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ABSTRACT

This thesis investigates the potential of molybdenum disulfide (MoS2) as an active ma-
terial for next-generation solar cells. As a two-dimensional transition metal dichalco-
genide, MoS2 exhibits exceptional optoelectronic properties, making it a strong candi-
date for thin-film photovoltaic applications.
The MoS2/InP heterojunction solar cell performance is simulated and analyzed using
SILVACO TCAD tools, focusing on the influence of doping concentration and thickness
of the MoS2 emitter and InP absorber layers, as well as the work functions of the front
and back contacts. Simulation results identify the optimal InP absorber thickness as
2500 µm with a doping concentration of 1014 cm−3, while the MoS2 emitter achieves
best performance at a monolayer thickness (0.72 nm) and a doping density of 2.5 ∗
1020 cm−3. The front and back contact work functions are optimized at 3.7 eV and
5.65 eV, respectively. These parameters collectively enhance junction quality, charge
separation, and carrier collection, resulting in a device with a V oc of 0.8627 V, Jsc of
24.191 mA/cm2, fill factor of 85.86%, and a power conversion efficiency of 17.92%.
These findings support the use of MoS2 as a cost-effective, flexible alternative to con-
ventional materials, and offer promising insight into the development of high-efficiency
hybrid solar cells that integrate two-dimensional and three-dimensional materials.

Keywords:Molybdenum disulfide (MoS2), Two-dimensional materials, SILVACO TCAD,
Simulation,Solar cell.
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P�l�

(MoS2) �wn§dby�wm�� dyt§rb� ¨�A� ��d�tF� Ty�Ak�� ¨� ��b�� ­r�@m�� £@¡ �¤Ant�

¨¶An� £CAbt�A� ,(MoS2) d`u§ .d§d��� �y��� �� TysmK�� T�AW�� A§®� ¨� T�A`� ­ Am�

TysmK�� A§®��� �AqybWt� ­d��¤ ¾­ A� ,Ty�Aqt�¯�   A`m�� ��dyny�wk�A� T·� ��¤  A`�±�

.�Ay�¤rtk�³�¤ �A§rOb�� �A�� ¨� ­d§rf�� ¢O¶AO� �Sf� Tqy�r��

��¤ � ��d�tFA� Ahlyl�� ¤ (MoS2/InP ) Ts�A�t� ry� TysmJ Tyl� º� � ­A�A�� 
m�

¨tqbV �muF¤ (Doping) �y`Wt�� zy�r� ry��� Yl� zy�rt�� �� ,(SILV ACOTCAD)

¨�A�±� �y�AO�®� (workfunction) �m`�� T�� Y�� T�AR³A� ,(InP ) Ptm�¤ (MoS2) ��A�

rt�¤rky� 2500 w¡ (InP ) TqbW� ¨�A�m�� �mus��  � ­A�A�m�� �¶At� �rhZ� .¨fl���¤

© A�� �muF dn� º� � �S�� MoS2 ��A� �q�§ Amny� , 1014cm−3
�lb§ �y`W� zy�rt�

�m`�� T�� �ys�� �� d�¤ 2.5 ∗ 1020cm−3
�lb� �y`W� T�A��¤ (rt�w�A� 0.72) TqbW��

£@¡ �hsu�¤ .¨��wt�� Yl� 5.65ev ¤ 3.7ev Y�� ¨fl���¤ ¨�A�±� �y�AO�®� (workfunction)

