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Abstract: This study presents the numerical simulation, optimization, preparation, and characteriza-
tion of Cu(In, Ga)Se; (CIGS) thin-film solar cells (TFSCs). Different cell parameters were investigated,
including Ga/(Ga+In) (GGI) ratios, the thicknesses of CIGS absorption layers, the fill factor (FF), the
open-circuit voltage (Voc), and the short-circuit current (Isc). The effects of the simulated parameters
on the power conversion efficiency (1) of each prototype CIGS cells were investigated. The optimal
GGl ratio was approximately 0.6. Using COMSOL Multiphysics software, a CIGS layer thickness
of 2 pm and an 1 of 17% was calculated, assuming constant operating temperatures. Moreover,
prototype CIGS solar cells with various compositions were prepared via a simple and cost-effective
method based on sol-gel, sonication, and spin-coating techniques. The microstructures and elec-
trical and optical properties of the CIGS-based solar cells were evaluated using current—voltage
(I-V) characteristics, scanning electron microscopy (SEM), X-ray diffraction, atomic force microscopy
(AFM), and UV-vis spectroscopy. The elemental compositions of the solar cell layers were evaluated
via energy-dispersive X-ray fluorescence (EDXRF). The obtained results were compared with the
experimental results. For example, in a prototype cell with a CIGS absorption layer thickness of 2 pm
and a GGI ratio of 0.6, the experimental value of 1 was about 15%. Our results revealed that the
agreement between the simulation results and the experimental findings for most of the simulated
parameters is quite good. These findings indicate that a non-destructive analysis based on EDXRF is
a versatile tool for evaluating CIGS solar cells in a very short time with excellent repeatability for
both layer composition and thickness.

Keywords: CIGS solar cells; simulation; elemental analysis; XRF; efficiency

1. Introduction

The microstructure and electrical and optical properties of solar cells have been ex-
tensively investigated, simulated, and optimized in order to prepare solar cells with fairly
high efficiencies. Among the materials used to manufacture absorbers for thin-film solar
cells (TFSCs), copper indium gallium selenide, Cu(In, Ga)Se; (CIGS), is known as one of
the most promising candidates. It exhibits high levels of performance due to its chemical
stability, high absorption, non-toxicity, carrier concentration, and good transport properties.
CIGS thin films have been extensively studied over the past five decades. Therefore, recent
findings in solar cell efficiency research have led to the conclusion that the further devel-
opment of CIGS solar cell technology is still possible. In this regard, many research teams
worldwide are still closely examining various types of preparation techniques in CIGS
thin-film technology [1-4]. It has been established that the power conversion efficiencies
(PCE) of CIGS-based solar cells are more than 11% at the module scale and 20% at the
lab scale. Limitations in this regard may be due to the abundance of indium (In), gallium
(Ga), and tellurium (Te), as well as the environmental issues associated with the toxicity
of its elemental components such as cadmium (Cd) and selenium (Se). Most recently, it
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was reported that In,Ga; _xN-based solar cells have significantly low levels of photovoltaic
efficiency. However, their superior resistance to irradiation damage makes them suitable for
applications in optoelectronic devices [5]. To improve the performance of these solar cells,
it is necessary to search for nontoxic and elementally abundant light-absorbing materials.
Moreover, solar cells based on quaternary compounds, such as CupZnSnS, (CZTS) and
CuyZnSnSey (CZTSe), are considered to be some of the most promising “next generation”
photovoltaic materials due to their near-optimum direct bandgap energy of 1.4~1.6 eV,
large absorption coefficient (>1O4 cm 1), non-toxic Zn and Sn, and theoretical power con-
version efficiency limit of 32.2%. Thus, in aiming to develop solar cells that are free from
environmental contaminants, CZTS is viewed as a potential candidate as an absorber for
the next generation of thin-film solar cells [6].

In recent years, among third-generation solar cells, perovskite solar cells are considered
the most promising. They exhibit a drastic jump in the PCE from 3.5% to 25.8%. CIGS solar
cells have a significant absorption coefficient and require a thickness of only a few microns
to absorb incident light sufficiently at a minimum cost. For example, CIGS has a relatively
high absorption coefficient (~10° cm ™! at 1.4 eV and higher), which can allow the thickness
(ranging from 0.5 pm to 2.0 pm) of the CIGS absorber layer to absorb more than 90% of the
total incident solar spectrum [7].

Based on its high degree of photo-absorption and Ga-content-based bandgap variation,
CIGS provides a high-performance absorber layer for TFSCs. In order to enhance the
potential applications of these cells on the industrial scale, cells with larger sizes and
better throughput have been produced to reduce cell-to-module losses. Additionally, the
thickness of a cell has been considered a key parameter in reducing material consumption
to develop cost-effective devices. For example, for CIGS cells, the thickness of the absorber
layer should be reduced from a few micrometers to less than one [8,9]. However, reducing
the thickness of the absorber layer results in less light absorption, more charge carrier
recombination at the back contact, and shunting problems [10-13].

