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This paper introduces a novel design of a thin-film solar cell based on CZTS and ZnO composite materials
with the help of ITO as the front contact layer. This study primarily focuses on how the cells’ optical
absorbance at visible wavelengths can be improved. COMSOL Multiphysics is employed as a powerful
tool for the investigation of the numerical simulation. The numerical findings showed that the optimum
thicknesses of the ITO and ZnO are 80 and 350 nm, respectively. In this regard, with a normal incidence,
a wide range of incoming light wavelengths from 450 nm to 800 nm might result in optical absorption
of the examined cell of above 0.9. However, this value decreased significantly to reach less than 0.75
when the angle of incidence increased to 50°. To minimize this reduction, on the top surface of the cell,

a texture-designed anti-reflective coating designed from a single period of well-known one-dimensional
Received 26th July 2023 hotonic crystals is deposited. The findings d trated that the cell's absorption at Lincid
Accepted 21st October 2023 photonic crystals is deposited. The findings demonstrated that the cell's absorption at normal incidence

could reach over 0.96 through the overall incident wavelengths. Therefore, CZTS/ZnO thin-film solar

DOI: 10.1039/d3ra05056d cells with an anti-reflecting coating of texturing configuration showed enormous potential for

rsc.li/rsc-advances manufacturing effective solar cells.
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1. Introduction

In recent decades, economically advantageous methods of
providing clean and carbon-neutral energy are envisioned to
include the use of solar systems that are more widely available.*
Nonetheless, improving solar cell efficiency and making
affordable photovoltaic panels seem to be of utmost impor-
tance."* Although the c-Si-based technique provides a greater
efficiency value of 26.6%, it has several weaknesses, the most
notable of which is the high manufacturing cost owing to its
processing stages, including purification and crystallization.>?
Organic/inorganic, perovskite and dye-sensitized designs
continue to be the basis for cost-effective solutions, which suffer
from low conversion efficiency and dependability.>” In contrast,
thin-film chalcogenide Culn,Gaj_ySe, (CGIS) solar cells are
favorable because of their high stability and excellent efficiency
of 22%.57 However, the use of hazardous or rare metals, such as
gallium, germanium, indium, and cadmium in CGIS-based
solar cells might make it difficult to achieve high efficiency/
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cost ratios. Accordingly, kesterite Cu,ZnSnS, (CZTS) materials
have the potential to be used for solar cell improvement because
they are affordable, non-toxic, and exhibit unique optical
features.®™'°

A semiconductor compound named CZTS is fabricated from
elements, such as copper, tin, zinc, and sulfur, all of which are
currently available and, they are not environmentally hazardous
within the utilized levels compared to In and Ga in CIGS."
Quaternary compounds, such as CZTS and Cu,ZnSnSe,
(CZTSe), are among the most promising ‘next generation’
photovoltaic materials, which received a lot of attention owing
to their direct band gap energy between 1.4 and 1.6 eV, which is
near the ideal band gap. In addition, its high absorption coef-
ficient (>10* cm™ ") and theoretically limited power conversion
efficiency of 32.2% make it appropriate for optoelectronic
uses.'>** Despite being a relatively new material with a direct
optical tunable bandgap of 1.52 eV, CZTS is a significant
chalcogenide p-type semiconducting material that exists natu-
rally. Meanwhile, CZTS as an absorbing material provides
significant contributions through the next-generation solar
cells.” Therefore, the inclusion of CZTS through solar cells
technology may be effective towards high efficiency and low cost
solar cells.

By using thin-film technology, solar cell development is
progressively advancing towards achieving affordable and effi-
cient solar cells. To achieve this goal, the CZTS-based tech-
nology has received considerable interest owing to its efficiency,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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which is reported to be 9.5%, 12.6%, and 11.2% for standard
CZTS structures, Se-alloying kesterite designs, and CZCTS solar
cells using Cd-containing materials.'**® The CZTS solar cells’
power efficiency is significantly lower than that of CIGS thin
film solar cells (22%).*>*° This low efficiency is attributed to the
short lifetime of the minority carrier and the great resistance,
which originates from the contact barrier due to the creation of
MoS, at the interface between the back contact of Mo and the
absorbing layer of CZTS.*** The following sections examine the
reflection spectrum from the top surface of the front contact
(ITO), which is due to the big dielectric difference between ITO
with refractive index (2.84-2.88) and the starting medium (air).>*
Accordingly, this study aims to limit the reflectivity of the cell by
using a simple and low-cost anti-reflecting coating (ARC). It is
believed that new and artificial structures, i.e., photonic crystals
(PCs), can fulfill this purpose.

PCs can be divided into three different categories, including
one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) PCs. The structures of the artificially
produced 1D-PCs are inhomogeneous with periodic variations
in the refractive index in 1D and consistent in other
dimensions.>**” In general, PC structures have a superior ability
to confine or tame the localization of the incident photons in
a variety of ways according to the geometrical and optical
characteristics of their constituent materials.”®* 1D-PCs are
widespread in various applications owing to their simplicity of
manufacture, low cost, and excellent control over the localiza-
tion of electromagnetic waves. Therefore, they are utilized in
waveguides,** sensors,** improved optical devices, and water
desalination.** 1D-PCs may also be crucial for increasing solar
cell efficiency.**¢