© ¥§ Am� ,���w��� �m�¤ ,�An�K�� �O�¤ ,Tl}w�� ­ w� �ys�� ¨� ¾T`mt�� �Aml`m��

(Jsc) ­ryO� ­r¶� CAy� T�A��¤ , 
�w� 7268.0 (V oc)T�wtf� ­r¶� dh� ©Ð EAh� Y��

��d� .17.92% �lb� T�AV �§w�� ­ºAf�¤ ,85.86% �kK�� ��A`� ¤ , 24.191mA/cm2
©¤As�

A§®��� ¨� Tflkt�� TSf�n�¤ T�A`�  A`�±� Ty¶An� ­ Am� MoS2 ��d�tF� �¶Atn�� £@¡

Yl� ºwS�� Xls� Am� ,­zym� Ty�¤rtk��¤ T§rO� P¶AO� �� ¢kltm� Am� ,TysmK��

T§dylq�  �w� �� Ah�� dn� Ty¶wR¤rhk�� ­zh�±� º� � �ys�� ¨� ­d��w�� Ah�Ay�Ak��

. A`�±� Ty�®�

Tyl�,­A�A�m, A`�¯� Ty¶An�  �wm,(MoS2)�wy�dby�wm�� dyt§rb� : Ty�Atfm�� �Amlk��

.SILV ACOTCAD,TysmJ
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Introduction

For a long time, humanity has relied on various conventional energy sources such as
fossil fuels, coal, natural gas, and agricultural waste. However, the prolonged use of
these resources has led to significant environmental issues, including air and water
pollution, and harm to wildlife. Problems such as global warming, acid rain, and soil
degradation are direct consequences of depending on these traditional energy sources.
Moreover, the finite nature of these resources and their environmental impact have
driven the shift toward clean and sustainable alternatives, known as non-conventional
energy sources. Options like tidal, wind, biomass, and solar energy offer renewable
solutions. Among them, solar energy stands out as a particularly attractive and viable
alternative to fossil fuels, as it is abundantly available across the globe [1].
Solar energy is obtained by capturing and making use of the sun’s light and heat. It
is an abundant resource, with the sun emitting a vast amount of energy on a daily
basis. Moreover, it is renewable, meaning it can be naturally replenished over time.
In contrast to fossil fuels, which require millions of years to form and are limited in
quantity, solar energy is virtually inexhaustible and can be utilized as long as the sun-
light is available. Photovoltaic technologies have progressed significantly, leading to
improved solar cell efficiency, lower production costs, and greater adaptability across
different settings. These advancements have paved the way for large-scale solar energy
generation and have facilitated the incorporation of solar power into daily life [2].
Currently, crystalline silicon (c-Si) solar cells continue to lead the commercial market,
thanks to the wide availability of silicon, their high efficiency, and long-term stability .
Nevertheless, the advancement of these solar cells is hindered by their relatively high
cost, mainly resulting from the complexity of the manufacturing process [3].

In recent years, two-dimensional transition metal dichalcogenides (TMDs), particu-
larly molybdenum disulfide (MoS2), have garnered significant interest for use in emerg-
ing electronic and optoelectronic devices. Compared to traditional silicon-based semi-
conductors, monolayer MoS2 is seen as a promising alternative for future electronic
components [4]. Among all two-dimensional TMDs, MoS2 stands out as one of the
few materials with a naturally layered structure, allowing for easy and low-cost ex-
foliation without complex synthesis. Additionally, its direct band gap and excellent
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Introduction

electrical properties make it one of the most promising 2D semiconductors, attracting
significant attention in the field [5].
While 2D heterostructure devices have shown remarkable electrical properties, their
power conversion efficiencies (PCEs) typically remain below 1% due to limited light
absorption. In contrast, combining 2D materials with three-dimensional (3D) semi-
conductors shows great potential for efficient photovoltaic applications. Indium phos-
phide (InP), with its optimal 1.34 eV bandgap, is well-suited for solar energy conver-
sion and offers greater resistance to space radiation compared to Si and GaAs [6].

This thesis aims to study and enhance the performance of a 2D material/3D semi-
conductor heterostructure solar cell, based on the two-dimensional material molyb-
denum disulfide (MoS2) combined with indium phosphide (InP), through simulation-
based analysis using SILVACO TCAD tools.The work focuses on improving the power
conversion efficiency (PCE) by investigating key parameters using numerical simula-
tions—an approach that offers a more efficient and practical alternative to traditional
experimental methods, which are often time-consuming and resource-intensive. Addi-
tionally, simulation studies on MoS2-based solar cells remain relatively limited, high-
lighting the relevance of this work.By analyzing the effects of various design and ma-
terial factors, the study seeks to uncover the underlying mechanisms that influence
device performance and to propose optimization strategies that could contribute to
the development of more efficient next-generation photovoltaic devices.