Many studies (theoretical and experimental) have been conducted to obtain CIGS
solar cells with relatively high efficiencies. Structurally modifying crystalline and electronic
structures to tune their functionalities is considered an effective route for enhancing solar
cell performance [14-16]. Nevertheless, optimizing the material parameters and ratios of
CIGS cells is still a challenging task that can only be achieved via intensive systematical
and independent studies using various approaches.

Moreover, detailed experiments have been performed on evaluating the thickness
and elemental composition of TFSCs via EDXRF spectroscopy, which is a versatile, non-
destructive, non-vacuum, and fairly simple technique [17]. Recently, CIGS solar cells were
prepared using various deposition techniques, as reported by many researchers [1,18-20].

Among TFSCs, CIGS absorbers have received a significant amount of research interest
due to their direct bandgap, high absorption coefficient, and relatively high solar cell
efficiency. The CIGS layer is composed of chalcopyrite compounds from the group(I-1II-
VI)with a bandgap energy between 1.04 and 1.68 eV [21]. The CIGS layer can be deposited
via vacuum and non-vacuum methods [22-25].

In this work, COMSOL simulation and modeling were used to investigate the opti-
mum GGI ratio of 0.6 based on the simulation results of CIGS solar cells. Additionally,
an optimized thickness of 2 um was chosen from three different CIGS film thicknesses
(0.5 pm, 1 pm, and 2 pm). A simulation and an experimental study were also conducted to
show the impacts of the thickness and (Ga/Ga+In) GGI ratio of absorbent layers on the
photovoltaic cell parameters of CIGS solar cells. Furthermore, the microstructures and
elemental compositions of CIGS solar cells at all stages of the fabrication process were
validated using the non-destructive EDXRF testing technique. The results were compared
using various characterization techniques (such as SEM, AFM, and XRD), and the cells’
performance parameters were examined using the I-V characteristics.
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2. Simulation and Modeling:
2.1. Design Parameters, Structure, and COMSOL Simulation of a Typical CGIS Solar Cell Structure

Presented below in Figure 1 is a flow chart showcasing the major simulation stages,
which are as follows: the creation of cell design schematics and the setting of parameters,
mesh generation, the numerical simulation analysis of the carrier transport, and the optical
generation of a distribution map of the CIGS thin-film solar cells (made using COMSOL
multiphysics software, version 5.5.0.359). The optical generation rate across the cell struc-
ture, electric field profile, recombination rate, and their impact on device performance
were also simulated for this paper. To the best of our knowledge, for the first time, a 3D
analysis that involved solving the corresponding equations related to optical-electrical
coupling profiles for CIGS solar cells was introduced. Moreover, various cell structures
with different absorption layer thicknesses and GGI ratios were investigated and compared.
The optimum parameters were calculated, and their effect on the CIGS cell performance
was discussed.

—

Simulation Steps I—

Initial Structure

Parameters and
Variable Set

Mesh Generation

Geometry Change &
Boundary Conditions

Define proper COMSOI
(multi physics)

Module Solving
(1D, 2D, 3D)

Results
(J-V, Lfficiency, Generation
rate, etc.)

Figure 1. Flow chart representing the major simulation steps of evaluating CIGS performance.

2.2. Simulated CIGS Solar Cells Layers” Description

Figure 2 represents a schematic diagram of the prototype CIGS solar cell structure.

AZO ( 500 nm)
ZnO (50 nm)

CIGS (2 micron)

Mo (800 nm)

Figure 2. Schematic of the typical CGIS solar cell structure.
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The CGIS thin film used is a p-type semiconductor material that serves as an excellent
light absorber. In order to use CIGS for solar cells, it needs to be combined with other
materials to fabricate a p-n junction for contacting and passivation. On the top of a substrate,
a back contact is deposited. Molybdenum (Mo) is used as the back contact in the majority
of the CIGS solar cells. The CIGS absorber layer is deposited on the back contact using
co-evaporation, chemical deposition, spin-coating, and sputtering. CdS is the most widely
used as a buffer layer to facilitate the formation a good p-n junction. Furthermore, a
transparent conducting window layer composed of undoped ZnO is deposited on top
of the buffer layer. Finally, an aluminum (Al)-doped ZnO (AZO) layer, prepared via a
solvothermal method, is spin-coated on the undoped ZnO layer. The doping of ZnO with
Al offers several advantages, such as high transparency, excellent conductivity, non-toxicity,
and high mechanical/chemical stability. The AZO layer with high conductivity will be
used as the front contact for a CIGS solar cell module.

2.3. Multiphysics Simulation (Main Modeling Equations)
COMSOL Multiphysics Modules

The following modules were considered in the simulation:

(1) Electrical-coupled Poisson and current continuity equations added through a semi-
conductor module [26]:

V(VP) = —eoper

where €, is the relative permittivity, g is the vacuum permittivity, p is the charge
density, and @ is the electric potential.