In this regard, PC structures are widely considered through
the improvements in the optical properties of solar cells and
their efficiencies. For this purpose, 1D, 2D and quasiperiodic
PCs can significantly contribute to improving solar cell
efficiencies.’”* In this context, a 2D quasiperiodic PC structure
is introduced by Hongjun et al. to improve the optical absorp-
tion of thin film silicon solar cells.*” The thin film silicon solar
cell is sandwiched between an antireflecting coating (ARC) from
a 2D PC design (cylindrical rods of Si3N, in a hosting medium of
SiO,) and a back reflector from quadrangular pyramids of ZnO
on a substrate of Ag. Remarkably, the cell's optical absorption is
improved to reach 0.92 through visible wavelengths. Moreover,
the inclusion of a 1D PC design as a back mirror has led to
a significant effect on the optical absorption of amorphous
silicon solar cells.* Particularly, the fabricated structure by
Soman et al. provides a reflectivity of 0.97 through the wave-
lengths from 580 nm to 1200 nm.*® Furthermore, 2D PC designs
are introduced by Peres et al. to improve light trapping through
organic solar cells.** Also, Elsayed et al. introduced simple
designs of a 1D quadrant PC and a 1D binary PC to act as an ARC
and back mirror, respectively for an amorphous silicon solar
cell.* The cell absorption increased to more than 0.9 in the
wavelength domain from 350 nm to 640 nm. Significant
decrements in cell absorption are investigated with the change
in the angle of incidence. The above-mentioned designed and
fabricated structures demonstrate a significant effect of PC
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designs in improving the optical absorption of different types of
solar cells. However, the need for simple designs compared to
complex structures of 2D and quasiperiodic PCs is essential to
avoid the complexity through fabrication despite the excellent
response to the optical properties of the solar cells. It is believed
that the reduction of the cell absorption dissipation with the
change in the angle of incidence could be crucial in improving
cell efficiency. Notably, the angle of incidence changes along the
day hours. The focus of this communication is to improve the
absorption of CZTS/ZnO thin film solar cells in the vicinity of
a simple design for the manufacturing procedure, as well as the
reduction of optical absorption dissipation.

In this study, the focus is on the reduction of optical
absorption dissipation versus the increase in the angle of inci-
dence. In particular, the angle of incidence for the interacting
electromagnetic waves changes along the day's hours. In this
regard, our idea is mainly depending on the role of the optical
path length of the incident radiation in improving the cell's
absorption. Notably, the increase in the optical path of the
incident electromagnetic waves inside the active area of the
thin-film solar cell could lead to a significant increase in optical
generation rate of the electron-hole pairs. As a result, the
optical absorption of the cell is expected to increase. Mean-
while, the inclusion of an ARC from a simple design of the 1D-
PC on the top surface of the solar cell could be effective.
However, the cell's absorption values are drastically reduced
when the incidence angle is changed from an ordinary scenario
to an oblique one.” Hence, the advantages of using 1D-PCs with
a simple design as an ARC may be outweighed by those of using
a texturing surface. Therefore, this study aims to overcome the
cell's decreased absorbance at oblique incidence by modifying
the morphology of the upper surface of the cell via texturing the
surface in a pyramid shape. Notably, the texturing of the upper
surface in a pyramid shape grants the reflected photons many
opportunities to be absorbed inside the cell's active area. Thus,
this strategy may boost the absorbance likelihood.

2. Modeling and simulation

In this section, the structure and boundary conditions of CZTS/
ZnO thin-film solar cells with various ARC shapes are illus-
trated. By using the COMSOL multiphysics modeling process,
which utilizes the finite element method (FEM), 1D-PCs are
explored using the transfer matrix method (TMM). Here, wave
optics and semiconductor modules, as shown in eqn (1),
produce the absorption properties in the presence of ARC for
CZTS/ZnO solar cells. Finally, by resolving the continuity and
Poisson equations, electron-hole pair creation rates that are
close to these modules can be studied.**

AQ) =1 — T()—R() (1)

Since 7(A) represents the transmittance of the structure, and
R(}) denotes the reflectance of the structure. The electrostatic
potential (¥), electron (N), and hole (P) concentrations in
(em ™), all of which can be calculated by solving continuity
equations (eqn (3) and (4)) and Poisson (eqn (2))** as follows:
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V(e V%) = —x (2)
N:JG(V~Jﬂ)—Mﬂ)dl 3)
P- J G{ (V-dy) — Mh)dt )

Since, J,,, and J;, are the current densities of electrons and holes,
respectively, where ¢ represents the thickness of the cell. Also,
M, is the difference between recombination and generation
rates of electrons, given by eqn (6), and My, is the difference
between recombination and generation rates of holes, given by
eqn (7) as follows:

X =¢q(N — P+ Ny — Np) (5)
M, = recombinatongjeciron — geNerationgiectron (6)
M, = recombinatony,g. — generationye (7)

Thus, the heterojunction between the n-type ZnO buffer and
the p-type CZTS absorber, as shown in Fig. 1, is considered the
active area of the cell.

Fig. 1 depicts the usual composition of CZTS thin-film solar
cells, which is comparable to that of CIGS devices. The inves-
tigated design is considered to be a chalcogenide thin film of
P-N heterojunction. The heterojunction is produced at the p-
type CZTS absorber (dczrs) and n-type ZnO buffer layer (dzno)
interfaces. Moreover, the front finger contacts can be designed
at the top of the solar cell using an Indian tin oxide (ITO) film

Incident photons

—

Anti-reflection

coating SigNy
Tio,
Front contact ITO

Zn0 Output

Power

Active area
CZTS

Molybdenum (Mo)

Back contact

Fig. 1 The thin film structure of the CZTS/ZnO solar cell with an ARC
and two electrodes. The ARC is created using 1D-ternary PCs with the
texturing of its upper surface.
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because it acts as a good transparent conductive oxide (TCO).
The back-contact electrode of CZTS-based solar systems is made
of molybdenum (Mo). This is because the contact resistance of
CZTS-based photovoltaic devices is improved after their
stability at the processing temperature. Moreover, Molybdenum
(Mo), which resembles silver and has the sixth-highest melting
point of all elements, has a silvery appearance and exhibits
a resistivity of over 5 x 107> (Q cm).*®

Hence, modeling a thin film solar cell structure (ZnO/CZTS)
using COMSOL Multiphysics, the specific parameters, boundary
conditions, and variables considered can vary depending on the
specific goals and assumptions of the simulation. However,
here is a general overview of the typical parameters and
considerations:

Structure parameters

(1) ZnO layer: thickness, refractive index, absorption
coefficient.

(2) CZTS absorber layer: thickness, bandgap, absorption
coefficient, carrier mobility, and lifetime.

(3) Back contact and front contact: conductivity, thickness,
and work function.

(4) Substrate: refractive index, thickness.

Optical properties

(1) Material dispersion models: depending on the available
data and accuracy requirements, we can choose from various
dispersion models such as Sellmeier, Cauchy, or Drude-
Lorentz.

(2) Absorption models: the absorption coefficient can be
determined experimentally or calculated using theoretical
models such as the Tauc-Lorentz model or the Kubelka-Munk
theory.

