Plasmonics (2024) 19:1-20
https://doi.org/10.1007/511468-023-01905-x

REVIEW q

Check for
updates

A Comprehensive Survey of Silicon Thin-film Solar Cell: Challenges
and Novel Trends

Khalil EIKhamisy' - Hamdy Abdelhamid®? - EI-Sayed M. El-Rabaie* - Nariman Abdel-Salam®

Received: 15 April 2023 / Accepted: 5 June 2023 / Published online: 31 July 2023
© The Author(s) 2023

Abstract

Solar cells are commonly recognized as one of the most promising devices that can be utilized to produce energy from renew-
able sources. As a result of their low production costs, little material consumption, and projected increasing trajectory in terms
of efficiency, thin-film solar cells have emerged as the technology of choice in the solar industry at present. This study aims to
provide a comprehensive review of silicon thin-film solar cells, beginning with their inception and progressing up to the most
cutting-edge module made in a laboratory setting. There is a review of the fantastic development of each technology, as well
as its cell configuration, restrictions, equivalent circuit model, cell performance, and global market share. The dependability
and availability of cell materials, in addition to the comparison of numerous characteristics, are both areas of research that
are conducted concurrently for each of the distinct technologies. New advances in solar cells are also highlighted; these hold
the potential to be significant variables and solutions in the process of the future's development. This abbreviated and brief
version of the comprehensive analysis is provided to readers in the hope that it will aid them in evaluating potential research
avenues about the proper applications and production of solar cells.

Keywords Thin-film solar cells - Renewable energy - Cell configuration - Equivalent circuit model - The emerging solar

cell technologies

Introduction

Due to rising energy demand as well as environmental and
global issues associated with the widespread use of fossil
fuels, scientists believe that solar energy is the most sub-
stantial and dependable renewable energy source currently
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available. Solar energy is also the most widely available,
dependable, and cost-effective renewable energy source [1].

Organic solar cells, photovoltaic (PV) cells, and hybrid
solar cells are the three types of solar cells based on the tech-
nology used or the manufacturing process. PV cells are the
most common type of solar cell, followed by organic solar
cells and hybrid solar cells. In a nutshell, photovoltaic cells
are devices that convert solar energy into electrical energy.
Approximately 89% of the global solar cell market is made
up of first-generation solar cells [2, 3].

Crystalline silicon was used in the first generation of solar
cells. Despite the benefits of silicon materials in PhotoVolta-
ics, they have a low energy conversion efficiency of 27.6%
and a high manufacturing cost. To address the drawbacks
of using crystalline silicon semiconductors, an alternative
technology based on micron-sized solar cells was developed;
however, efficiency remains low.

The third generation of solar cells is predicated on the
use of new materials and technologies that have yet to be
commercialized but are expected to have the highest theo-
retical efficiency as well as the lowest manufacturing cost.
Although these new materials and technologies are not yet
widely available, they act as the basis for the third generation

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11468-023-01905-x&domain=pdf
http://orcid.org/0000-0002-3295-6408

Plasmonics (2024) 19:1-20

of solar cells. Despite the numerous benefits of thin-film
silicon solar cells [4], their conversion efficiency, as well as
the efficiency of the processes involved in their manufacture,
must be improved [3, 6].

Solar cells based on plasmonics are an excellent solution for
increasing industrial process operational efficiency and effec-
tiveness [7]. An innovative method for achieving light trapping
in thin-film solar cells is the use of metallic nanostructures that
sustain surface plasmons [8]. Conduction electron excitations at
the interface of a metal and a dielectric can be concentrated and
folded over a thin layer of semiconductor material to increase
absorption. Surface plasmons generated in metallic nanoparti-
cles and surface plasmon polaritons (SPPs) propagated at the
metal-semiconductor interface are both of intrigue [9].

Plasmonics has been combined with a variety of architec-
tural configurations in recent years to improve the efficiency
of thin-film solar cells [6]. Finite element analysis was used
by researchers to investigate how different gold (Au) grating
configurations affect the light-gathering capabilities of solar
cells. The solar cell's architecture consists of an amorphous
silicon substrate with a gold layer on top (a-Si). The grating
device's periodicity was chosen so that it would be effective
in activating surface plasmon polaritons (SPPs) [10].

To achieve the goal of increasing light absorption rate, a
further plasmonic structure consisting of silver nanoparticles
coupled with a silicon thin-film solar cell will be used. The
goal of this structure is to enable sunlight into the cell from
any angle while causing as little disruption as possible. Sili-
con is the light-absorbing layer, and when sunlight passes
through it, the chemical bonds disintegrate and a large
number of electrons are released due to the high absorption
rate of this layer. These silver nanoparticles have a rounded
shape. By concentrating plasmon resonances on the surface,
their inclusion in this layer is intended to increase solar
energy absorption [11].

Another method for producing the plasmonic effect is to
incorporate plasmonic grating onto the surface of the solar
cell. This method can be used to control the amount of light
absorbed as well as detect light with a specific polarization.
Plasmonic gratings increase absorption, are extremely effi-
cient at reducing losses, and enable optoelectronic devices
to transmit light power [12].

This research project provides and investigates the use
of a plasmonic grating structure as the back metal contact
or the rear electrode of thin film solar cells as an efficient
method for increasing the efficiency of thin film solar cells.
The grating surface causes light to be diffracted, result-
ing in a longer path for the light to take when reflected.
The absorber layer is also linked to the amount of energy
that surface plasmons have after being activated inside the
grooves. Both efficient light trapping and surface plasmon
resonance can improve absorption in a solar cell's absorber
layer, resulting in a higher level of efficiency [13].
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The various techniques for improving PV efficiency,
including the most up-to-date structures and physics insight,
are configured in this study. To achieve high-efficiency
solar energy systems and solar energy management cir-
cuits, different design levels of circuits require the devel-
opment of accurate and compact models for studying the
behavior of photovoltaic cells under different conditions.
The introduced models are divided into two categories: the
first is based on the introduction of simple compact mod-
els to configure the main PV parameters and can be linked
with any of the SPICE simulation tools that require short
computational times even with less accuracy [14]. The sec-
ond is based on the introduction of complex models that
require longer computational times and less accuracy [15].
Both types are used for different purposes depending on the
design requirements, and the two types of those models suf-
fer from a lack of information about semiconductor physics
aside from a few research articles [16, 17].