(2) The optical module in which the photogeneration rate Gtot (obtained from the optical
module) is inserted into the semiconductor module as the generation rate.

The following photogeneration equation will be used to solve photo generation rate at
each wavelength (A):
e |E|2
G(A) =
(V) =—5
where ¢” and E are the imaginary part of the dielectric and the electric field distribution,
respectively, and 7 is reduced Planck constant. The photogeneration rate Gppoto is the

photogeneration for every wavelength under 100 mW /cm? sun irradiation. The photogen-
eration rates were assumed to be equal for both holes and electrons (i.e., Gn = Gp = Gtot).
A summary of the main parameters used in the simulation process is shown in Table 1.

Table 1. Main parameters for various layers used in the simulation process [27].

Material Property SLG Mo CIGS Cds ZnO AZO
Thickness d (nm) 500 250 2000 50 50 250
Optical bandgap (Eg (eV)) - - 1.2 24 33 3.6
Affinity xe (eV) - - 4.58 4.2 4.4 4.45
Relative Permittivity e, - 2.3207 13.6 9 9 9
Ezlfét)y of states (conduction band) N - 2 x 1017 2.2 x 1018 2.2 x 1018 2.2 x 1018
Ef;‘f;t)y of states (valence band Ny - - 15x 101 1.8 x 10 1.8 x 101 1.8 x 101
Acceptors concentration N (cm™3) - - 2 x 1018 - - -
Doner concentration (cm~3) Np (cm™3) - - - 1.1 x 1018 1 x 107 1 x 1020
Elect bility /Hol bilit

ecron mobtt y/Hole mobility un/up - 100/25 100/25 100/31 100/31
(cm*-v="-s77)
Electron velocity SNy (cm/s) 1 x 107 1 x 107
Hole velocity SPy (cm/s) 1 x 107 1 x 107
Metal work function ¢, (eV) 4.95 44
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2.4. Meshing the CIGS Solar Cell

There are many meshing options, settings, tools, and generators that can be used to
create an optimal mesh for cell geometry and analysis. For this work, a physics-controlled
mesh was chosen for the model cell. The mesh size used was fine enough to have no
influence on the derived parameters. A finer mesh was considered for the p-n junction and
at the interface of the metallic contacts.

3. Materials and Methods
3.1. Materials

Copper (II) nitrate trihydrate (Sigma-Aldrich, Burlington, MA, USA, p.a. 99-104%)
indium nitrate hydrate (Sigma-Aldrich, 99.9%), gallium nitrate hydrate (Sigma-Aldrich,
99.9%), NaBH4 /C,H50H, Se powder, Zinc nitrate hexahydrate, HMT, CdCl,, NH4Cl, SC
(NH3),, Zinc acetate dihydrate (Zn(CH3COO);-2H;0), Aluminum nitrate nonahydrate
(AI(NO3)3-9H,0), monoethanolamine (MEA).

3.2. Fabrication of the CIGS-Based Solar Cells

The fabrication of the CIGS-based thin-film solar cells includes the following main
steps (all steps were conducted in a controlled environment under a nitrogen atmosphere
using a glove box):

Se powder was dissolved in two beakers containing a NaBH,4 /C,H5OH solution to
form a Se precursor solution. Then, the two colloidal solutions of gallium nitrate hydrate
and indium nitrate hydrate were mixed, followed by the addition of copper (II) nitrate
trihydrate. The resulting colloidal solution was sonicated for 2 h at room temperature. The
black precipitate of the Cu-In-Ga-Se was dissolved in 1 mL of methanol and toluene. Then,
the mixture was centrifuged at 300 rpm for 10 min and dried at 70 °C for 5 h in a drying
oven.

The absorber layer of the solar cell was prepared using the spin coating method.
The advantage of this cost-effective method is its ability to quickly and easily produce
uniform films that range from a few nanometers to a few microns in thickness. The coating
procedure includes deposition, spin-up, spin-off, and evaporation. The substrate is coated
by depositing a solution that is rotated at high speeds using centrifugal force. The volatile
solvent easily evaporates, meaning that the thickness of the desired film depends on the
concentration of the solution, the solvent, and the spin speeds.

Furthermore, the formed ink-like Cu-In-Ga-Se suspension was rinsed with distilled
water and ethanol and spin-coated several times at 4000 rpm for 30 s onto a clean molybde-
num (Mo)-coated soda lime glass (SLG) substrate to produce a thin film. The resulting film
was dried at 150 °C for 30 min and annealed at 350 °C for 2 h. A very thin CdS buffer layer
was deposited on the CIGS film via chemical bath deposition (CBD). To form an insulating
layer (i-ZnO), the prepared ZnO NPs were deposited by spin coating on top of the CdS
buffer layer to form the (SLG/Mo/GIGS/CdS/i-ZnO) structure. To test the efficiency of
the assembled solar cells, an Al-doped ZnO (AZO) oxide layer was deployed on the top of
the cell using spin coating. Finally, a grid pattern (Al/Ni) was designed by a mask aligner
and coated as the top layer of the cell. The dimensions of the prototype solar cells were
measured to be 100 x 100 mm?. A schematic diagram illustrating the major cell fabrication
steps is illustrated in Figure 3.
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Figure 3. A schematic diagram of the major steps of the CIGS solar cell fabrication processes.