Carrier transport

(1) Carrier continuity equations: consideration of the drift-
diffusion equations for electrons and holes, accounting for
generation, recombination, and transport.

(2) Carrier mobility and lifetime: parameters that describe
the mobility and lifetime of charge carriers in the CZTS
absorber layer.

Boundary conditions

(1) Incident light: consider the angle of incidence, polariza-
tion, and spectral distribution of the incoming light.

(2) Contacts: appropriate boundary conditions, such as
ohmic contacts or Schottky contacts, at the back and front
interfaces.

(3) Insulating layers: boundary conditions to account for any
insulating layers, if present.

Variables and outputs

(1) Electric potential: calculation of the electric potential
distribution within the structure.

(2) Electric field: evaluation of the electric field distribution.

(3) Carrier concentrations: analysis of the distribution of
electrons and holes.

(4) Photocurrent generation: calculation of the photocurrent
generated within the CZTS absorber layer.

(5) Optical absorption: quantification of the absorption of
incident photons within the structure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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It's important to note that the specific implementation and
choices of parameters may vary based on the particular simu-
lation setup and research objectives.

Now, to lower the dielectric contrast at the air and first layer
of the cell interfaces, step-index structures are built, thereby
resulting in a decrease in the reflectivity of the cell. In this
regard, an ARC from a 1D ternary PC structure is configured as
(ABC). Here, layer A is set as silicon dioxide (SiO,) with a thick-
ness of (d; = 54 nm), whereas layer B is designed from silicon
nitride (Si;N,) with a thickness of d, = 33 nm, and layer C is
chosen as titanium dioxide (TiO,) with d; = 82 nm. These
specified materials are considered in the proposed ARC in this
study to provide a gradual enhancement of the refractive index
of the considered ARC. The indices of refraction for these
materials are considered based on experimental studies.*”** In
other words, a single unit cell of a 1D ternary PCs could verify
the step-index strategy to improve the cell's absorbance at
a remarkable ratio, such that:

Nair < Nsi0, < Nsi3N, < ATi0, < HITO (8)

Then, the dispersion relation of the cell layers is introduced,
such as ITO, CZTS, and ZnO in the following figures. Fig. 2
depicts the refractive index and extinction coefficient of the ITO
layer as a function of light wavelength. Here, it is observed that
the extinction coefficient is lower than 0.1 at wavelengths larger
than 350 nm, which means that the absorbance of this layer is
very low. This response makes the ITO suitable for use in the
proposed cells in this study. Notably, the limited absorption
through this layer grants the incident photons to draft through
the ZnO layer, which may, in turn, help improve the optical
absorption of the cell. The refractive index equals 2.35 at
300 nm and, it decreases exponentially to 1.85 at 800 nm.**
These values of the refractive index are expected to create
dielectric contrast at the ITO-air interface, which causes
structural reflectance. In particular, the step-index strategy
represents the mainstay towards achieving high absorption
values for the cell. However, there is still a wide gap between the
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Fig. 2 The refractive index (n) of the ITO vs. the incident wavelength,
and extinction coefficient (k) of the ITO vs. the incident wavelength.
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refractive index of the starting medium (air) and the ITO layer.
Therefore, the dielectric contrast can be overcome by inserting
an ARC with a grading index, as clarified in eqn (8).

Fig. 3 shows the dispersion relation of the n-type semi-
conductor (ZnO), where the refractive index (n) equals 1.75 at
350 nm, and it decreases exponentially to 1.6 at 800 nm.
Moreover, the extinction coefficient (k) equals 0.17 at 300 nm
and decreases exponentially to 0.02 at 400 nm. Therefore, this
layer has high absorbance at shorter wavelengths correspond-
ing to its extinction coefficient.”>** The bandgap of ZnO between
3.1 and 3.2 €V is obtained as in ref. 61, which means that the
materials that are absorbed to the incident wavelength smaller
than 400 nm and ZnO will be transparent to the wavelengths
longer than 400 nm. The extinction coefficient decreases from
0.15 at 300 nm to 0.02 at 400 nm.*

The extinction coefficient of a material usually decreases
with increasing wavelength in the optical range. In the case of
ZnO, which has a bandgap around 400 nm, the absorption edge
typically occurs at energies corresponding to shorter wave-
lengths (higher photon energies) than the bandgap energy. At
wavelengths shorter than the absorption edge, ZnO exhibits
strong absorption due to direct band-to-band transitions. The
extinction coefficient, which is related to the absorption coef-
ficient, quantifies the rate at which light is absorbed as it passes
through a material. It is defined as the imaginary part of the
refractive index and is typically wavelength-dependent. The
extinction coefficient provides information about the degree of
absorption of light within the material. In the case of ZnO, the
extinction coefficient generally increases as the wavelength
decreases (energies increase) approaching the absorption edge
and the bandgap energy. This is because ZnO absorbs more
strongly at shorter wavelengths due to direct bandgap absorp-
tion. However, once the wavelength exceeds the absorption edge
and approaches longer wavelengths (lower energies), the
absorption decreases, resulting in a decrease in the extinction
coefficient. To summarize, the extinction coefficient of ZnO is
expected to increase as the wavelength decreases (energies
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Fig. 3 The refractive index (n) of the ZnO vs. the incident wavelength,
and extinction coefficient (k) of the ZnO vs. the incident wavelength.
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Fig. 4 The refractive index (n) of the CZTS vs. the incident wavelength,
and extinction coefficient (k) of the CZTS versus the incident
wavelength.

increase) approaching the absorption edge and the bandgap
energy. However, beyond the absorption edge, the extinction
coefficient decreases as the wavelength increases (energies
decrease) in the optical range.

Now, Fig. 4 displays the dispersion relation of the p-type
semiconductor (CZTS).”> The refractive index exhibits reso-
nance peaks, as shown in the figure. In addition, the extinction
coefficient approximately equals 1.2 at 300 nm and decreases to
0.27 at 800 nm. Therefore, this layer has high absorbance at
shorter wavelengths. Thus, a high optical generation rate is
expected in this region for high-energy photons (shorter
wavelengths).