The dissertation is organized into three main chapters, each addressing a specific as-
pect of the study. Starting with a general introduction that provides background, con-
text, and research objectives.
Chapter One presents the theoretical background, covering the fundamentals of solar
cells, their operating principles, various types, as well as recent technological advance-
ments.
Chapter Two focuses on the materials used in the device under study.It describes the
physical properties of molybdenum disulfide (MoS2) and indium phosphide (InP),
highlighting their crystal structures and general characteristics.
Chapter Three introduces the SILVACO TCAD simulation environment, describing its
capabilities and how it was employed to model the MoS2/InP solar cell. This chapter
presents the simulation setup, analyzes the obtained results, and discusses the effects
of key parameters on device performance.
Finally, the thesis ends with a conclusion that summarizes the key findings, highlights
the contributions of the study, and proposes directions for future research, including
possible enhancements.
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Chapter 1

Theoretical Background of Solar Cells

Sunlight is an abundant, safe, and environmentally friendly energy source capable of
supporting sustainable economic development. One of the most effective and practical
methods to utilize solar energy is by converting it into electricity through solar cells [7].
Solar cells , also known as photovoltaic (PV) cells, generate electricity from light using
the photovoltaic effect [8].
Since their discovery, these cells have undergone significant developments in terms of
efficiency, the materials used in their fabrication, and their diverse applications.
This chapter aims to provide a comprehensive overview of the working principles of
solar cells, starting with the basic physics behind the photovoltaic effect, followed by
an exploration of different types of solar cell technologies.

1.1 Solar energy:

Solar energy is the cleanest and most abundant form of renewable energy available.
Advances in technology now allow both individuals and businesses to harness this
resource in various ways, utilizing both sunlight and heat. Solar energy is directly
produced by the sun, which generates energy through a thermonuclear process that
converts around 650 million tons of hydrogen into helium every second. This process
releases heat and electromagnetic radiation, with the heat remaining within the sun
to sustain the nuclear reactions. The electromagnetic radiation, including visible light,
infrared, and ultraviolet rays, radiates outward into space. Only a small fraction of
this radiation reaches Earth, yet it serves as the indirect source of nearly all forms of
energy on the planet, with the exceptions of geothermal energy and nuclear fission and
fusion. Even fossil fuels originated from the sun, as they were once living organisms
that depended on solar energy. Approximately 52 petawatts (PW) of solar radiation is
reflected back into space, accounting for 30% of the total. As a result, more solar en-
ergy is available in outer space, which has led to proposals for launching photovoltaic
arrays into space to collect this energy and transmit it back to Earth as microwaves for
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use. At the top of the atmosphere, the solar constant provides around 1.4 kW/m² of
energy. Given that global energy consumption (from oil, gas, coal, nuclear, and other
sources) totals around 18 terawatts (TW), the amount of solar radiation hitting Earth
is approximately 10,000 times greater. Capturing even a small portion of this energy
could potentially solve the looming energy crisis [9].

1.2 Air mass

Solar radiation emitted by the sun forms the solar spectrum as detected on Earth.
Above the Earth’s atmosphere, the radiation intensity, known as the Solar Constant,
measures around 1.353 kW/m2 . The spectral profile in this region is called the air
mass zero (AM0) spectrum. Air Mass describes how the atmosphere modifies the solar
radiation by absorbing certain wavelengths and reducing its intensity before it reaches
the surface [10]. The Air Mass value is determined by the following relationship [10]:

AM =
1

cos(θ)
(1.1)

where θ represents the angle at which sunlight strikes the surface (with θ = 0 when the
sun is positioned directly overhead) [10].
The air mass coefficient is commonly utilized to define the standardized testing con-
ditions for solar cell performance. It is denoted as "AM1.5", indicating an atmospheric
thickness corresponding to a solar zenith angle of 48.2°. To ensure accurate and consis-
tent comparisons of solar cell performance across different times and locations, a stan-
dard spectrum and power density are typically applied. The designations "AM1.5G"
(where G refers to global, meaning it includes both direct and diffuse sunlight) and
"AM1.5D" (referring to only direct sunlight) are used to describe the standard solar
spectrum at the Earth’s surface [11].