The main contributions of this review paper are:

e In this survey, the thin film solar cells are broken down
into two categories: classic and innovative technology. A
contrast is shown between the many kinds of thin-film
solar cells that have been created to improve efficiency.

e We will explore the major aspects of the different mod-
els.

e The different techniques for improving PV efficiency,
including the most updated structures and physics
insight, are configured.

e Exploring the major aspects of the different models,

e This survey contains a review of the available commercial
software programmers for simulating thin-film solar cells.

e The survey concludes with a discussion of the difficulties
that must be overcome to put thin-film solar cells into
practical use.

e Exploring the different equivalent circuit models of thin
film solar cells.

This survey's framework shown in Fig. 1 is introduced as
follows: presents the "Related Work", presents the related
work. The "Classification of Solar Cells" describes the vari-
ous types of solar cells and presents compact models. The
"Challenges, New Trends, and Future Work in Silicon Thin-
film Solar Cells", followed by a comparison. Finally, the
"Conclusion" contains the paper's conclusion.

Related Work

Several different research groups worked together to do
extensive experimental work to address the challenges posed
by solar cell materials. Although some review studies, such
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Fig. 1 Arrangement of sections
encapsulated in this paper

Review Paper
Arrangment

as Lee and Ebong [18] and Kowsar et al. [19], have reported
on various major technologies, there is no comprehensive
report that covers all aspects (such as efficiencies, develop-
ments, structure, requirements, and restrictions). As a result,
a concise report which is structured and instructive, with
distinct categories amongst classifications, will be greatly
useful to the greatest possible word recognition. As a result,
this article summarizes each cutting-edge technology that
possesses all of the characteristics defined in the preceding
section for the three basic types of thin-film solar cells.

Thin-film solar cells (TFSCs), also known as second-
generation technologies, are created by applying one or
more layers of PV components in a very thin film to a glass,
plastic, or metal substrate. The film thickness can range from
a few nanometers to tens of micrometers, making it signifi-
cantly thinner than its competitor, a typical first-generation
c-Si solar cell with thin films as thin as 200 nm [20].

The Si solar cell, which is initially deposited in a p-i-n
structure, can also be produced in an n-i-p sequence [19].
The device's initials were p-i-n. This random crystal struc-
ture solar cell is typically manufactured on fluorine (F)-
doped tin oxide (SnO2:F)-fabricated glass substrate for
single-junction applications or on a regular (honeycomb)-
textured substrate (HTS) for micro morph (tandem) struc-
ture applications. Substrates are sequentially coated with
silver (Ag) and gallium (Ga)-doped zinc oxide to reduce
reflective loss and improve conductivity (ZnO: Ga). Then,
diode or triode plasma-enhanced chemical vapor deposi-
tion is used to deposit hydrogenated-Si (-Si: H) using CO2,
diborane (B2H6), phosphine (PH3), hydrogen (H2), and
silane (SiH4) (PECVD). This method is used to create a
transparent conducting oxide TCO film for front windows.
This coating is made by RF magnetron sputtering from

Classification of solar cells

[Section 1]

Introduction .
Generation of solar cells
[Section 2] - ; P -
Related Work eneration of solar cells
[Section 3] Thin-film solar cell

Thin-film solar cell classifications

Thin film solar cells efficiency
enhancement techniques

Silicon thin-film solar cell modeling

Challenges
[Section 4]
Challenges, new trends, New trends
and future work
Future work
[Section 5]
Conclusion

indium tin oxide (In203: Sn) or hydrogenated indium oxide
(In203:H) (JIOH). A moth-eye-based antireflection coating
(ARC) layer can improve cell performance after using Ag
as the grid electrode [21]. The substrate type was used to
stack (p) c-Si: H [21]. The tandem (triple-junction) device
[HTS/Ag/GZO/c-Si: H/c-Si: H/c]. The triple-junction mod-
ule cells were isolated using reactive ion etching and nano-
crystalline silicon oxide (nc-SiOx) layers. A hydrogenated
micro-crystalline Si (c-Si: H) cell with a thickness of 1.8 mm
at the bottom, 1.6 mm in the center, and 230 nm at the top
was used in the apparatus [21].
The a-Si solar cells are afflicted with:

1. Improve the deposition method, which is required for
large-scale production of the solar cell [22].

2. Improve the optoelectronic properties of the front trans-
parent conducting oxides TCO component to address
light scattering qualities [23].

3. A Staebler-Wronski effect solution must be revealed
by determining a suitable strategy for avoiding light-
induced deterioration of the device structure [24].

In the case of the -Si: H solar cell, the formation of
an electron—hole pair in the intrinsic layer as a result of
photon absorption results in the induction of an electric
field across the intrinsic layer. This induces the move-
ment of electrons to the n-layer and holes to the p-layer,
respectively. To improve cell performance, it is common
practice to use an interface layer that is both thin and
graded. This helps to lower the number of p/i interface
faults that lead to a low open-circuit voltage (Voc) and
short-circuit current (Jsc), and it also helps to reduce the
number of p/i interface deficiencies.
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Fig.2 Categories of solar cell
technologies [25]

=

Classification of Solar Cells

Figure 2 depicts the three primary types of solar cells based
on the technology used and the method of manufacture:
The first generation of solar cells is constructed from crys-
talline silicon wafers, which have a low power conversion
effectiveness of 27.6% [26] and a relatively high manufactur-
ing cost. Thin-film solar cells have even lower power conver-
sion efficiencies (PCEs) of up to 22% because they use nano-
thin active materials and have lower manufacturing costs [27].

Generation of Solar Cells

The data required to assess the behavior of various solar
cell generations is shown in Table 1: By about 15-20%,
first-generation solar cells outperform second-generation
solar cells. The materials utilized by the second-generation
solar cell, which has a performance range of 4-15%, include
amorphous silicon, CdTe, and CIGS.

These techniques are significantly less expensive than
first-generation technologies because they do not use silicon

wafers. First-generation solar cells have higher proven effi-
ciencies than thin-film solar cells; however, first-generation
solar cells are more expensive because pure silicon is used
throughout the manufacturing process.

Thin-film solar cells, on the other hand, are more efficient,
require fewer resources, and produce results in a shorter
amount of time. Also, they are less expensive. First-genera-
tion solar cells, in contrast to second-generation solar cells,
are abundant and do not emit harmful by-products during
their operation. In comparison to earlier generations of solar
cells, those of the second generation have both a lower cost
per watt and a higher efficiency. The third-generation solar
cell is constructed of organic materials and polymers to make
it more durable. The solar cell of the third generation is more
efficient and less expensive than those of earlier generations.
Even though it has not yet been verified, the procedure for
generating cells of the third generation is straightforward and
offers innovative new technology. In recent years, a brand-
new solar cell technology has evolved, most notably the per-
ovskite solar cell, which achieves record efficiencies of more
than 25% and possesses immense potential.