3. Numerical results and discussion

A description of the optical absorption is presented for a CZTS
thin-film solar cell. The findings are investigated in the vicinity
of the optical properties of the solar cell's constituent materials
and their thicknesses. The thicknesses of CZTS, ITO, ZnO, and
Mo are specified as 350, 80, 350, and 100 nm, respectively.
However, the optimization procedure for these values could
potentially contribute to the improvement of optical absorp-
tion. Thus, the investigation has been carried out first in
Subsection 3.1; the optimum thicknesses of the ITO and ZnO
layers in the vicinity of the cell's optical absorption. Subsection
3.2 investigates the role of the incident angle as a real envi-
ronmental parameter in the optical absorption of the consid-
ered solar cell. Then, Subsection 3.3 demonstrates the proposed
method for improving cell absorption at different incidence
angles. Finally, Subsection 3.4 demonstrates the cell's optical
generation based on the ARC optimum design.

3.1 Optimization of ZnO and ITO thicknesses

Fig. 5 describes the effect of the ITO thickness on the cell
absorption at 350 nm, 250 nm, and 100 nm thicknesses of CZTS,
ZnO, and Mo, respectively. The figure shows a significant
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Fig. 5 The optical absorption of CZTS/ZnO thin film solar cells at
different thicknesses of the front contact layer (ITO) for normal inci-
dence cases.

contribution of ITO thickness to optical absorption at different
wavelengths in normal incidence cases. As the ITO layer thick-
ness varies between 80 nm and 120 nm, the cell's absorption is
significantly influenced. Meanwhile, the cell absorption could
receive values larger than 0.85 at an ITO layer thickness of
80 nm, specifically at wavelengths longer than 400 nm. By the
way, at 730 nm, cell absorption achieves a maximum of 0.92. For
wavelengths shorter than 400 nm, the absorption shows a slight
decrease in its values due to the large values of the ITO extinc-
tion coefficient at these wavelengths, as previously investigated
in Fig. 4. The optical absorbance of the cell suffers from a drop
in values for thicknesses greater than 80 nm. Therefore, the
choice of 80 nm as the thickness of the ITO layer is the optimum
thickness for the considered thin-film solar cell design. For the
smallest wavelengths from 300 to 400 nm, the extinction coef-
ficient decreases exponentially from 0.6 to 0.05, as shown in
Fig. 2, but in this region, the refractive index also has the
highest value compared to other values or regions, indicating
a high dielectric contrast between the air and the ITO layer.
Therefore, the reflectivity of the structure in the range from
300 nm to 400 nm is higher than other values or regions, which
adversely affects the absorbance of the structure.

Optimizing the thickness of the ITO layer, in a thin-film solar
cell is typically related to achieve the balance between light
absorption and electrical conductivity. The ITO layer is often
positioned on top of the photoactive layer (such as amorphous
silicon) to act as a transparent electrode, allowing incident light
to reach the active layer while providing a pathway for extracting
generated charge carriers. In some cases, optimizing the
thickness of the ITO layer can enhance light absorption by
ensuring that a significant portion of incident light passes
through the layer and reaches the photoactive material.
However, this optimization should be done carefully to avoid
excessive absorption and optical losses within the ITO layer
itself. Furthermore, the optimization of the thickness of the ITO
layer is also important factor for achieving low resistivity and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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good charge carrier transport properties. An excessively thick
ITO layer may lead to increased resistive losses, while a very thin
layer may result in poor charge extraction efficiency. Hence, we
notice that the large values of ITO extinction coefficients cause
decrease in absorption. In general, larger values of the extinc-
tion coefficient indicate a higher absorption of light by the
material. However, in the case of highly conducting materials
like ITO, a large extinction coefficient can be associated with
increased reflection rather than absorption. This is because
highly conductive materials tend to exhibit strong reflection
properties due to their high electrical conductivity, which
hinders the penetration of light into the material. Thus, with
increasing values of the ITO extinction coefficient, a larger
portion of incident light is reflected rather than absorbed,
leading to decreased absorption.

The minimum absorption value refers to the wavelength at
which the material exhibits the lowest absorption. In the case of
ITO films of different thicknesses, the minimum absorption
value can vary due to interference effects caused by the layer
thickness. When light interacts with a thin film, interference
can occur between the light reflected at the top surface and the
light reflected at the bottom surface of the film. The interfer-
ence depends on the wavelength of the incident light, the
refractive index of the film, and the film's thickness. As the film
thickness changes, the interference pattern shifts, resulting in
variations in the minimum absorption value at different wave-
lengths. For example, in the case of the 80 nm ITO film, the
interference pattern may lead to destructive interference at
a specific wavelength, resulting in a minimum absorption value.
However, for the 120 nm ITO film, the thickness is different,
and therefore, the interference pattern will be shifted, leading
to a different wavelength for the minimum absorption value.
The difference in the minimum absorption values between
120 nm and 80 nm ITO films can be attributed to interference
effects and the thickness-dependent optical behavior of the
films. The interference pattern and the resulting absorption
depend on the film thickness, refractive index, and wavelength
of the incident light. In general, thicker films exhibit more
pronounced interference effects, leading to higher variations in
absorption at different wavelengths. The 120 nm ITO film, being
thicker than the 80 nm film, is more likely to exhibit stronger
interference effects and, consequently, a higher minimum
absorption value at a specific wavelength.

The relationship between the extinction coefficient and
absorption is rooted in fundamental physics principles related
to the interaction of light with matter. To better understand this
relationship, it is essential to delve into the principles of optics
and the behavior of electromagnetic waves. When light interacts
with a material, it can be transmitted, reflected, or absorbed.
The absorption of light occurs when the energy of the incident
photons is transferred to the material's electrons, leading to an
increase in their energy levels. This energy transfer can cause
electronic excitations or promote electrons from the valence
band to the conduction band, depending on the material's
electronic structure.®*>*

