 1.002 V then decreases to 0.771 V.

- Form factor (FF%) increases and decreases randomly from 73.44% to 83.53%.

- The yield (n) increases from 24.35% to 29.89%, then decreases to 25.00%.

4.3.2. Effect of Varying the Gap Energy of The Si Layer
The various values of the gap energy of the SI absorber layer, ranging from 1 eV to 1.12 eV, influence the
photovoltaic parameters of the cell, as shown in Fig (3).
From the results, we can see that when the gap energy has a value of lev, the best performance is achieved.
When we increase the gap energy values of the p-Si absorber layer from 1 eV to 1.12 eV, we notice that:



Numerical Simulation Study of the Increase in Electrical Efficiency of the CIGS-Based...

395
EEJP. 3 (2024)

- The short-circuit current density (/sc) decreases from 45.424 mA/cm? to 40.615 mA/cm?.
- Open-circuit voltage (Voc) increases from 0.7963 V to 1.002 V

- Form factor (FF%) decreases from 86.40% to 73.44%.

- Electrical efficiency (1) decreases from 31.25% to 29.48%, then increases to 29.89%.
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Figure 3. Effect of the gap energy of the Si absorber layer of the CIGS cell on:
a) Open-circuit voltage Voc, b) Short-circuit voltage density Jsc, ¢) Form factor FF%, d) Efficiency n%

4.3.3.

Effect of Varying the Gap Energy of The IN:S;Buffer Layer

The optical gap energy of In,S; is 2.56 eV. We chose to vary the gap energy between 2 eV and 2.8 eV. These
different values, which influence the photovoltaic parameters of the cell, are given in Fig (4).

From the results shown in the Fig. 4, we note that the variation in In,S3 gap energy values has no influence on the
cell's photovoltaic parameters.
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4.3.4. Effect of Varying the Gap Energy of the ZNO Layer
Fig. 5 shows the different values of ZnO gap energy, ranging from 3.2 eV to 3.45 eV, which influence the
photovoltaic parameters of the cell.
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Figure 5. Effect of varying the gap energy of the ZnO layer
a) the open-circuit voltage Vo, b) short-circuit voltage density Jsc, ¢) form factor FF%, d) efficiency n %

We note that varying ZnO gap energy values do not influence open-circuit voltage Vocand form factor FF, but do
influence short-circuit voltage density Jsc. The best electrical efficiency is obtained when the ZnO gap energy reaches 3.2 eV.

4.3.5. Effect of Varying the Gap Energy of the Al-ZnOLayer
The different values of the Al-ZnO gap energy, ranging from 3.2 eV to 3.45 eV, which influence the photovoltaic
parameters of the cell, are given in Fig. 6.
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We note that varying Al-ZnO gap energy values have no influence on open-circuit voltage Voc and form factor FF,
but there is a small influence on short-circuit voltage density Jsc. The best electrical performance is obtained when the
gap energy of Al-ZnO reaches 3.4ev. The results found for Al-ZnO are similar to those found for ZnO. So, we can say
that the gap energy of the absorber layers influences the cell's efficiency, while the other layers (In2S3, ZnO, Al-ZnO)
do not have a great influence.This result is in good agreement with those reported in the literatures [35].
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4.4.1. Cigs Thickness
The effect of varying the thickness of the CIGS absorber layer (from 0.1 pm to 1 pm) on cell performance was
simulated. The simulated, Vo, /sc, FF and n (efficiency) curves are shown in Fig. (7).
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According to the results obtained, the CIGS layer thickness that gives the highest efficiency is 0.3 um. The
variation in CIGS layer thickness, between 0.1 um and 1 pm, has little effect on short-circuit current density (Jsc), open-
circuit voltage (Voc), form factor (FF%) and efficiency (n). Indeed, when the thickness of the CIGS layer is 0.3 pm, so

the total thickness of the absorbing layer (CIGS+ p-Si) will be 1.3 um, leads to an increase in cell performance and in
particular efficiency.

the photovoltaic parameters of the cell and are given in Fig. (8).
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4.4.2. Absorbent Layer Thickness P-SI

Many researchers have worked to consolidate the photovoltaic potential offered by the thin-film p-Si
sector [36-38]. As a result, they recorded an improvement in electronic properties. In this simulation step, the thickness
of the CIGS layer is set at 0.3 um. The different p-Si thicknesses, ranging from 0.3 pm to 1.3 um, influence
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According to the results obtained, the 0.8 pm-thick p-Si absorber layer gives a better performance.It can be seen
that there is a threshold thickness (0.8 pm) for both form factor (FF) and efficiency (1) to be high, and above or below
this thickness value there is a decrease in these parameters.And we also notice that increasing thickness leads to an
increase in short-circuit current density (Jsc) and a decrease in open-circuit voltage (Voc). In fact, to achieve good
efficiency (31.42%), the thickness of the absorber layer (CIGS+ p-Si) must be equal to 1.1 um, because at this thickness
there is a maximum generation of electron-hole pairs and a decrease in contact return recombination.