Table 1 Three different
thin film materials' physical

properties

Parameter a-Si CdTe CIGS
Absorption coefficient 1.7442 % 10° cm™! 1.1148%10° cm™! >1x10°cm™
Bandgap Direct Direct Direct

1.75eV 144 eV 1.0eV-1.6eV
Sufficient thickness 1 um 3-5 um 1-2 pm
Temperature coefficient —0.3%/°C —0.25%/°C —0.26%/°C
Toxicity None Cadmium None
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Thin-film Solar Cell

The use of less material is linked to an increase in energy
conversion efficiency, both of which contribute to lower
overall costs. Wafer technology has the highest efficiency,
while thin film technology has the lowest material con-
sumption. Both technologies are capable of achieving
both of these goals. Both of these goals must be met at
the same time to produce power at a low cost and enable
significant market penetration of solar electricity. Both of
these objectives are interdependent. The three most widely
commercialized thin film solar cell technologies are CIGS,
a-Si, and CdTe.

The straight bandgap (Table 1) is a property shared by all
three of these materials, and it is this property that allows
for the use of extremely thin materials [28]. Wafer tech-
nologies, on the other hand, are not hampered by low light
intensity, despite having a very low-temperature coefficient.
This is due to wafers' extremely low-temperature coefficient.
This is because wafers are made of extremely thin layers of
material. Furthermore, all three of these technologies can
be used to create photovoltaic systems for buildings (BIPV).
Amorphous silicon solar cells are commonly utilized in a
wide range of consumer electronic products [29], such as
calculators, watches, and other similar items.

When compared to their crystalline counterparts
(Table 2), the absorption coefficients of thin film materi-
als are markedly smaller than those of thicker counterparts.
When compared to CdTe and CIGS, the toxicity of a-Si is
considerably lower, and it also demands less silicon. CdTe
contains cadmium, which is toxic to both the manufacturer
and the customer [30], limiting the compound's potential
commercial applications. Beta-Si has had the longest com-
mercial lifespan of any material in human history since its
introduction in the late 1980s [31] as a reliable power source
for various semiconductor-based systems. This is because
beta-Si has been used in electronic devices. However, CdTe
and CIGS are considered new technologies that show greater
promise than a-Si in terms of energy conversion efficiency.
This is because CIGS and CdTe are both newer technolo-
gies. Both of these technological breakthroughs can be found
here. Despite this advantage, the efficiency and dependabil-
ity of CIGS and CdTe technologies are not yet on par with
their crystalline silicon counterparts.

Thin-film Solar Cell Classifications
A-Si Solar Cell Structures and Materials
It has a direct bandgap, allowing for significant solar radia-
tion absorption in only a few micrometers of material [47].

Electrical behavior and minority carrier diffusion lengths
in amorphous materials are caused by dangling bonds and

short orders. Hydrogen passivation, also known as a-Si:
H can reduce dangling bond concentrations significantly.
The hydrogenation effect, on the other hand, causes the
Staebler-Wronski light degradation effect. Hydrogenated
a-Si: H optical absorption spectrum is transparent up to
1.7 eV and strongly absorbent at 2 eV. Another advantage of
silicon is its short payback period and low energy produc-
tion costs. H. Wronski and Carlson invented the first solar
cell with 2.4 percent energy conversion efficiency in 1976
[48]. An indium-tin-oxide (ITO)-coated glass substrate was
deposited at temperatures ranging from 250 to 4000 degrees
Celsius. Significant diffusion lengths are possible for both
majority and minority carriers due to the comparatively
thick intrinsic layer between the thinner n-type layers and
p-type. Boron levels (0.1-1 ppm) are common in the i-layer,
which is typically 250 to 500 nm thick. The intrinsic layer
of the absorber generates an electric field, which separates
and collects the electric charge [49]. To compound matters,
the doped areas are extremely thin. Phosphorus-doped Si:
H is also referred to as phosphorus-doped microcrystal-
line silicon. The n-layer, which is approximately 20-30 nm
thick, is composed of Si: H. The p-layer is a hydrogenated
boron-doped amorphous silicon-carbon alloy. The rear con-
tact is sputtered or vaporized with aluminum. Carlson and
Wronski [48] demonstrated this in 1976 by creating the first
p-i-n-Si solar cell. This was the initial step in the develop-
ment of laboratory Si solar cells. The theoretical maximum
efficiency of a Si solar cell was estimated to be 14-15%
based on this configuration.

A 4% increase in efficiency was announced in [49]. P-i-n
diodes had 4.8% efficiency when Wilson [31] used Schottky
diodes. Figure 3. Instead of p-n semiconductor junctions,
the Si solar cell uses a metal-to-N junction [31]. In this type
of solar cell, a Schottky barrier is used between the intrin-
sic region of a-Si and the Schottky barrier height function
metal, resulting in highly doped p-type a-Si. This improves
the Jsc and Voc Schottky barriers of the Si solar cell [50].
In 1980, Carlson considered a 6% p-i-n structure efficiency
and a 6% Schottky structure efficiency.

Tawada et al. [51] discovered hydrogenated a-Si: H in
1982, paving the way for the expansion of -Si with an
efficiency of 8.04 percent. Yablonovitch and Cody's [52]
discovered light-trapping features [52]. Yamazaki et al.
[53] discovered that hydrogenated a-Si: H resulted in a 9.3
percent efficiency increase in 1986. Multiple wavelengths
of response were possible due to numerous bandgaps in
multi-junction cells and modules developed in the early
1990s (Figs. 4 and 5). When a photon's energy is less
than that of a semiconductor's bandgap, it is not absorbed
by the semiconductor. Bandgaps in multi-junction tech-
nologies can be easily changed by alloying changes,
but a larger bandgap at the top of the stack is required.
Energy can be captured that would otherwise be lost in
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Fig.3 The a-Si Schottky barrier solar cell design. In this case, we
have an a-Si Schottky barrier solar cell with the area adjacent to the
Schottky barrier high work function metal strongly doped to p-type

single-junction solar cells. It has also been demonstrated
that optically connecting two mechanically distinct Si cells
in series can improve performance [54].

Furthermore, multi-junction technologies are less suscep-
tible to light-induced deterioration. Guha et al. demonstrated
multiple-junction solar cells using the multi-junction concept.
Yang et al. accomplished stable conversion efficiencies of 11.8
percent and 13 percent in 1996 and 1997, respectively, using a
"spectrum splitting, triple-junction arrangement." A dual junc-
tion and low-bandgap Si: H/Si: Ge alloyed cell enabled this
advancement in laboratory a-Si solar cell technology (Fig. 6).
To improve electric generation and current transfer within the
cell, a more effective TCO, also recognized as the best con-
ducting oxide, was developed, in addition to a p-n tunnel junc-
tion between the component cells [55].