The absorption behavior of a material is quantified by the
extinction coefficient (k), which is a measure of how strongly the
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material absorbs light at a specific wavelength. The extinction
coefficient is related to the imaginary part of the complex
refractive index (n + ik), where n represents the real part asso-
ciated with the material's refractive properties. According to the
Beer-Lambert Law, the absorption (4) of light in a material is
directly proportional to the product of the extinction coefficient
(k), the material thickness (d), and the incident intensity (1,).
Mathematically, it can be expressed as A =1 — T'=1 — el "2k 55
where T is the transmittance and e is the base of the natural
logarithm. The extinction coefficient is related to the absorption
coefficient («) through the equation a = 4wk/2, where 2 is the
wavelength of the incident light. The absorption coefficient
represents the fraction of incident light absorbed per unit
distance traveled in the material. The relationship between the
extinction coefficient and absorption is thus evident. The higher
the extinction coefficient, the stronger the absorption of light by
the material, resulting in the decrement of the transmittance
and an increase in absorption. Conversely, a lower extinction
coefficient indicates a lower absorption, leading to higher
transmittance. Therefore, the extinction coefficient serves as
a crucial parameter for characterizing the absorption properties
of a material.>*-®

In Fig. 6, an optimization is carried out for the ZnO layer
thickness at 350 nm, 80 nm, and 100 nm thicknesses of CZTS,
ITO, and Mo, respectively. Here, ZnO is considered to be n-type
in the proposed thin-film solar cell. Thus, optimization of its
thickness is crucial for improving cell absorption. A hetero-
junction is created at the interface between the n-type (ZnO)
buffer layer and p-type (CZTS) absorber. Therefore, the ZnO
layer has two functions. The first function is to create the het-
erojunction at the interface with CZTS and the second function
is to allow a large portion of the incident photons to transmit
into the absorber layer (CZTS). Optimizing the thickness of ZnO
is, therefore, a must to achieve the localization of incident
photons at CZTS and high absorbance. Fig. 6 indicates that the
optical absorption increases with increasing the ZnO thickness.
An increase in the ZnO thickness may particularly reduce the
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Fig. 6 The optical absorption of CZTS/ZnO thin film solar cells at
different thicknesses of the ZnO layer for a normal incidence case.
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transmittance of photons from the cell.*>*® Meanwhile, the
increase in thickness from 150 nm to 250 nm and 350 nm
improved absorption, particularly in the 400-500 nm wave-
length range. This increase is attributed to the increase in the
ZnO thickness, which causes an alteration in the optical path
length of the incident photons. However, a further increase in
the ZnO thickness to 450 nm results in a decrease in the
absorption of the solar cell. Here, an increase in the ZnO
thickness to some extent may lead to an increase in the
recombination rate because of an exaggerated increase in the
length of the optical path. Consequently, the choice of ZnO with
a thickness of 350 nm represents the optimum value in this
study.

When light passes through a thin film, interference
phenomena can occur due to the multiple reflections at the film
interfaces. These interference effects can lead to variations in
the optical absorption depending on the film thickness and the
wavelength of the incident light. Lower absorption at thick-
nesses of 250 nm and 400 nm. At these thicknesses, the ZnO
layer may exhibit destructive interference with respect to the
incident light at specific wavelengths. This interference can
result in reducing the optical absorption, leading to lower
absorption at these thicknesses. Also, higher absorption at
a thickness of 350 nm can be investigated. At this thickness, the
ZnO layer may exhibit constructive interference with respect to
the incident light at certain wavelengths. This constructive
interference enhances the optical absorption, resulting in
higher absorption at this specific thickness.

The ZnO layer can contribute to light absorption within the
cell, particularly at shorter wavelengths. By controlling the
thickness of the ZnO layer, the absorption of photons within
this layer can be optimized to increase the overall absorbance of
the cell. Light trapping refers to the ability of the cell to confine
and absorb light within the active layers, thereby increasing the
path length of light and enhancing absorption. By optimizing
the ZnO thickness, the cell can achieve better light trapping and
thus enhance the overall absorbance. The thickness of the ZnO
layer can also impact the generation of charge carriers (elec-
trons and holes) within the cell. By controlling the thickness, it
is possible to optimize the absorption of photons within the
ZnO layer and facilitate efficient charge carrier generation at the
interfaces. It's important to note that the optimal thickness for
the ZnO layer can vary depending on the specific material
properties, device architecture, and desired performance
targets. Therefore, experimental characterization and optimi-
zation, as well as numerical simulations, are typically employed
to determine the appropriate ZnO thickness for maximizing cell
absorbance.

When light passes through an interface between two mate-
rials with different refractive indices, such as the ZnO layer and
the surrounding medium (e.g., air or the absorber layer),
a portion of the incident light is reflected back and a portion is
refracted into the next medium. The amount of reflection and
refraction depends on the refractive indices of the materials and
the angle of incidence.®®* With an increase in ZnO thickness, the
number of interfaces the light encounters increases, leading to
additional opportunities for reflection and refraction, which
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can reduce the overall transmittance of photons through the
cell. Also, ZnO, like many materials, has an intrinsic absorption
coefficient, which means it absorbs a certain amount of light as
it passes through the material. As the thickness of the ZnO layer
increases, the light has to traverse a greater volume of the
material, resulting in a higher chance of absorption. This
absorption can lead to a decrease in the transmittance of
photons through the cell, as less light is transmitted through
the thicker ZnO layer. It's important to note that the exact
behavior of photon transmittance with increasing ZnO thick-
ness can depend on various factors, including the refractive
indices, incident angles, and specific design parameters of the
solar cell structure.***

In the vicinity of Fig. 5 and 6, a comparison is performed
between the reflectivity and absorption of the cell at the
optimum thicknesses of ITO and ZnO at the normal incidence
in Fig. 7. The solar cell absorption is almost greater than 0.83
for all incident electromagnetic waves. Moreover, its value can
exceed 0.9, through a broad band of incident wavelengths in the
range of 450-800 nm. On the other hand, the reflectivity is not
exceedingly greater than 0.1 for most incident wavelengths.
Therefore, the considered design may be of significant interest.
However, it is believed that studying solar cell absorption at
different incident angles could be more practical and realistic.
Therefore, this role will be considered in the following
subsection.

3.2 Dependency of cell absorption on the incident angle

This section demonstrates the optical absorption response of
the proposed designed thin-film solar cell at different incidence
angles. In particular, the value of the incident angle changes
significantly throughout the day; this could have a favorable
impact on the cell's optical absorption and efficiency. In this
context, Fig. 8 depicts the solar cell absorption at various inci-
dence angles. The optical absorption values were significantly
affected over the entire spectrum. The absorption values
decreased by 2% when the incident angle increased from 0° to
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Fig. 7 The optical properties of CZTS/ZnO thin film solar cells at the
optimum thicknesses of ZnO and ITO for normal incidence cases.
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Fig. 8 The response of the optical absorption of CZTS/ZnO thin film
solar cells under different angles of incidence.