1.3 Photovoltaic system

Photovoltaics (PV) is a method of generating electrical power by harnessing solar
energy. PV systems employ solar panels composed of multiple photovoltaic cells,
which utilize semiconductor materials to convert sunlight into direct current electricity
through the photovoltaic effect [12].
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Figure 1.1: The photovoltaic process: photons Absorption (A), carriers Generation (G),
carriers Collection (C) [13].

1.4 Solar cell’s Working principle :

A photovoltaic (PV) cell is a semiconductor device that converts solar radiation into
electrical energy. It consists of a p-n junction, formed by the interface of p-type and n-
type semiconductor materials. The absorption of photons from sunlight creates electron-
hole pairs, which are separated by the junction, resulting in the generation of direct
current (DC) electricity [14].

1.4.1 Semiconductors:

Semiconductors are primarily classified into two categories [15]:
• Intrinsic semiconductors.
• Extrinsic semiconductors.

1.4.1.1 Intrinsic semiconductor:

An intrinsic semiconductor can be defined in two ways. In simple terms, it is a semi-
conductor made from a very pure material. More technically, an intrinsic semicon-
ductor is one where the number of holes (vacant electron states) equals the number
of electrons in the conduction band (ni = n = p) [15], where ni is the intrinsic carrier
concentration, a key semiconductor property. It’s easy to see that [16]:
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n2
i = n.p (1.2)

The concentration of electrons and holes is calculated using the following equations
[16]:

n = NC .exp(
EF − EC

KT
) (1.3)

p = NV .exp(
EV − EF

KT
) (1.4)

from1.3,1.4 and 1.2 we get [16]:

n2
i =

√
NCNV .exp(

−EG

2KT
) (1.5)

These semiconductors have a very small energy gap, and at room temperature, the en-
ergy available is enough to excite valence electrons into the conduction band. Another
key characteristic is that the Fermi level of an intrinsic semiconductor lies between the
valence and conduction bands. The Fermi level is the energy level where the proba-
bility of finding an electron is 50% (a probability of 0.5 on a scale from 0 to 1). When
a potential difference is applied across an intrinsic semiconductor, electrons move to-
ward the positive terminal, and holes move toward the negative terminal. The total
current in the semiconductor is the sum of the currents due to both free electrons and
holes. As the temperature increases, the number of electron-hole pairs rises, resulting
in an increase in current. Conversely, when the temperature decreases, the number of
electron-hole pairs decreases, and the current diminishes [15].

1.4.1.2 Extrinsic semiconductor:

These are semiconductors in which the pure form of the semiconductor material is in-
tentionally altered by adding very small amounts of impurities. These impurities are
referred to as dopants or doping agents. It is important to note that the quantity of
these impurities is extremely small, with a typical dopant concentration being around
1 part per hundred million, or 0.01 ppm. The dopants are carefully selected based on
the number of electrons in their valence band: pentavalent dopants have five electrons,
while trivalent dopants have three. As a result, the dopant type leads to the formation
of two types of extrinsic semiconductors P-type and N-type semiconductors [15].

• N-type: Consider a semiconductor to which donor-type impurities have been added
(figure 1.4) . Figure 1.2 illustrates the band model for an n-type semiconductor as the
temperature increases. At T = 0 K, the electrons are in their valence bonds, and the
donor electron, which is not part of the covalent bonds, has higher energy compared
to the electrons that are bonded. The energy needed to move the donor electron to the
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conduction band is much lower than the energy required to move an electron involved
in covalent bonding. The energy difference between the conduction band (EC) and
the donor level (ED) is very small, so even a slight increase in temperature can cause
the donor electron to transition to the conduction band, resulting in ionization. In an
n-type semiconductor, the Fermi level is located near the conduction band [17]. For
an n-type semiconductor, assuming that NA is null and considering that ND ≈ n0 , the
concentration of holes can be determined by [17]:

p0 =
n2
i

n0

=
n2
i

ND

(1.6)

Figure 1.2: Band model for an n-type semiconductor [17].