Light

U
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_Single
junction

.,Double
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Fig.4 A double junction layout Solar cell a-Si: H/a-SiGe: H

S
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[=3
o

Fig.5 Design of a triple junction Si: H/-SiGe/-SiGe Solar cell

According to the study in [56], utilizing hydrogenated micro-
crystalline silicon (c-Si: H) and hydrogenated silicon dioxide
(H202) in three various layers of the solar cell resulted in a
13.4 percent accuracy to use a stable a-Si: H solar cell. Sai
et al. [56] explored equivalent triple junction technologies using
a Si: H/c-Si: H cell and accomplished a stabilized efficiency
of 13.6 percent. Honeycomb-textured substances (also known
as "honeycomb-textured substrates") have been employed to
enhance light trapping in multi-junction technologies, leading
to a substantial rise in PCE [56]. Given these advancements, it
is evident that a-Si: H technologies have played an essential part
in the development and invention of triple junction technology,
as well as how these technologies are going to be utilized in the
future. The cell's power conversion efficiency has improved as
aresult of the use of various semiconducting materials.
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o

Fig.6 (-Si: H/-SiGe/-SiGe) A triple junction solar cell layout
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CIGS Solar Cell Structures and Materials

Figure 7 depicts the CIGS structure on soda-lime glass. On
the glass surface, molybdenum interacts with p-type Cu
(InGa) Se2. The primary junction consists of an n-type CdS
buffer and a p-type Cu (InGa) Se2 [57]. The n-type ZnO: Al
layer acts as the front contact on top of the CdS. This solar
cell's semiconductor is between 1.24 and 4.04 m in size,
while crystalline silicon is between 170 and 200 m. When
an in-finger contact was used as the top electrode, 75% of
the incident radiation was allowed through, increasing effi-
ciency to 5.7 percent. The improved performance was due
to improved junction characteristics and increased carrier
absorption through the CdS window. Because the lattice
parameters of CulnSe2 and InP matched those of CdS, inter-
facial states were reduced. Ideality factor and high series
resistance, as well as grain-boundary recombination that
reduced Jsc, all contributed to the observed sub-10% effi-
ciency. Chen and Mickelsen [58] developed a CdS/CulnSe2
heterojunction solar cell with 5.7 percent efficiency in 1980.
The Jsc of 31 mA/cm2 was achieved without the use of an
antireflection coating (ARC) layer (ARC) in this cell. The
low open circuit voltage and high Jsc were caused by the
band bending and Fermi position in high-resistivity CulnSe2
(Voc). Chen and Mickelsen [59] improved performance by
combining p-and n-type CdS with CulnSe2. Because of the
presence of two selenide layers and 10% CdSe in the CdS
layer, this structure is unique.

By increasing selenide resistivity and decreasing pho-
ton losses, they were able to demonstrate a cell with 10%
efficiency. Chen and Mickelsen [60] were the first to illus-
trate thin-film CulnSe2/CdS solar cells in 1981. Variation
in selenide layer evaporation increases effectiveness. While
the rates of In and Se deposition remained constant, the rate
of Cu deposition was adjusted to achieve the desired com-
position and resistivity. Recombination pervades interface

n-type ZnO:Al
i-ZnO

Molybdenum

Soda Lime Glass

Fig.7 The CIGS solar cell structure
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transport, and low Voc was attributed to high Se resistiv-
ity. Cells were annealed in H2/Ar and then in pure oxygen
to better understand the limitations of cell function. Jsc
increased in all three situations as a consequence of the heat
effect, whereas Voc and FF enhanced only in an oxygen-
rich environment. After deposition, baking the cells in air or
oxygen at 200 degrees Celsius improves their performance.

Mickelsen and Chen [61] increased Voc and Jsc efficiency
by 10.6% by using ZnxCd1xS. A high Jsc was obtained due
to good crystallinity at the selenide-sulfur interface and the
absence of any undesirable planar grain boundaries. Because
zinc increased electron affinity between the selenide and
sulphide layers, its presence in the sulphide layer increased
Voc. Potter et al. [62] achieved 11.2% efficiency by com-
bining ZnO with p-type CulnSe2 and undoped(Cu, Zn)S or
CdS. Jsc was enhanced by 25% with a ZnO anti-reflective
coating, while a thin film of CdS absorbed light at 520 nm.
In 1988, Mitchell and Liu [63] increased Potter's effective-
ness by one percentage point, to 12.2 percent. By adding
texture to ZnO, the amount of optical reflection was dimin-
ished to 6%. Annealing, which reduced the resistivity of the
CIS film, and a direct bandgap of 1.0 eV, which increased
photocurrent, both increased efficiency by 1%. Devany et al.
[64] used the quaternary compound CulnGaSe2 to replace
the ternary CulnSe2 in-dependent bandgap. The quaternary
CulnGaSe?2 layer was used to increase Voc and decrease
infrared absorption losses in ZnO, resulting in a 12.5%
increase in efficiency.

For the majority carrier collection, Chen et al. [65]
revealed an efficiency of 13.7% in 1993 using quaternary
(CIGS) as the p-type absorption, CdZnS mixed alloys as
the n-type layer, and ZnO transparent conducting oxide as
the n-type over-layer. Boosting the substrate temperature
(above 500 °C) enhanced CIGS efficiency. By diminish-
ing wasteful reflection, lowering wasteful ZnO absorption,
and rising selenide Ga content, an efficiency of 13.7%
was accomplished. In 1994, Gabor et al. [65] revealed a
15.9% CulnxGa (1x) Se2 solar cell efficiency. Tuttle and
colleagues [66] achieved 17.7 percent efficiency by using
molecular back contact as a channel for impurity migra-
tion from glass to the absorber and a sputtered ZnO emit-
ter coated with MgF2 as a channel for impurity relocation
from glass to the adsorbent. The increased Voc is caused
by reduced recombination in the CdS conduction band and
a thinner CdS layer, which shifts the absorber band edge to
higher energies. In 1999, Contreras et al. [67] reported an
an18.8% efficiency after optimizing the ZnO window layer,
improving the CIGS absorber-CdS buffer layer interface,
increasing minority carrier mobility length, and lowering
space-charge recombination.