4.4.3. In2S;Buffer Layer Thickness

Most CIGS-based ultra-thin solar cells incorporate a buffer layer to improve efficiency and other solar cell
parameters. The central role of the buffer layer is to prevent unwanted bypass paths and protect the injection region
during manufacturing. We set the thickness of the combined absorber layer (CIGS + p-Si) at 1.1 um and then varied the
thickness of the In,S; buffer layer (from 20 nm to 100 nm). The results obtained are shown in Fig (9). From the results
obtained, it can be seen that the effect of varying the thickness of the buffer layer does not greatly influence cell
performance. It can be seen that increasing the thickness will decrease the efficiency and the short-circuit current
density Jsc.
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Figure 9. Effect of varying In2Ssthickness on:
a) Open-circuit voltage Voc, b) Short-circuit current density Jsc, ¢) Form factor FF%, d) Efficiency n %

4.4.1. Front Contact Thickness
There are two layers in the front contact: the intrinsic ZnO layer and the Al-ZnO layer that makes up the window
layer.
- The ZnO layer is resistive and serves to limit short-circuiting in areas where the CIGS is imperfectly covered by
the buffer layer.
- The Al-ZnO layer enables the window layer to form the front contact part of the photovoltaic cell; it must be
transparent to solar radiation, so that this radiation can be absorbed by the CIGS layer [28].

A) I-ZnOlInsulating Layer Thickness
To study the effect of varying the thickness of the i-ZnO layer (ranging from 0.01 pm to 0.1 um), we set the value
of the thickness of three combined layers (CIGS+p-Si+in,S3) to 1.35 um, and then run the simulation to study the
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efficiency of the cell's photovoltaic parameters. The results obtained are shown Fig (10). From the results obtained, it
can be seen that changing the thickness of the i-ZnO layer does not affect the parameters of the photovoltaic cell.
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b) AI-ZnOWindow Layer Thickness

To study the effect of varying the thickness of the Al-ZnO layer (ranging from 0.04 pm to 0.1 um), we set the
value of the thickness of four combined layers (CIGS+p-Si+In,Ss+i-ZnO) to 1.42 pm, and then run the simulation to

investigate the efficiency of the cell's photovoltaic parameters. The results obtained are shown in Fig. (11).
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From the results obtained, it can be seen that increasing the thickness of the Al-ZnO layer decreases the
efficiency n. The range chosen for the Al-ZnO thickness has no influence on the short-circuit current density Js, the
open-circuit voltage Vo and the form factor FF. To improve cell efficiency, the Al-ZnO layer must be reduced. We
therefore set the value of the Al-ZnO layer at 0.1pum.

Final results: Table (7) shows the final results for the material parameter values used in our simulation.

Table 7. Final results for the material parameters used in our simulation.

Parameters CIGS P-Si In,S3 I-Zno Al-Zno
Thicknesses (nm) 0.3 0.8 0.05 0.07 0.1
Gap strip (eV) 1.300 1.0 2.800 3.200 3.400
Electronic affinity (eV) 4.500 4.500 4.700 4.600 4.600
Relative Permittivity 13.600 11.900 13.500 9.000 9.000
CB (1/cm®) 2.200E +18 2.800E +19 1.800E +18 2.200E +18 2.200E +18
VB(1/cm?) 1.800E +19 2.650E +19 4.000E +13 1.800E +19 1.800E +19
Electron mobility (cm?/Vs) 1.000E +2 1.450E +3 4.000E +2 1.000E +2 1.000E +2
Hole mobility (cm?/Vs) 2.500E +1 5.000E +2 2.100E +2 2.500E +1 2.500E +1
ND(1/cm?) 0.000E +0 0.000E +0 1.000E +18 1.000E +16 1.000E +18
NA(1/cm®) 2.000E +16 1.000E +20 1.000E +1 0.000E +0 0.000E +0
Defect density (1/cm?) 1.000E +14 1.000E +14 1.000E +14 0.000E +0 0.000E +0

Based on these results, the photovoltaic parameter efficiencies found for the cell studied are shown in Table (8).

Table 8. Functional parameters of the CIGS solar cell.