• P-type: Consider a semiconductor doped with acceptor-type impurities (figure 1.5).
Figure 1.3 illustrates the band structure of a p-type semiconductor as the temperature
increases. At T = 0 K, the covalent bonds are incomplete, and their energy is above
the valence band edge (EV). A slight increase in temperature is sufficient to excite an
acceptor electron into the conduction band, ionizing the impurity. As a result, the
valence band contains significantly more holes than electrons in the conduction band,
as depicted in Figure 1.3 [17]. For a p-type semiconductor, assuming that ND is null
and that NA ≈ p0 , the concentration of holes can be determined by [17]:

n0 =
n2
i

p0
=

n2
i

NA

(1.7)

1.4.2 P-N junction:

When a p-type semiconductor comes into contact with an n-type semiconductor, free
electrons from the n-type region near the heterojunction will diffuse into the p-type
region, as the electron concentration is significantly higher in the n-type region than

7



Chapter 1: Theoretical Background of Solar Cells

Figure 1.3: Band model for a p-type semiconductor [17].

Figure 1.4: N-type semiconductor [15]. Figure 1.5: P-type semiconductor [15].

in the p-type region. As the electrons diffuse across the junction, they leave behind a
layer of fixed positive charge in the n-type semiconductor. Similarly, free holes from
the p-type semiconductor near the junction will diffuse into the n-type region, leav-
ing behind a layer of negative charge in the p-type semiconductor. This separation of
charges creates an electrostatic field that opposes further diffusion across the junction.
Equilibrium is reached when the diffusion of majority carriers across the junction is
balanced by the drift of minority carriers back across the junction due to the built-in
electrostatic field [18].

Figure 1.6: P-n junction at equilibrium [19].
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1.4.3 Forward-biased p-n junction solar cell:

When the diode is connected to a forward-biased external voltage, the depletion region
narrows. The negative charge carriers (electrons) and positive charge carriers (holes)
are pushed away from the negative and positive terminals, respectively, toward the p-n
junction. As a result, the energy required for the charge carriers to cross the depletion
region is reduced. Once the applied voltage reaches the barrier potential, electrons
begin to flow through the space charge region. The current through the diode increases
exponentially as the forward bias voltage increases [14].The current in forward bias
mode is described by the ideal Shockley equation as follows [14]:

Id = I0(exp(
e.V

KT
)− 1) (1.8)

1.4.4 Reverse-biased p-n junction solar cell:

If the P-region is linked to the negative terminal and the N-region to the positive termi-
nal of the external power source, the PN junction will be in a reverse-biased condition.
When the P-region is connected to the negative voltage, the holes in the P-region will
be attracted to the external voltage and begin to move away from the depletion region.
A similar effect occurs with the electrons. As a result, a small current, ranging from
a few nanoamperes to microamperes, will flow. This current is known as the reverse
saturation current [20].

1.4.5 P-N junction solar cell under illumination:

When a solar cell is exposed to light, the photons incident on the cell generate electron-
hole pairs. Through diffusion within the material, these electrons and holes move to-
wards the junction. At the junction, the built-in electric field separates the positive and
negative charge carriers. The charge carriers are then extracted through electrical con-
tacts, contributing to the output current in the external circuit. This process ultimately
converts the chemical energy of the charge carriers into electrical energy. Once elec-
trons have passed through the circuit, they recombine with holes at the metal-absorber
interface.
After the electron-hole pairs are created through light absorption, they move within the
crystal lattice. Before recombining, these charges must be collected in order to extract
power from the photovoltaic (PV) cell. The generation of electrical currents in this
process relies on the movement of the electron-hole pairs, making the Drift-Diffusion
(D-D) model the appropriate mechanism to describe the behavior of charge carriers in
the substrate under the influence of light and/or an electric field, causing a deviation
from thermal equilibrium [21].
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Therefore, the total current passing through the illuminated solar cell will be [22]:

I = I0(exp(
q.V

ηkT
)− 1)− Iph (1.9)

Where Iph is photogenerated current.