Zn0O/CdS/CulnGaSe? thin-film cells accomplished 19.2%
efficiency when Ramanathan et al. [68] used bandgap grad-
ing of Ga and In to boost Voc. In 2005, Contreras et al. [69]
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reported a 19.5% performance in CIGS solar cells. Enhanc-
ing the absorber bandgap to 1.14 eV, accomplishing a low
diode saturation current density (JO2) of 3108 mA/cm?2, and
achieving an ideality factor (n-factor) of 1.30 to 1.35 resulted
in a better cell. Repins et al. [70] achieved a 19.9% effi-
ciency by narrowing the bandgap in the space charge area.

Thus, the Voc concentration was identical to that identi-
fied by Contreras [69], but the FF was 81.2%, with an ideality
factor of 1.14 and a specific conductance (Jsc) of 2.1109 mA/
cm?2. The authors observe in 2010 that CIGS cells with metal
connections of 4 nm were 20.3% efficient [71].

In 2013, EMPA [72] created a thin-film CIGS solar cell
with 20.4% efficiency on a flexible polymer substrate. Roll-
to-roll continuous cell production is enabled by a thin CIGS
layer on a polymer substrate. In their study, Powalla et al.
[73] demonstrated that a cell made by static co-evaporation
could achieve a 20.4% efficiency. Between the CIGS layer
(which absorbs light) and the ZnO front electrode was a Zn
(O, S) buffer layer (which is transparent). They use a high-
vacuum cluster deposition setup for static co-evaporation of
CIGS absorber elements as well as sputter deposition of ZnO
and i-ZnO: Al for the windows. Powella et al. [74] discov-
ered that doping the Cu (In, Ga) Se2 layer with potassium
increased efficiency by 20.8%. The novel doping method
allowed for a higher gallium concentration in the CIGS
absorber without sacrificing performance. The new depo-
sition technique reduced the effects of Voc saturation and
changed the composition of the CIGS absorber to increase
the concentration of gallium. The development of higher-
bandgap CIGS cells was halted when the Voc was saturated
with increasing Ga content. Herrmann et al. [75] reported
21 percent of CIGS cells were in 2014. The rate of CIGS
deposition was increased, resulting in a significant increase
in efficiency. Jackson et al. [76] discovered a productivity
rate of 21.7% in 2014. Optimization of alkali post-deposition
treatment improves cell performance [77]. Solar Frontier
increased efficiency to 22.3% [78] by optimizing the CIS
absorber layer and connection fabrication process.

CdTe Solar Cell Structures and Materials

CdTe thin-film solar cells have high efficiency. The compound
is stable and has a direct bandgap, similar to CIGS. Thin CdTe
films have the potential to produce high-efficiency cells if
bulk and surface recombination are kept to a minimum. Bon-
net and Rabnehorst built the first large experimental CdTe cell
in 1972, which had a 6% efficiency. The cell shown in Fig. 8
was created using CdTe vapor-phase deposition and CdS high
vacuum evaporation [79]. Jsc can be increased with enhanced
photo-carrier transfer thanks to a graded gap junction. The
Molybdenum Mo-CdTe back contact proved difficult for Bon-
net and Rabnehorst due to the enormous series resistances
and low FF caused by using pure Molybdenum (pure Mo).

To make a non-rectifying contact on a wide-bandgap p-type
semiconductor, a high-function metal must be used, as well
as local doping of the semiconductor near the contact metal.
Charge carriers can tunnel through the resulting thin depletion
layer. The sudden surge in the popularity of the technology
resulted in a plethora of CDT fabrication procedures.

In 1976, Nakayama et al. [80] investigated the feasibil-
ity of screen-printing on CdTe solar cells. Ceramic films of
In203 and CdS were implemented on the glass's surface.
Because CdS served as an ohmic transparent electrode,
series resistance, and surface recombination were reduced
in the CdTe layer. It boosted the effectiveness of a CdTe
solar cell to 8.1% [75]. Bube and colleagues [81] investi-
gated 8.4% efficient CdS/CdTe solar cells. The n-CdS/n-
CdTe/p-CdTe junctions in this structure were formed dur-
ing junction formation by the diffusion of n-CdS donors
into p-CdTe, with the CdS film acting as a contact to the
CdTe homojunction. The interface recombination veloc-
ity can be diminished by raising the CdTe acceptor doping
concentration to 1017 cm3. Solar cells made of CdS/CdTe
are less expensive than silicon solar cells. Eastman Kodak
Company patents [82] show that by stacking polycrystalline
CdS and polycrystalline CdTe, 8.9% conversion efficiency
was achieved. When exposed to oxygen-containing air, the
incorporation of oxygen atoms into the sublimating semi-
conductive layer improved the device's performance. Fol-
lowing that, incorporating oxygen into semiconductor layers
improved performance by 10.5%. The p-type CdTe layer is
strengthened by oxygen, ensuring shallow-junction behavior.

Eastman Kodaks's Tyan and colleagues [83] were able
to achieve a 10% efficiency by incorporating tellurium
between the p-type CdTe and the metal contact. CdTe grain
boundaries are depleted in cadmium near the tellurium layer.
According to both theory and practice, the junction prepara-
tion strategy governs the integrity of the resulting cellular
junctions. In CdS, heterojunctions are formed through vac-
uum evaporation, whereas buried homojunction is formed
through chemical vapor deposition. In 1983, Werthen et al.
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Fig.8 A ceramic thin film CdTe solar cell schematic cross-section
[79]
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[84] demonstrated that low-doped CdTe increased Voc. In
contrast, low-doped CdTe increased recombination in the
depletion area while decreasing recombination at the inter-
face. Werthen and colleagues discovered that using low-
doped CdTe is a viable option for all CdTe solar cells and
that heating the semiconductor layers may improve perfor-
mance. In 1984, Kuribayashi and colleagues [85] improved
device efficiency to 12.8% by using carbon electrodes and
oxygen during CdS and CdTe deposition to reinforce the
p-type CdTe film and ensure shallow junction behavior. The
contact resistance between the CdTe and carbon electrodes
was reduced and the CdTe layer was strengthened by includ-
ing an appropriate amount of Cu (50-100 ppm) in the carbon
paste during carbon diffusion into the CdTe layer during
heat treatment. The Energy Department revolutionized CdTe
solar cells in 1987.