10°. However, when the angle of incidence reached 30°, 40°, and
50°, the absorption values gradually decreased, as shown in the
figure. This decrease could reach up to 14% as the incidence
angle varies from 0° to 50°. This significant decrease in the
absorption of the cell with variations in the incident angle is
attributed to the modification of the incident photons' optical
path length. Therefore, the following subsection aims to solve
this issue by considering an ARC over the cell's top surface.
Thus, the straightforward layout of a single 1D-PCs unit cell is
appropriate for this design.

3.3 The ARC impact on the cell's absorption

This subsection introduces the proposed strategy for control-
ling the drop in the cell's optical absorbance as the incidence
angle increases. The introduced strategy is based on the design
of an ARC to reduce the decrease. Therefore, a step-index
structure is designed to lower the dielectric contrast at the air
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Fig. 9 The optical absorption of CZTS/ZnO thin film solar cells with
and without the ARC at normal incidence case.
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and first layer of the cell interface by reducing the reflectivity of
the cell. In this regard, a 1D-PC structure is presented to play
this role because of the essential contribution of PCs in tuning
the propagation of electromagnetic radiation. In the proposed
CZTS/ZnO thin-film solar cell, a single period of 1D ternary PCs
has been assumed to function as an ARC. Meanwhile, the
ternary ARC consists of three layers with different indices of
refraction and thicknesses, arranged as (ABC). Here, the
arrangement of these layers is dependent on the gradual
increase in the refractive index, as listed in Section 2.

Based on this strategy, Fig. 9 demonstrates the function of
ARC in improving the absorption of the solar cell at normal
incidence. Here, the optical absorption increased by more than
6% at wavelengths ranging from 450 nm to 800 nm. The
absorption values increased by up to 16% when the wavelengths
were less than 450 nm. The addition of ARC on the top surface
of the cell may have decreased its reflectivity, which might
account for the cell's increased absorption. The solar cell
response in the presence of the ARC is shown in Fig. 10 at
various angles of incidence. As the angle of incidence increases,
the absorption of the cell can receive some enhancements
compared to the results shown in Fig. 8. However, the reduction
in the absorption values can be enhanced by increasing the
incidence angle. Thus, the SiO, design with textured or pyra-
midal geometry is considered, as shown in Fig. 1.

Fig. 11 describes a detailed comparison of the cell's
absorption without the ARC, with the ARC of planar geometry,
and with the ARC of textured geometry under various incidence
angles. In this case, the texturing shape improves optical
absorption as the angle of incidence increases because of
reducing the cell reflectivity to some extent. In particular, the
textured structure could provide reflected photons, providing
a further opportunity to be absorbed into the cell. In other
words, the texturing geometry could render the cell insensitive
to the angle of incidence variations. A textured design with
a height of 50 nm from SiO, is deposited over the original layer,
as indicated in Fig. 1.
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Fig. 10 The optical absorption of CZTS/ZnO thin film solar cells at
different angles of incidence in the presence of the ARC.
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In this regard, Fig. 11a describes the optical absorption of
the designed cell at normal incidence without the ARC, with the
ARC of planar geometry, and with the ARC of textured geometry.
The figure shows that the dependence on the designed ARC of
planar or textured shape can enrich the absorption of the cell by
more than 6% and 7%, respectively. At an angle of incidence =
20°, the textured shape could help reduce the cell reflectivity
compared to the planar shape. Notably, the minimum value for
the optical absorption overall incident wavelengths has not
been reduced by approximately 0.966, as shown in Fig. 11b. For
a further increase in the incidence angle to 40° and 50°, the
textured shape is almost still insensitive to the angle variations,
recording a minimum value of 0.92 and 0.87°, as shown in
Fig. 11c and d, respectively. In this context, it is believed that an
ARC with a textured shape is a must to provide high optical
absorption values, regardless of the change in the incident
angle. In particular, the ARC with textured geometry could
increase the cell's absorption between 1% and 5% by increasing
the incident angle from 0° to 50°.

31562 | RSC Adv, 2023, 13, 31554-31568

3.4 The optical generation of the cell

This section describes the optical generation of the proposed
thin-film solar cells inside the ARC's optimal architecture. At
various angles of incidence, the formation of electron-hole
pairs is highlighted through the active area of the proposed
thin-film solar cell in the presence of the textured ARC. The
optical generation (Gop(4)) of electron-hole pairs at a single
wavelength (1) depends on two main parameters: the imaginary
part of the permittivity (¢) and the intensity of the built-in
electric field (E), as in the following equation:*®

¢"|E]
Gon(2) = 0 ©)

The optical generation in a thin film solar cell ZnO/CZTS
structure can depend on the refractive index and extinction
coefficient of the materials involved. These parameters influ-
ence the optical properties of the materials; consequently, affect
the absorption and generation of photons within the cell.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Firstly, the refractive index determines how light interacts
within the material. A higher refractive index leads to a larger
difference in refractive indices at each interface, potentially
increasing the amount of light trapped within the structure.
This enhanced light trapping can result in a higher absorption
of photons, leading to increased optical generation within the
CZTS absorber layer. Also, the refractive index affects the optical
path length of photons traveling through the material. A higher
refractive index can lead to a longer path length, increasing the
chances of photon absorption and generation of electron-hole
pairs. Hence, the extinction coefficient quantifies the absorp-
tion of light by a material. A higher extinction coefficient indi-
cates a higher absorption rate, meaning that more photons are
absorbed within the material. In the CZTS absorber layer,
a higher extinction coefficient can result in increased absorp-
tion of photons, leading to enhanced optical generation. In
addition, the extinction coefficient is related to the penetration
depth of photons into the material. A larger extinction coeffi-
cient corresponds to a shorter penetration depth, meaning that
photons are absorbed closer to the surface. This can result in an
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efficient generation of electron-hole pairs near the interface
between the CZTS absorber layer and the ZnO layer.