4. Results and Discussions

4.1. Simulated Prototype CIGS Cell (Structure, Electric Field, Electric Potential, Hole and Electron
Concentration)

The CIGS thin-film solar cell was modeled using COMSOL Multiphysics. Figure 4a
shows the cell structure. Coupled optical and electrical simulations were conducted to
assess the photo absorption, carrier photo generation, carrier collection, and efficiency
calculations of this prototype cell. For this purpose, two multi-physics modules were
coupled: the electromagnetic waves (frequency domain) and the semiconductor modules.

A
WA

|

AL-Ni 500 nm

0

AZO 250 nm

Zno 50 nm
Cds 50 nm

Y v/

N
N
S
N
N
N
N
N
N

CIGS 2 pm

S
S
S
N
S
N

N
N
N
N
N

Mo 250 nm

.- H
SLG 500 nm V.

(a) (b)
Figure 4. (a) Schematic of the geometry for the simulated CIGS solar cell in 3D; (b) meshed structure.

The electromagnetic waves and semiconductor modules were coupled in the simulations.
These modules were used to calculate the total photo generation (Gyot) in order to solve the
current continuity. The proposed dimensions of the cell were 250 nm x 250 nm x 3600 nm,
and it was assumed that the cell is operating at room temperature with no thermal fluctua-
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tions. The cell layer properties were obtained from the COMSOL Multiphysics libraries
and other available literature databases (summarized in Tables 1 and 2).

The quality of the mesh can be interpreted based on different parameters, such as
skewness, angle, and volume. In this work, the skewness quality metric was taken into
account, and its values ranged between 0 and 1.

Figure 5a,b illustrates the simulation results for the distribution of the electric field
and the electric potential through the cell at a Voc voltage of 0.6 V. As can be seen in the
figure, the electric field distribution gradually varies from a less intensive density at the
bottom to a higher intensity at the top layer.

(a) (b) (c) (d)

Figure 5. (a) Electric Field distribution across the device structure; (b) electric potential distribution
across the device at 0.6 V; (c) electron concentration; (d) hole concentration across the cell structure.
The density bar is a Log scale.

The electron and hole concentrations across the cell structure are represented in
Figure 5c,d. As expected, the calculated electron concentration (Figure 5c) is highest
through the Mo-coated conducting layer and lowest at the top layer. On the contrary,
the hole profile exhibits a higher concentration in the top layer (Figure 5d) and a lower
concentration in the Mo-coated layer.

4.2. Simulated I-V and P-V Characteristics for Prototype CIGS Solar Cell

Figure 6 shows simulated and typical I-V and P-V curves while indicating solar cell
output parameters. The short-circuit current, Isc, is the maximum current at zero voltage.
Open-circuit voltage, Vo, is the maximum voltage at zero current. The fill factor (FF)
is defined as FF = Vyplmp/ Voclse = (Pmp/Voclsc), where Pyp is the maximum power
output at the optimal operating condition and is defined as Pyip = Vimplmp. However,
the energy-converging efficiency 1 is given by n = Pmp/Pin = Vo, Isc, FF)/Pin, where
Pi, represents the power of the incident light. The I-V measurement is conducted at an
irradiance of 100 mW/cm? and a temperature of 25 °C and by using the standard global
AM 1.5 spectrum.

The external quantum efficiency (EQE) is defined as the number of electron-hole
pairs generated per incident photon in the solar cell when tested with an external cir-
cuit. The short-circuit current density can be calculated from the EQE measurement as
Jsc = [;” EQE(A)®(A)dA, where @ is the photon flux at the AM 1.5 spectrum.

A comparison of the J-V characteristic and external quantum efficiency (QE) curves of
solar cells with absorber layers of various thicknesses is shown in Figure 7. Cell parameters
Voo, Ise, FE, and 1 were measured and compared to the simulated parameters (Figure 7a).
This was carried out for prototype cells with varying thicknesses. Cells with a CIGS
absorption layer thickness of 2 pym and a GGI ratio of 0.6 exhibit the highest Jsc value
(31.69 mA/cm?). Moreover, it was found that the performance of the CIGS solar cells is
thickness-dependent and has a considerable change in both n and EQE. The enhancement in
current density ] is attributed to the increase in the absorption of photons in the wavelength
region above 600 nm, as evidenced by the EQE curve in Figure 7b. A reasonable explanation
for the increase in photon absorption is the lower values of the energy gap Eg of 1.18 eV
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in the CIGS absorber layer of thickness of 2um in comparison to the cell with a uniform
absorber energy gap of 1.12 eV and a thickness of 0.5 um. These observations are in quite
good agreement with the fact that the thickness of the absorber layer is considered a crucial
parameter for the bandgap grading of the absorber layer.