Previously, efforts were focused on improving electrode
placement, screen printing, and sublimation in confined
spaces. Closed-space sublimation at low vacuum and mod-
erate temperatures allow for simple deposition setup and
transport. Although p-CdTe heterojunctions had previously
been created, their short minority carrier lifetimes and low
resistivity connections rendered them ineffective. Mey-
ers and colleagues at Ametek [86] proposed a novel n-i-p
design with many advantages over top-of-the-line CdTe
heterojunction devices. The high-resistance CdTe used in
these cells outperformed the low-resistance sheets used by
other manufacturers. Instead of using low-resistance con-
nections, rectification was used, and the i-layer field aided
in charge carrier collection. Two examples are n-type CdS
and p-type ZnTe. Unrestricted hole flow is possible due to a
small break in the valence band edge at the CdTe/ZnTe inter-
face. Productivity increased quickly, increasing the effective-
ness by 10.4% [87]. An ohmic contact is difficult due to the
large work function of CdTe. As a result, as a buffer layer,
p-ZnTe was used. The cost of CdTe solar cells became more
important in their commercialization as their efficiency
increased. The development of low-cost, high-throughput
manufacturing methods for high-efficiency CdTe solar cells
is a popular research topic, and many labs are working to
develop them. Bottenberg and colleagues at Arco Solar [87]
created a three-layer system that included an intermediate
dielectric layer, a front conductive layer, and a CdS-free
semiconductor layer (a transparent conductor with a wide
bandgap to eliminate the need for a CdS layer). The produc-
tivity increase was 10.5%. Chamberlin and his colleagues
at Photon Energy increased efficiency to 12.3 percent [88].
The density of holes in properly doped CdTe is 2.8 x 1016
cm3. The device's efficiency was increased by lowering the
contact resistance of the CdTe surface via chemical rinsing
and etching. When Tottszer et al. [§9] widened the band gap
between the two materials, the efficiency of CdS/CdTe solar
cells increased to 13.1%. By lowering the electric field at the
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junction, the ability of the mid-gap recombination sites to
trap light-generated electrons was improved.

Chu et al. increased efficiency to 13.4 percent [90] by
developing low-resistivity p-CdTe films and establishing
stable low-resistance connections. CdS films were created
using a solution of cadmium salt, ammonium salt, and thio-
urea. We got CdS surfaces that stuck like glue and were
also glossy and reflective using Chu's method. Chu devel-
oped a device with a 14.6% efficiency [91]. The material's
remarkable efficiency was attributed to an interface reaction
between CdS and CdTe during high-temperature CdTe depo-
sition. The electrical connection was moved to CdTe due to
the formation of CdSxTelx at the contact, which improved
the material's photovoltaic capabilities. To achieve high solar
conversion efficiency, the chemistry at the CdS/CdTe inter-
face must be strictly regulated. After refining Chu's meth-
ods, USF researchers Britt and others [92] reported 15.8%
efficiency. In Fig. 9 because of the high temperature used
in CdTe deposition via close-spaced sublimation, CdS and
CdTe may interdiffusion (CSS). To separate the electrical
junction from the metal-liquid junction, CdxS1xTe was
used. As an additional electrical contact, a graphite paste
containing mercury was used. Britt et al. [92] revealed that
pre-deposition annealing of CdS layers in H2 raised grain
size, reduced interface states, and enhanced bandgap energy
by 0.12 eV. The thickness of CdS films can be decreased or
removed due to the Cd-rich surface left by annealing, which
aids in the prevention of shunting channels from Figs. 10
and 11.

Thin Film Solar Cells Efficiency Enhancement
Techniques

One of the primary goals of solar cell research and develop-
ment should be increased power conversion efficiency (PCE).
The Shockley and Queisser model predicts a single-junction
solar cell efficiency of 33% [93]. In a single-bandgap solar
cell, only incident photons with energies greater than or
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Fig.9 CdS/CdTe solar cell cross-section [92]
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Fig. 10 Thin-film CdTe solar cell configuration [92]

equal to the bandgap of the active material generate electri-
cal energy [94]. Lower-energy photons cannot activate the
solar cell and thus are wasted. As a result, single-band gap
solar cells are less efficient than those with multiple gaps.
Luque and Marti's [95] concept of intermediate band solar
cells (IBSCs) can be used to improve power conversion effi-
ciencies. This enhancement can theoretically reach a value
of 63.2%, which is higher than the highest efficiency value
attained by other solar cell types [96].

Many theoretical and experimental studies have shown
that incorporating quantum dots (QDs) into the active layers
of solar cells can improve their efficiency [97]. The effi-
ciency of quantum dot intermediate band solar cells (QD-
IBSCs) is the greatest of any IBSC type described in the
scientific literature to date [98]. Carriers can be stored in
QD-IBSCs, according to conventional wisdom, by forming
an intermediate band (IB) in the energy gap between the
QD's conduction band offset (CBO) and the valence band
(VB) [99]. A tiny amount of doping in the region where

Back Contact

CdTe

Cds

Tin Oxide —

Glass —

Fig. 11 CdTe/CdS thin film solar cell structure [92]

the IB is formed is required for the greatest potential trans-
mission of carriers across the IB. Controlling the doping
in the layers surrounding the IB allows you to control its
thickness [100].

The literature [100] has established that QD-IBSCs
increase the photo-generated current in PV cells via a multi-
step improved light absorption process. Although short cir-
cuit current density (Jsc) rises, open circuit voltage (Voc)
falls as expected [101].

Surface Grating Techniques

According to the research that has been conducted, the usage
of a surface grating is one of the light-trapping tactics that
may be implemented in a solar cell to improve both the
photo-generated short-circuiting current as well as the open
circuit voltage [102]. Surface gratings with IBSCs may thus
be considered an appropriate option for compensating for the
decrease in Voc caused by the addition of QDs with a low
effective bandgap to a solar cell's active material structure.

The purpose of the solar cell's surface grating, according
to Fig. 12 [103], is to enhance the optical path length of light
waves within the active material by generating more internal
reflections. When light strikes a solar cell's grating surface,
some of it is absorbed by the active material in the cell,
while the rest is reflected in the surrounding environment.
When light is absorbed by the solar cell, it travels to the
cell's bottom and is reflected up to the surface by the reflec-
tor on the cell's backside. Multiple reflections occur at the
surface, increasing the optical length of the light wave path
and, as a result, absorption [104]. The use of a triangle- or
pyramid-shaped surface grating has been shown in the lit-
erature [105] to maximize the efficiency of a solar cell [38].

Surface Plasmons

The free-flowing electrons in metals are primarily responsi-
ble for the synergy between these materials and electromag-
netic waves. In this model, free electrons fluctuate in a way
that is 180 degrees out of phase with the electric field that
generates them, as opposed to the basic Drude model's 90
degrees in phase. The high reflectivity of metals is because
their dielectric constant is negative at optical frequencies.
Furthermore, at optical frequencies, surface and volume
charge density oscillations, known as plasmons or plas-
mon polaritons with distinct resonance frequencies, may be
observed in the metal's free electron gas. Plasmons are com-
monly observed when light interacts with metal nanostruc-
tures, but they can also be found in other situations [106].
Because material properties vary with frequency, it is not
feasible to merely recreate the same performance in different
spectral ranges using Maxwell's equations' scale invariance.
This also implies that the outcomes of optical frequency
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Fig. 12 The effect of surface grating on solar cell absorption [103]

testing with metal nanostructures cannot be extrapolated
from model experiments with, say, microwaves and corre-
spondingly larger metal structures.