Fig. 12 and 13 present a detailed description of this role. This
parameter is mainly dependent on the refractive index and
extinction coefficient, as well as the n- and p-type of the
considered solar cell.** In this regard, Fig. 12 describes the
optical generation through the ZnO layer, which represents the
n-type of the proposed designed cell. In the normal incidence
case, Fig. 12a shows an almost similar response of the optical
generation at wavelengths less than 470 nm for both the
textured and planar ARC. The contribution of the textured ARC
to optical generation values is considerably important at wave-
lengths larger than 470 nm because of the role of the textured
ARC in increasing the optical absorption of the cell. In partic-
ular, the optical bandgap of ZnO belongs to these wavelengths.
Here, in Fig. 12a, we can divide the spectrum into two parts
corresponding to the optical generation. First, for the incident
wavelength less than 470 nm, the behaviors of planner and
texturing are almost the same. In contrast, for the wavelengths
greater than 470 nm, we have a remarkable enhancement for
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the texturing structure compared to the planner one. Hence, to
explain the reasons of these behaviors, we must look at the
dispersion relation of ZnO in Fig. 3. In Fig. 3, the extinction
coefficient is high for incident wavelengths less than 470 nm,
which leads to high absorption values and optical generation as
well whatever the geometry of the upper surface. Then, for
incident wavelengths greater than 470, there is a very low value
of the extinction coefficient of the ZnO layer, which, in turn,
leads to low absorbance values. Therefore, we are texturing the
upper surface of the ARC structure to increase the optical path
length of the incident photons, thus the absorption values
could receive some significant increments at these wavelengths.
Meanwhile, the optical generation in the ZnO layer could
receive a remarkable improvement at wavelength greater than
470 nm by texturing the surface of the ARC. Therefore, photons
of these wavelengths are absorbed to release more electrons.
The optical generation showed a slight drop with an incident
angle at a 20° angle of incidence. Moreover, the textured ARC
contributed to increasing the optical generation values. When
the incident angle increases to 40° °and 50°, the values of the
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optical generation suffer from some decrements, particularly in
the absence of the textured ARC, as shown in Fig. 12c and d,
respectively. These decreases are strongly related to the
decrease in cell absorption and the increase in the incidence
angle, as shown in Fig. 11c and d. Moreover, the optical
generation depends on the intensity of the built-in electric field
(E), which is created between the two edges of the depletion
layer. Therefore, the generation of electron-hole pairs comes
from the absorption of the incident photons within the junction
between the ZnO (n-type) and CZTS (p-type). Then, by the effect
of the built-in electric field, the electrons are moved to the n-
type, which increases the generation rate in this region with
the insensitive range of wavelength for this layer. Despite the
resulting decreases in the cell's absorption and optical genera-
tion, as well as with the increase in the angle of incidence, the
addition of the textured ARC could be promising.

The high generation rate of positive charges (holes) for high-
energy photons in the CZTS layer can be attributed to the
electronic band structure and energy levels within the material.
CZTS is a p-type semiconductor, which means it has an excess of
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holes (positive charge carriers) in its intrinsic state. This hole-
rich nature is typically achieved through the presence of
intrinsic defects or dopants that introduce acceptor levels in the
energy band structure of CZTS. When high-energy photons
(shorter wavelengths) are absorbed by CZTS, their energy is
sufficient to promote electrons from the valence band to the
conduction band, creating electron-hole pairs. However, due to
the initial hole-rich nature of CZTS, the generated electrons are
quickly captured by the available acceptor levels, leaving behind
holes in the valence band. This preferential capture of electrons
by the acceptor levels results in a higher generation rate of
positive charges (holes) compared to negative charges (elec-
trons) in the CZTS layer. Additionally, the energy band structure
of CZTS plays a crucial role in the generation of holes. CZTS has
a relatively narrow bandgap, typically around 1.0-1.5 eV, which
in turn can absorb photons with higher energies (shorter
wavelengths) compared to wider bandgap materials. The higher
energy photons carry more energy, and when absorbed by CZTS,
they can generate electron-hole pairs with higher kinetic
energy. This higher kinetic energy can contribute to a higher
generation rate of positive charges (holes) in the CZTS layer.

Fig. 13 elucidates the same role for the p-type of the
proposed designed cell (CZTS layer). The figure shows a similar
response for the ZnO layer, as shown in Fig. 12 for the ZnO layer.
Here, the inclusion of a textured ARC on the top surface of the
considered thin-film solar cell is crucial for providing high
values of optical generation, especially when increasing the
angle of incidence. At normal incidence, the spectrum receives
its maximum values through wavelengths from 460 nm to
470 nm, as shown in Fig. 13a. The optical generation suffers
from a slight decrease at an incidence angle of 20°, as shown in
Fig. 13b. In contrast, the optical generation values are kept
almost unchanged when the top surface is textured with ARC.
When the angle of incidence is increased to 40° and 50°, the
optical generation values suffer from some decrements, as
shown in Fig. 13c and d. According to Fig. 11c and 11d, these
reductions are a natural outcome of the decrease in cell
absorption with an increase in the incidence angle. However,
the use of the textured ARC may provide a suitable candidate to
overcome the limitations of these decrements. The optical
generation values in the presence of textured ARC showed
a limited decrease compared to those in the absence of textured
ARC. Therefore, it is believed that the inclusion of the textured
ARC can maintain high absorption and high optical generation
values, regardless of the angle of incidence.

The higher extinction coefficient of CZTS compared to ZnO
across the entire wavelength range of 300-800 nm indicates that
CZTS absorbs light more than ZnO. Therefore, one might expect
the CZTS layer to exhibit higher optical generation. However, it
is important to note that optical generation in a photovoltaic
device depends not only on absorption but also on other factors
such as the material's bandgap, carrier mobility, and carrier
lifetime. These factors collectively determine the efficiency of
converting absorbed light into charge carriers (electrons and
holes) and their subsequent separation and collection.