Giobal: Power (mW) Giobak Terminatcurrent (ma) [}

IV curve Vi Ivp

-3

&
@B
o

2 2 \The short circuit current, I,

F(ma)

Power from
the solar cell
P=Vxl

-
Current, Power

) 0.1 02

The open circuit voltage, Vo

04 05 0.6

03
VO (V) voc

v

Current-voltage,, Power—voltage characteristics of the simulated CIGS cell. VOItage

(a) (b)

Voc

Figure 6. (a) Simulated current-voltage and power—voltage characteristics of the simulated CIGS cell;
(b) typical IV and P-V characteristics for a solar cell. The main output parameters are also indicated.
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Figure 7. Simulated J-V characteristics (a) and external quantum efficiency (EQE) spectra (b) of the
CIGS solar cells with thicknesses of 0.5, 1.0, and 2.0 um and a GGI ratio of 0.6.

Figure 7b shows the EQE curves of CIGS solar cells with typical absorber thicknesses
of 2.0 um), 1.0 um, and 0.5 pm. The EQE measurement area was a spot with a surface area
of 100 mm?.

It can be seen that, while the bandgaps of all absorber layers are almost identical in the
wavelength region from 400 to 475 nm, the cell with a 0.5 pm absorber have considerable
losses compared to the 2.0 pum cell. Figure 7b also revealed a shift in the EQE in the
wavelength ranges from 475 to 1100 nm. However, no considerable shift was observed in
the low wavelength range between 400 and 540 nm, which may be related to the presence
of the CdS bulffer layer and indicate that the simulation parameters of the CdS buffer layer
play a crucial role in optimizing the cell parameters. Moreover, the clear change in the
optoelectronic properties between 540 and 1100 nm should be related to the characteristics
of the CIGS absorption layer. The maximum EQE of the CIGS solar cells (CIGS-0.5, CIGS-
1.0, and CIGS-2.0) at GGI ratios of 0.6 were about 62%, 70%, and 72%, respectively. The
CIGS-2.0 has the highest EQE (about 72%), indicating reasonably good carrier generation
and collection in the p-n junction. However, it is worth noting that the EQE simulated
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(mA/cm?)

J

sC

spectra also display other peaks with high EQE for the CIGS-2.0 cell in the 700-1100 nm
wavelength region, suggesting its superior charge carrier separation ability compared to
solar cells with smaller GIGS layer thicknesses. This reveals that the EQE is dependent on
the optical bandgap of the absorber layer in the long-wavelength region.

Table 2 below displays the performance parameters of all the cells investigated in the
simulation. The optimal thickness values, Jsc, Voc, FF (%), Eg, and 1 (with an optimal GGI
ratio of 0.6) of the CIGS layers were determined through solar cell simulation, which, in
turn, provides the highest performance. Our simulation results are shown in Table 2.

Table 2. Calculated parameters for the CIGS-based solar cells.

Sample Thick (um) Jsc mA/cm?)  Vgc (mV) FF (%) 1 (%) Eg (eV)
CIGS-0.5 0.5 23.28 0.63 77.50 15.0 1.12
CIGS-1.0 1.0 27.11 0.62 78.43 17.0 1.13
CIGS-2.0 2.0 31.69 0.61 79.46 17.4 1.18

Based on the simulated parameters listed in Tables 2 and 3 and plotted in Figure 8, we
predicted the optimal main cell parameters of the CIGS solar cells. The obtained results
show that our optimization allowed us to obtain an efficiency of 17.4% (for cells with a
thickness of 2.0 um), a 2.4% improvement compared to the reference one with a thickness
of 0.5 pm. In this regard, the first lab performance tests conducted with this prototype cell
showed reasonable level of agreement with the simulations. However, it should be noted
that the tested cells did not match exactly with the simulated efficiencies. More details
about the experimental tests will be provided in the next section.

32 80
i i 79.5
30 ——0.5um
——
1.0 um 79
——2.0 um
28 H H
{ i s
//./‘—'—"’_' S 785
r
26
78
24 775 // e
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Figure 8. Cont.
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Figure 8. Simulated CIGS solar cell performance parameters—(a) Jsc, (b) FF (%), (c) Voc, and (d)
(%)—versus GGI ratios for cells with different CIGS layer thicknesses.