Surface charge density oscillations that are brought on by
surface plasmons at the metal-dielectric interface have the
potential to bring about greatly enhanced optical near fields
that are spatially confined near a metal surface. The total dis-
placement of electrons relative to a positively charged lattice
produces a restoring force when an electron gas is confined
in three dimensions, such as in a small sub-wavelength-scale
particle. This leads to the formation of particle-plasmon res-
onances, which are dependent on the particle's geometry. A
substantial amount of local charge can be accumulated on
particles with the appropriate shape, which is often pointed.
This charge can then be amplified by optical fields that are
far stronger [107].

Plasmonics and nano-plasmonics are new terms used to
describe the study of optical phenomena related to metal
electromagnetic responses. In recent years, there has been a
surge in interest in the sub-wavelength scale limitations of
optical radiation, a rapidly developing field of nano-science.

Merging of Plasmonics and Nano-photonics

It has become clear over the last decade that plasmonics
could play a significant role in future device technologies,
acting as a complement to existing photonics and electrical
technologies. In other words, plasmonics contributes pre-
cisely what photonics and electronics do not require, namely
the speed of photonics and the size of electronics [107] as
shown in Fig. 13. The dashed lines represent the physical
constraints of various plasmonic-derived technologies.

In Fig. 14, the Plasmonic devices can interact logi-
cally with photonic and electronic components that work
at speeds comparable to their own, which would increase
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the synergy between these technologies and the applications
they discover.

Plasmonics may be exploited as a result of this fact to
bridge the gap that exists between high-speed dielectric
photonics and nano-electronics that are comparable in size
and scale. Circuits and systems that are constructed from
plasmonic and electronic devices have a high level of cer-
tainty for usage in next-generation systems because of the
inherent integration compatibility that plasmonics has with
electronics and the speed that photonics provides. This is
because they will combine the most beneficial aspects of
both photonics and electronics to facilitate multiplication
and communication at fast speeds, broad bandwidths, and
with a low level of power dissipation. Plasmonics offers a
high level of certainty for the next step in technology devel-
opment as a result of its inherent integration compatibility,
which is another point that must be emphasized [109].

In the last decade, a wide range of plasmonics applica-
tions have emerged, and they are now widely regarded as
promising areas of development. However, it is beyond the
scope of this thesis to discuss all of the promising areas
of development. Several excellent reviews, including those
by Atwater [109], Ozbay [110], and Maier [111] provide
insights into current research as well as plausible applica-
tions such as plasmonic chips [112], nanolithography [113],
waveguides and optical microscopy [114], and sensor and
biosensor devices [115].

Plasmonics for Enhanced Photodetection

The basic goal of light trapping techniques is to increase
absorption while limiting incoming light reflections to
maximize the efficiency of a solar cell. Several plasmonic-
enhanced photodetectors have been developed in recent
years, ranging from a C-shaped germanium photodetec-
tor [116] to a fundamental modification of the fingers of
conventional metal-semiconductor-metal photodetectors
(MSM-PDs) for SPP coupling [117]. To perform optimally,
the MSM-PD must send as much energy as possible to the
photodetectors interface. The total energy that can be har-
vested will be influenced by the geometry and optics of the
structures, as well as the incident radiation characteristics
(wavelength, polarization, angle of incidence, etc.).

When the wavelength of the light is in sync with the
resonance of the particle, metal nanoparticles can have a
powerful interaction with the light. The scattering direc-
tion and intensity, as well as the interaction strength and
scattering cross-section, are all determined by the reso-
nance frequency. The resonance frequency is affected by
a wide variety of elements, such as the type of metal that
is employed, the medium in which it is immersed, the size
and form of the particles, and the photonic environment
in which they are situated. The study of photovoltaics



Plasmonics (2024) 19:1-20

13

Fig. 13 Different chip-scale

1
device technologies' operating 1 |
speeds [107] -
PHz !
T I
Metallic i Dielectric \
THz Nanoplasmonics . photonics
T |
| —
GHz _______l—______ -
= - \
3
2 |
o
& .
3 |
= MHz _} Semiconductor -
> Electronics | The Past
& -
o |
KHz M
+ |
i 4
|
1 1 1 1 1 1
10 "lm 106 nm 1 |.l'rn 10 plm 100I|.|m 1 !nm
Critical device dimension

might be helped by three significant plasmonic processes
in the future. When the wavelength of the light is in sync
with the resonance of the particle, metal nanoparticles
can have powerful interactions with the light, Fig. 15.
The scattering direction and intensity, as well as the
interaction strength and scattering cross-section, are all
controlled by the resonance frequency. The resonance
frequency is affected by a wide variety of parameters,

such as the type of metal that was used, the medium in
which it was immersed, the size and form of the particles,
and the photonic environment in which the particles were
situated. The study of photovoltaics could potentially gain
from three significant plasmonic processes [118].

The first two theories are based on localized plas-
mon polaritons (LPPs), and they can give a local field
enhancement to boost absorption near the particles. On
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Fig. 14 The speed at which data transport and processing systems operate [108]
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the other hand, the third idea depends on directional scat-
tering and light trapping to increase absorption near the
particles. The propagation of plasmons is the basis for the
third and most recent mechanism that has been developed.

The directed scattering method is the most efficient
of these procedures because it can be used to intention-
ally induce antireflection qualities if the light is dispersed
into a high refractive index region. The problem with all
of these systems is that the metal nanoparticles almost
always cause parasitic absorption, which is a source of
disagreement. Because parasitic absorption is especially
effective at short wavelengths, depositing particles on the
surface of a solar cell may reduce the cell's effectiveness.
Aside from preventing short-wavelength parasitic losses,
putting particles at the back of a cell allows the design to
be specifically tailored to address large-angle scattering
for the difficult near-band-edge photons that require light
trapping [120]. However, progress has been slow, with
only minor improvements in thin-film solar cell efficien-
cies revealed thus far [121]. The most promising approach
is to be cautious when designing the shape, size, and dis-
tribution of metal nanoparticles in back reflector designs.