In the case of CZTS, although it has a higher extinction
coefficient and higher absorption, it also has a relatively wider

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bandgap compared to ZnO. The wider bandgap limits the
absorption of lower-energy photons (longer wavelengths) that
carry less energy. This can result in a reduced optical generation
in the CZTS layer compared to the ZnO layer, which has a nar-
rower bandgap and can absorb a broad range of photons.
Additionally, the carrier mobility and lifetime in CZTS can also
affect the overall optical generation efficiency. If the carrier
mobility or lifetime in CZTS is lower than that in ZnO, it could
hinder the efficient transport and collection of the generated
charge carriers, leading to a lower overall optical generation
despite the higher absorption. Therefore, while the extinction
coefficient provides information about the absorption charac-
teristics of a material, it is not the sole determinant of the
optical generation efficiency in a photovoltaic device. The
interplay of various factors such as bandgap, carrier mobility,
and carrier lifetime, along with absorption, needs to be
considered to understand the relative optical generation in
different layers of a solar cell device.

4. Fabrication feasibility and
experimental setup

In this section, a brief description of the reproducibility of the
results and experimental feasibility of the 1D PC-designed
structure is presented. It is worth mentioning that the experi-
mental production of 1D PCs based on nano multilayer struc-
tures has been greatly verified for numerous applications over
the past three decades.®””* Also, the implementation of 1D PCs
for solar cell applications has been studied in many experi-
mental studies.”*”” Among these studies, the proposed struc-
tures have been investigated through IR and visible
wavelengths. For fabricating these 1D PCs designs and the
possibility of applying them in solar cells and other photonic
applications, numerous techniques are used. For example, the
spin coating,®® the electron-beam vacuum evaporator,®” the RF
sputtering method,” and the thermal evaporation.®® For the
proposed 1D PC illustrated in Fig. 1, the fabrication of the thin
1D multilayer stacks is started by fabricating the anti-reflecting
coating by depositing a smooth Siz;N, (33 nm) layer over the
surface of a second dielectric material from TiO, with the
thickness value of 82 nm. This process can be accomplished by
different techniques like RF sputtering and thermal evaporation
technique.®”° The upper surface of the Si;N, material is covered
with a texturing film of silicon dioxide (SiO,) with a thickness of
54 nm. SiO, has outstanding properties, such as a low expan-
sion coefficient, high thermal stability, and attractive mechan-
ical chemical properties.” The fabrication of a texturing film of
SiO, can be made using a facing target sputtering system.” A
previous study has also used 1D PCs to minimize the reflectance
of the solar cell using the texturized surfaces.** In this work,
Laser interference lithography (LIL) is used to fabricate periodic
models in photoresist (PR).** The texturing morphology can be
made to the silicon dioxide in many methods to obtain different
shapes. Based on the required pattern, numerous materials can
be deposited over the surface of the silicon to produce the
starting stack. These materials can be deposited by spin coating
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with e-beam evaporation or by a Laurel WS-650S-6NPP-Lite
Single wafer spin processor. Lastly, the produced pattern is
bounded on the PR by using Lloyd's Mirrors.** Then, it can be
transferred to the underneath layer through reactive ion etching
(RIE).

The optical measurements of the proposed design in this
study follow two septs. The first one is by varying the light wave
incidence angle by using a rotating table to vary this angle. In
addition, the absorption of the structure can be measured
based on Fourier IR spectroscopy.®” Regarding the properties of
Si3N, and TiO,. SizN, has high-temperature strength and
oxidation resistance, good wear resistance, and excellent
thermal shock resistance.®® TiO, is an abundant and inexpen-
sive material, and it has other novel properties, including
nontoxic, high chemical stability, and high dielectric constant,
and it is widely used in the field of photonics.*

5. Discussions

Finally, in this section, we have introduced a brief comparison
with some of the previously published works to highlight the
novelty of the proposed design over its counterparts. In fact, the
key novelty of our work lies in the improving of the proposed
CZTS/ZnO thin-film solar cells’ absorption regarding the angle
of incidence. Meanwhile, incorporating the ARC of texturing
configuration exhibits a significant contribution for the cell's
absorption against the increase in the angle of incidence. The
ARC enables the cell's absorption at normal incidence to
surpass 0.96 across the entire range of incident wavelengths.
However, the cell could suffer from a distinct reduction in its
absorption values with the increase in the angle of incidence. In
this regard, the texturing of the top surface of the designed ARC
leads to keep over than 0.85 of the cell absorption at angle of
incidence = 50°. In contrast, adding ARC could reduce the
reflectivity of the solar cell, as the rectangular PC profile reduces
the reflectivity in the visible spectrum to 15.9%,* while adding
a circular PC profile reduces the reflectivity to 17.13%.% Also,
the triangular PC profile reduces the reflectivity in the visible
spectrum to 10.6%.%*® Moreover, adding a 1D triangular PC
reduces the reflectivity to 7.01%.%” However, this study achieved
a reflectivity of 4% for the visible incident photons, which is
considered the best reflectivity compared to these previous
works. In particular, the designed ARC provides the simplicity
during the manufacturing procedure compared to its
counterparts,****%7 as being composed of a single unit cell of
the 1D PC besides its ability to achieve a minimum reflectivity of
0.04.

6. Conclusion

This study investigates the possibility of reducing the absorp-
tion losses of thin-film solar cells based on 1D PCs. In partic-
ular, the absorption of the cell may suffer from a significant
decrease in its values with the increase in the angle of inci-
dence. Our solar cell was designed from two composite mate-
rials, including CZTS and ZnO, and considers ITO as a front
contact layer. Our numerical findings demonstrated that the
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cell's absorption is significantly decreasing with the angle of
incidence. Meanwhile, an ARC is designed from a single period
of a 1D PC to reduce the dissipations in the absorption values
with the increase in the angle of incidence. Moreover, these
optical dissipations in the cell at oblique light incidence were
overcome by modifying the morphology of the upper surface of
the cell via texturing the surface in a pyramid shape. Physically,
the pyramid shape can provide more opportunities for photons
to be absorbed inside the cell's active area. The results showed
that the cell's optical absorption is significantly improved by
employing an ARC (planar and texture morphologies) from
a 1D-PC. The numerical findings showed that the ARC of
a texturing configuration on its top surface enables the cell's
absorption at normal incidence to surpass 0.96 across the entire
range of incident wavelengths. In addition, the texturing of the
top surface of the designed ARC leads to keep over than 0.85 of
the cell absorption at angle of incidence = 50°.
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