4.3. Optical Properties of the CIGS Absorption Layer

The optical bandgap (Eg) is calculated from the UV-vis absorption spectrum for the
cells of various thicknesses in the CIGS absorption layers. In order to calculate the optical
bandgap energy (Eg) of each, the following equation can be used: ahv = Ax(hv — Eg)l/ 2,
Here, Ax is a constant that depends on the transition nature, the effective mass, and
the reflective index, while hv is the incident photon energy. The Eg is determined by
extrapolating the slope of the («hv)? versus the photon energy curve, as shown in Figure 9a.
The bandgaps for the best sample, CIGS-2.0 (with a thickness of 2 um), were calculated and
found to be about 1.18 eV. It is believed that the bandgap energies of the CIGS absorption
layers increase with an increase in layer thickness and GGI ratio. Our experimental results
revealed that the variation in bandgap energies can be attributed to the variation in GGI
ratios. In this study, the optimum GGI ratio obtained from the simulation was 0.6, which
was used for all tested cells.

The typical structure and a typical energy band diagram of a CIGS solar cell are shown
in Figure 9b. In our case, the bandgap was studied only for one value of the GGI ratio, 0.6,
which corresponds to an energy gap of about 1.18 eV. However, for a better understanding
of the gap grading behavior, one should take into account the consequences of an additional
electric field originating from bandgap grading. For example, a numerical investigation
was carried out by Belghachi et al. [8] on the variation in the absorber bandgap of a CIGS
solar cell using a one-dimensional simulator called SCAPS. From their simulation results,
it was found that the efficiency can be considerably enhanced if the absorber bandgap is
around 1.48 eV, which perfectly matches the solar spectrum and yields an efficiency of
about 22.95%. Moreover, they reported a simulation of the linear variation in Ga content
with the absorber thickness for both front and back contact. In our results, we did not
consider the effect of bandgap grading and thermal fluctuations in the simulation of the
absorber layer. Our calculations are based on the optimal GGI ratio only and are not based
on the optimal ban gap calculations, even though we believe that these parameters have a
non-negligible effect on cell efficiency. Additionally, the highly resistive i-ZnO film also
plays an important role in achieving high-efficiency CIGS solar cells while working as a
shield to protect the CdS/CIGS junction from damage during the spin-coating process of
the highly conductive AZO layer. Moreover, the optimal i-ZnO thickness plays a vital role
in determining the open-circuit voltage (Vo) and fill factor (FF) as it directly affects the
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reduction in the shunt paths. Furthermore, an i-ZnO layer facilitates the passage of the
electron generated from the CIGS absorber layer to the Mo-coated front contact.
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Figure 9. (a) Optical bandgap; (b)typical energy band diagram of CIGS-2.0 absorption layers.

4.4. Microstructure of CIGS Solar Cell Structure
4.4.1. X-ray-Diffraction (XRD)

The crystal structure of the CIGS layer was characterized via X-ray diffraction (XRD)
using a powder diffractometer. The wavelength of the incident radiation was A = 1.5406 A
(CuKo).

Figure 10 depicts the representative X-ray diffraction pattern of the CIGS thin film
coated on the Mo substrate. Based on the simulation results, the GGI ratio of the CIGS
absorption layer was 0.6, with a thickness of 2 um. All of the CIGS films have chalcopyrite
phases with the following major diffraction peaks: (112), (220)/(204), and (312)/(116). The
sharp diffraction peak (112) at 20 = 26.95° is the strongest. This shows that the CIGS films
are polycrystalline and oriented along the (112) direction, which is parallel to the substrate.
The major sharp peak can be observed, which corresponds to the diffraction of the (112)
plane of the chalcopyrite structure CIGS (JCPDS NO.: 35-1102). The other diffraction angles
located at 44.8° and 53.3° correspond to the (220)/(204) plane and the (312)/(116) plane,
respectively. The intensities of these two peaks are relatively low compared to the (112)
plane, indicating the preferential orientation of the (112) plane. However, these orientations
enable the formation of higher-quality p-n junctions due to the higher diffusivity of the Cd
atoms in the (220)/(204)-oriented layers. The grain size was calculated using the Debye-
Scherrer equation based on the full width at half maximum (FWHM) obtained from the
highest intensity peak (112), and it was found to be about 65 nm. The XRD patterns do not
show any complex peaks, indicating that the single-stage annealing process may result in
acceptable chalcopyrite structures in CIGS thin films. In addition, a sharp peak (110) and a
small peak (100) were observed for the Mo layer and the MoSe, phase, respectively. This
indicates that there are no secondary or impurity phases with different lattice parameters
in the CIGS films, and this was subsequently further confirmed by EDXRF measurements.
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Figure 10. XRD pattern of the CIGS layer on the Mo substrate XRD pattern of the CIGS film from the
precursor with a Ga/(In+Ga) ratio of 0.6 deposited on a Mo-coated SLG substrate. Mo and MoSe;
peaks were also indexed.

4.4.2. Scanning Electron Microscopy (SEM)

Figure 11 shows the microstructure of the prototype CIGS-2.0 sample with a GGI ratio
of 0.6.

The thickness of the whole cell is about 4 um (Figure 11a), while the thickness of the
CIGS absorption layer is about 2 um (Figure 11b). The top surface of the cell is the AZO
layer showing the grain homogeneous distribution through the whole surface. The trenches
of the deposited (Ni-Al) grids can be easily seen on top of the AZO layer (Figure 11a).