Silicon Thin-film Solar Cell Modeling
Single Solar Cell Modeling

The number of extracted parameters is used to classify com-
pact (or non-numerical) models. PV approximations are
classified into several types [122], Fig. 16. The one-diode
model is widely accepted as an accurate representation of
solar cells that achieves a reasonable balance of simplicity
and accuracy. An attempt to improve that model is by includ-
ing another diode or diodes and creating the "N-diode-based
model." These approximations produce a set of unknown
parameters, starting with two (the ideal approximation) and
increasing to seven or more parameters [123].

Figure 17 depicts the block diagram for PV parameter
extraction, with the main goal of solving the diode(s) equa-
tion using the given parameters, Eq. 1. Some parameters,

Fig. 15 Mechanisms for the
plasmonic trapping of light for
use in thin-film solar cells [119]
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such as maximum power (Pm), open circuit voltage (Voc),
and short circuit current (Jsc), can be obtained from PV man-
ufacturing datasheets, while the rest, such as short circuit
current and open circuit voltage variations due to light and
temperature changes, can be extracted empirically, as shown
in Egs. 2 and 3. Consider the PV diode equation to begin.

1=10(e% - 1) o))

where:
I,: Dark current.
I: The net current flowing through the diode.
V: Applied voltage of the diode.
q: Absolute value of electron charge.
k: Boltzmann's constant.
T: Absolute temperature (K).

I, < (T,y) @)

Voe & (T.7) 3)

where T and y are the ambient temperature and irradiation
density, respectively. Please note that the electrons' or holes'
temperature values are different from the temperature values
used with those approximations, Egs. (1-3). the temperature
values used for the parameter extraction techniques are the
ambient temperature, which is an incorrect definition and
inconsistent with electron or hole transport. Of course, it
can’t be extracted using those approximations, and for this
reason, an empirical parameter must be used to refine the
results with those obtained numerically or experimentally.

Those models rely primarily on the PV diode (s) approxi-
mation equivalent circuits, which are then solved for circuit
parameters such as photonic current (I;), series resistance
(Ry), parallel resistance (R), ideality factor (n), junction
capacitance (C;), and so on.

To summarize, the parameters are solved inconsistently
with the PV semiconductor, which is accepted with the defi-
nition of the compact models to reduce the time required for
SPICE simulation calculations.

Semiconductor
Absorber
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Fig. 17 Block diagram for PV

parameters extraction Manufacturing

datasheet parameters
Im, Vi, lsc, Voc

Solving PV diode(s) equation Parameters extraction

qv Photonic current (Iph), series
I = Io exrT — 1) |:> resistance (Rs), parallel
resistance (Rp), Ideality factor
(n), junction capacitance (G;j)

Empirical parameters,
Isc < (T,y)

Voc & (T,¥)
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Array of Solar Cell Modeling

The introduced simulation for solar cells array as shown in
Fig. 18, is based on the mathematical model, in which the
PV module structure is created in SIMULINK/MATLAB
to simulate thin-film solar cells. The main purpose of this
part is to connect multi-physics modeling in COMSOL for
single physical parameters to the entire array of a typical
thin-film solar cell.

In this section, the complete array of thin-film solar cells
is simulated using 26-rows by 264 columns (Ns x Np) as
shown in Fig. 19 to study the effect of SPP on the efficiency
depending on COMSOL Multiphysics parameters and the
SIMULINK/MATLAB module [124].

Challenges, New Trends, and Future Work
in Silicon Thin-film Solar Cell

Challenges in Silicon Thin-Film Solar Cell

Because it takes a significant amount of time to simulate a
silicon thin-film solar cell, optimizing the performance of
silicon thin-film solar cells using device simulation tools
is difficult; however, PV-based compact models can save
time. One solution is to use the equivalent circuit model in
MATLAB to optimize the performance of a thin-film silicon
solar cell.

New Trends

The following is a summary of the subjects that were
deemed important:

A. Topology Problem

There are extensive studies in this area for many
years. Studies are continually being conducted
since an infinite number of topologies have yet to
be uncovered. Until now, it has been impossible to
find a single ideal topology that accounts for all of
the necessary metrics.
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Fig. 18 PV module structure of the thin-film solar cell in SIM-
ULINK/MATLAB
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Fig. 19 array structure of the thin-film solar cell in SIMULINK/
MATLAB [125]

B. Thin Film Solar Cell Performance Under Different
Environmental Conditions

As numerous studies have shown, rising tem-
peratures reduce the efficiency of solar cells due
to recombination. The efficiency of solar cells is
determined by analyzing their electrical properties,
such as short-circuit current density (Jsc) and open-
circuit voltage (Voc) [126]. The behavior of solar
cells is studied at temperatures ranging from 15 (288
K) to 50 (323 K) and beyond [127].

C. Thin Film Solar Cell Optimization Techniques For
Simulation

Surface grating is one of the light-trapping strate-
gies that can be used to increase not only the photo-
generated short-circuit current but also the open cir-
cuit voltage of a solar cell, according to published
research. This is supported by the literature. As a
result, the use of surface gratings in conjunction with
IBSCs may be considered a viable option for revers-
ing the decrease in Voc caused by the incorporation
of QDs with a low effective bandgap into a solar cell's
active material structure. Plasmonics, nanophotonics,
and surface plasmons are also being researched.

Future Work

In this section, some future directions related to the silicon thin-
film solar cell are still open issues and require further investiga-
tion such as:

1. Studying the possibility of fabrication.
Studying the possibility of using different optimization
techniques to optimize the solar cell array.

3. Studying using parallel processing techniques to mini-
mize the computing cost.
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4. Using germanium instead of silicon and examining the
efficiency improvement.

5. Apply more grating shapes with different dimensions.

6. Using different types of materials like copper and silver
with SPPs.

Conclusion

This paper provides a comprehensive survey of silicon thin-
film solar cells for the most important enabling technologies
in the upcoming solar cell. We were able to demonstrate that
a thin-film solar cell may be applied in a wide variety of dif-
ferent types of solar cell technologies. It is favored because it
is economical, makes less use of material, and demonstrates
a trend that is optimistically rising in terms of how effec-
tively it works, and these are the reasons why it is favored.
This research was conducted to provide a comprehensive
analysis of silicon thin-film solar cells, beginning with their
development to the most recent and cutting-edge laboratory-
developed module. There is a review of the fantastic devel-
opment of each technology, as well as its cell configuration,
restrictions, equivalent circuit model, cell performance, and
global market share. The available simulators and software
packages have been shown. New advances in solar cells are
also highlighted; these hold the potential to be significant
variables and solutions in the process of the future's develop-
ment. Because of this, we believe that a thin-film solar cell
will play an increasingly important role in the manufacturing
of solar cells in the years to come. Challenges, new trends, and
open issues have been discussed. Finally, some future direc-
tions related to the silicon thin-film solar cell are discussed.
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