Voc(V) Jsc (mA/cm?) FF (%) n (%)
0.1 0.8025 45.3404 31.42

5. CONCLUSION

Numerical simulation leads to a detailed understanding of how the structure of thin-film solar cells works. CIGS, a
non-toxic material abundant on earth, is used in this study to analyze solar cell performance, bearing in mind that this
material is expensive. To minimize the thickness of CIGS, the following solar cell structure was chosen:
Al-ZnO/i-ZnO/In,;S3/p-CIGS/p-Si. Where CIGS and Si are used as absorber layers and In,S; as buffer layer. The
performance of CIGS-based solar cells was studied by varying the gap energy and thickness of each cell layer. Gap
energy modifies solar cell performance. The gap energy of the absorber layers influences the cell's efficiency, while the
other layers (In,S3, ZnO, Al-ZnO) do not have a great influence. Recombination rates influence the efficiency of the
photovoltaic cell, reaching 26.12%. Increasing the thickness of the absorber layer has a major influence on efficiency,
increasing it up to a certain limit. The best yield found after studying the variation in thickness of the total CIGS+p-Si
absorber layer is 31.25%. The thicknesses of the CIGS, p-Si, In,S3, i-ZnO and Al-ZnO layers need to be in the order of
0.3um, 0.8um ,0.05um,0.07um and 0.1pm respectively to achieve the best yield (31.42%). Finally, given the great
complexity of increasing the conversion efficiency of solar cells and reducing their cost, many problems remain open
for future investigation in order to fully understand the capabilities and limitations of the conversion efficiency of solar
cells. We hope that the results presented in this work contribute to this understanding.
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Haykoeo-0ocnionuti yenmp npomucrosux mexnonoziit CRTI, P.O. Box 64, Yepaza, 16014, m. Anocup, Anoicup
¢J/labopamopis 0ocaiodicenb noeepxons i po3oinie meepoux mamepianie (LESIMS), Vuisepcumem Cemigh 1, 19000 Cemich, Anoicup
TDaxynomem npupoonuyux nayx i scumms, Yuisepcumem Cemigh-1, 19000 Cemigh, Anoicup
8[IIxona 6iomexuonoeii, Ynisepcumem baop 6 Kaipi (BUC), badp cimi, 11829, Kaip, €2unem

COHSIYHI €JIEMEHTH B JaHWH Yac 3HAXOMAATHCS B IEHTPI BEIHMKOI KUTBKOCTI JOCHIIKeHb. MeTa — 3HM3HUTH ixX coOiBapricth. 1106
JOCSTTH IIbOTO, HaM MOTPIOHO 3MEHIIUTH Macy MaTepiaiiB i MiIBUIIUTH e(EKTUBHICTH IEPETBOPCHHS INX COHSYHUX elleMeHTiB. [e
CIIOHYKAJIO JIO JTOCHIKCHHSI BUKOPUCTAHHS TOHKHX IUTiBOK, Takux sik a-Si, CdTe, CIGS. lle migBuiieHHs ¢)EKTUBHOCTI BUMarae
onrtuMizauii mapamerpiB GpOTOENIEKTPHYHOT CHCTEMH. Y IIbOMY MOJENIOBAHHI Ta iMITalilHii pOOOTI MM BUKOPHUCTOBY€EMO IPOTrpaMHE
3abesneuendss SCAPS-1D st BUBUEHHsS! BIUIMBY LIBHAKOCTI pekoMOiHauii eiektpoHiB i aipok y mapi CIGS, BIIMBY TOBIIMHHU
mIapiB i BIUIMBY €HEprii po3pHBY KOXKHOTO Iapy. MaTepialy, BUKOPHCTAHOTO IUisl 1i€i cOHs4YHOI OaTtapei, Ha CTPYyM KOpPOTKOTO
3aMuKaHHA Jsc, Hampyry xomoctoro xomy Voc, dopm-dpakrop FF ta enexrpuunmii KK/ n emementy CIGS mns Mo/p-CIGS/p-
Si/In2S3/ ogHomepexinHoi cTpykTypH i-ZnO/Al-ZnO. Y mpoMy HOCITiIKEHHI MU BUSBICHO, IO MIBUAKICT PeKOMOIHAI1 BIIIMBAE Ha
e(eKTHBHICTH (HOTOCNEKTPUYHOrO ejleMeHTa. EHepris mpoMiXKy IIapiB HOIIMHAYA BIUIMBAE Ha €()EKTHBHICTH €IEMEHTA, TOMI SK
iami mapu (In2Ss3, ZnO, Al-ZnO) He MalOTh BEJUKOTO BIUIUBY HA IPOMYKTHUBHICTH COHSYHOTO €IEMEHTa, a 30LIbIICHHS! TOBIIUHH
[Iapy MOTJHHAYA Ma€ BEJIUKHI BIUIMB Ha ¢(eKTHBHICTh, 30UTBNIMBIIM HOro 0 meBHOI Mexi. Tormuna mapis CIGS, p-Si, In2Ss,
i-ZnO T1a Al ZnO wmae 6ytu nopsaky 0,3 mxm, 0,8 mxm, 0,05 mxm, 0,07 mkm Ta 0,1 MKM BiIIOBIZHO Ui TOCATHEHHS Kpariol
edexrusnocTi (31,42%).

Kuarouosi cinoBa: meopis ¢ynxyionany eycmunu (DFT); enepeisi 36'a3Ky; 20M0o-110M0O eHepeis; enepeis ¢pacmenmayii; MacHimHuii
MOMeHm