Figure 11. Cont.
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Figure 11. (a) SEM image showing the microstructure of the top surface of the cell; (b) cross-sectional
SEM image of a CIGS solar cell; (c) 2D AFM image on top of the surface; (d) the roughness curve of
the top (Ni-Al) contact.

4.4.3. Atomic Force Microscopy (AFM)

As can be seen from the SEM images (Figure 11a,b), randomly oriented semi-spherical
particles were observed with a tendency for texturing in various places in the surface
of the top layer. This texturing will help increase light absorption and thus minimize
light reflection, which is a critical parameter for cell power conversion efficiency. A cross-
sectional image of the cell without the top contact is shown in Figure 11b. AFM images
and the surface roughness curve of the prototype CIGS-2.0 sample structures are shown in
Figure 3c,d. The CIGS granular structures consist of spherical or semi-spherical-shaped
grains. The roughness curve shown was taken across the Ni-Al top contact, which has a
roughness of about 5 um. The grains on the top AZO surface have a homogenous and
well-distributed morphology and an estimated root mean square roughness (RMS) of about
100 nm, while the estimated values of the average particle size were about 54 nm. The
results obtained via SEM that pertain to the average grain size, texturing, and roughness
are in good agreement with those estimated from XRD and AFM tests.

4.4.4. EDXRF Spectrum of a Complete CIGS Solar Cell Structure

To evaluate the elemental composition and thickness of the tested prototype solar cells,
three different thicknesses of the CIGS absorber layer were used for this study. The exact
thicknesses may vary from the targeted simulated values of 2 um, 1.1 um, and 0.6 nm,
which were measured using EDXRF.

The EDXRF parameters are tabulated in Table 3. Since the glass substrate does not
contain any elements that enhance the effects on the CIGS elements and Mo, its effect can
be discarded. The stack to model essentially consists of a Mo layer with a normalized major
Mo-kal peak with 100% intensity, as well as other indexed (In, Ga, Cu, and Se) kal peaks
with varying relative intensities (see Figure 12). The repeatability of the instrument/method
was tested by analyzing all cells three times. At a relative error of less than 0.5%, the
repeatability of the layer thickness determination was quite good. Relative errors in the
concentrations were below 1% for all elements in the cells. We noticed that increasing the
measurement time of the 30 kV excitation condition up to 3 min decreased the relative
standard deviation values to below 1%. These findings can prove that a non-destructive
analysis based on EDXREF is a versatile tool for evaluating the microstructure of CIGS
solar cells. Total measurement times of less than 3 min of live time allowed for excellent
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repeatability values, both for the layer composition and thickness. It is worth noting that
the GGI values were almost the same for all of the tested samples, i.e., very close to the
optimum ratio of about 0.6 obtained in the simulation.
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Figure 12. EDXRF pattern for CIGS-2.0 solar cell absorption layer on Mo substrate.

Table 3. The operation parameters of the CIGS absorption layer based on EDXRF.

Sample Thickness (um)  Cu (%) In (%) Ga (%) Se (%) Mo (%) GGI Ratio
CIGS-05  0.595 21.94 13.35 17.67 47.03 100 0.570
CIGS-1.0 1.015 22.56 13.43 16.99 47.01 100 0.559
CIGS-2.0 2.035 21.87 13.40 17.62 47.10 100 0.568

4.5. I-V Measurements of the CIGS Solar Cell Output Parameters

The electrical modeling of photovoltaic solar cells is important for calculating the
electrical performance of devices. Solar cell output parameters, such as I-V measurements,
were performed to characterize solar cells.

Figure 13 depicts a comparison of the experimental and simulated J-V curves for
the prototype cell (CIGS-2.0) at room temperature and a sun simulator power (Pin of
1000 W/m?). Detailed experimental parameters for other cells with different thicknesses
are not shown here since our study focused on prototype cells with optimum simulated
parameters, specifically with a thickness of 2 um. However, one can compare the simulated
parameters for this prototype cell using the experimental results, and Table 4 summarizes
these results for the CIGS-2.0 solar cell.

Figure 13 illustrates the experimental J-V curves of the best-performing CIGS solar
cell (CIGS-2.0), the one with a thickness of 2 pm and a GIG ratio of 0.6, compared with the
simulation results (dotted line). Both the experimental and simulation measurements were
performed under AM 1.5 G illumination (1000 W/ m?). The open-circuit voltage (Vo) is
almost invariant, whereas both the Js. and 1 of the CIGS-2.0 solar cell are suppressed by 6%
and 0.5%, respectively, compared to those of the simulated CIGS-2.0 solar cell. Moreover,
the simulated and experimental results (at room temperature) shown in Table 4 reveal
that there is little change in the shunt resistance (Rspy) and the series resistance (Rg) for the
same studied cells. The value of the ideality parameter, n, which gives an indication of
how closely the solar cell follows ideal p-n junction behavior and provides information
regarding the charge transport and recombination process, was also calculated [28]. In our
case, the n value was about 2, meaning that the cell currents were probably dominated by
the charge generation and recombination process.
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Table 4. Summary of the simulated and experimental results for CIGS-2.0 solar cell (at room tempera-

ture).
Thickness GGI JSC o, o RSH RS
(um) Ratio (mA/cm?) Voc (V) FECR)  m(e) () (g M
CIGS-2.0 Simulated 2 um 0.6 31.69 0.61 79.46 17.4 800.0 6.0 2
CIGS-2.0 Experimental ~ 2.035 pm 0.586 29.07 0.63 70.21 15.1 792.3 53 1.85
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Figure 13. Comparison between simulated and experimental results for a CIGS solar cell with a
thickness of 2 um and a GIG ratio of 0.6.

Shamim et al. [29] reported that the efficiency increases with the thickness of the
absorber layer. They also report a reduction in the recombination probability of the photon-
generated carriers at the back contact with an increase in thickness. An efficiency of 19.75%
for the ZnO: Al/i-ZnO/CdS/CIGS system was reached. In one study [30], a CIGS solar
cell was prepared using a vacuum deposition technique. A power conversion efficiency of
4.3% was obtained when cupric selenide nanoparticles were present, while a significantly
lower efficiency was observed in the absence of these nanoparticles. In another study [31],
a power conversion efficiency of 15.82% was obtained, while Jiang et al. [32] reported
a maximum power conversion efficiency of 15.2% for CIGS solar cells. These reported
efficiency results are quite comparable to the results reported in Figure 13 for a CIGS
solar cell with an optimum thickness of about 2um. The small deviation in efficiency may
be related to the calculation of the effective cell area and the thermal fluctuations in the
operating temperature.

Moreover, Li et al. [33] recorded a champion efficiency of 17.5% for CdTe TFSCs,
and L. E. Tinedert et al. [34] obtained an efficiency of 24.35% for a numerically modeled
CdTe solar cell. In a specific study, S. M. Youn et al. [35] utilized a p-NiO layer in a CIGS
solar cell and revealed a conversion efficiency of 16.35%. Whereas Ziabari et al. [36] used
spherical Au nanoparticles in a CIGS solar cell and recorded a conversion efficiency of
19.01%. However, M. Boubakeur et al. [37] theoretically demonstrated a CIGS solar cell
and obtained an efficiency of 21.08%. In a recent detailed study, A. Duchatele et al. [38]
investigated CIGS absorbers with three thicknesses (2 um, 0.7 pm, and 0.37 um). In
this study, it was shown that, despite the decreasing thickness, the performance of the
CIGS electrodeposited solar cells was improved due to an increase in the Ga content
of the absorber. In fact, optimizing the GGI ratio through the film thickness (bandgap
grading) has long been a topic discussed in relation to improving high-efficiency CIGS
solar cells [39-44]. These reported theoretical results are higher than the simulation and
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experimental results summarized in Tables 2 and 3, even though the thickness and GGI
values are in the same range. This suggests that conducting a much more detailed study on
the effect of the Ga content in the CIGS layer and its homogeneous distribution through
the whole layer thickness may be worthwhile. It is worth noting that one of the major
efficiency losses in CIGS cells is the inhomogeneities, defects, and texturing of the various
cell layers of the microstructures, as reported in the SEM, XRD, EDXRF, and AFM results.
For example, EDXRF has proved to be a good tool for obtaining the optimum thickness of
the absorber layer thickness and In and Ga content (see Table 3 and Figure 12). It has been
well established that energy gap change due to inhomogeneous (In and Ga) concentrations
at grain boundaries has a direct effect on the voltage difference across these grains and,
consequently, a direct effect on the efficiency, especially for cells at the industrial scale.

5. Conclusions

In summary, in the present study, we described the simulation, preparation, and
characterization of CIGS-based thin-film solar cells. The main cell’s parameters were calcu-
lated using COMSOL Multiphysics software through a 3D analysis by implementing the
corresponding equations related to optical-electrical coupling profiles. The effect of the
GGl ratio and absorber layer thickness on the fill factor, Voc, Jsc, and the power conversion
efficiency of the solar cells was investigated both experimentally and theoretically. Accord-
ing to our simulation results, the optimal GGI ratio was 0.6, while the optimal absorber
layer thickness was 2 um, and the optimal power conversion efficiency (1) was found to
be about 17%. However, our experimental results for cells fabricated with the same set of
simulation parameters revealed an efficiency of about 15%. Based on the EDXRF results
and the good agreement between our experimental and simulation results, we suggest
that these versatile tools can be used to measure the thickness and GGl ratio in a simple,
non-destructive, and precise manner. Moreover, the valuation method can provide insights
into and a better understanding of the working mechanism and design of solar devices
with similar properties and larger scales.
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