1.4.6 Metal-semiconductor junction:

The type of metal-semiconductor junction depends on the work functions of the metal
and semiconductor. When the metal’s work function is lower than that of the semi-
conductor (Φm < Φs), a non-rectifying Ohmic junction is formed. Here, us represents
the semiconductor’s work function. The work function of a material is defined as the
energy required to move an electron from the Fermi level to the vacuum level. On the
other hand, if the metal’s work function is higher than the semiconductor’s (Φm > Φs),
a rectifying Schottky junction is created.It depends also on the semiconductor type (n-
type or p-type) [17, 23].

Figure 1.7: Band diagrams of metal-semiconductor junction [17].

1.5 Solar Cell I-V Characteristics:

The I–V characteristics of solar cells, serve as a crucial tool for evaluating their perfor-
mance, it is also useful for analyzing and understanding the internal physical processes
of the PV solar cell [24, 25].
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Figure 1.8: I-V characteristic curve of a solar cell [26].

1.5.1 Short-circuit current:

The short-circuit current represents the maximum current a solar cell produces when
its electrodes are short circuited. This current is influenced by the solar irradiance
spectrum and the area of the solar cell. To eliminate the effect of the cell’s size, the
short-circuit current density is commonly used to characterize the maximum current
output of the solar cell [27].

1.5.2 Open-circuit voltage:

The open-circuit voltage of a solar cell is the maximum voltage that occurs when no
current flows through the external circuit, meaning the cell is open-circuited. It rep-
resents the forward bias voltage at which the dark current balances the photocurrent.
Denoted as Voc, it is calculated under the assumption that the net current is zero [27],
and can be expressed as follows [27]:

Voc =
KT

q
. ln[

Iph
I0

+ 1] (1.10)

1.5.3 Efficiency:

The efficiency of a cell is defined as the ratio of the power it produces (the output
power) to the power it receives (the input power).To determine the cell’s efficiency for
a specific load resistance, it is necessary to calculate the maximum power point. The
output power is calculated by multiplying the current and voltage: P = IV . This
power is typically displayed as a curve that shows the relationship between the out-
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put voltage and the power produced. The figure also highlights the maximum power
point (MPP), which represents the point where the solar cell generates its maximum
power. The input power, which is not an electrical quantity, is determined using the
irradiance. The irradiance Ginc , representing the radiant flux (power) received per
unit area, is multiplied by the active area of the solar cell to calculate the total incident
power [28],the efficiency expression is given by [28]:

η =
Pmax

Pinc

=
Imax.Vmax

Ginc.Aactive

(1.11)

1.5.4 Fill factor:

The fill factor (FF) is the ratio of the maximum generated power to the product of the
open-circuit voltage and the short-circuit current. It provides an initial indication of
the cell’s quality. A perfect p-n junction would have an ideal I(V) curve shaped like a
rectangle, resulting in a FF of 100%. However, FF can also be used to compare different
types of solar cells [28].The fill factor expression is given by [28]:

FF =
Pmax

ISC .VOC

=
Imax.Vmax

ISC .VOC

(1.12)

1.6 Photovoltaic cells development:

Photovoltaics have become a big part of the shift towards cleaner energy in the last ten
years. This is thanks to improvements in solar cells manufacturing methods and the
materials used. However, several challenges remain before photovoltaics can deliver
cleaner and more affordable energy. Photovoltaic cells are classified into four main
generations: first, second, third, and fourth [29].

1.6.1 First generation of photovoltaic cells:

Silicon-based photovoltaic cells were the first to enter the market, using materials and
techniques from the microelectronics industry. They now account for over 80 % of
global installed capacity and 90% of the market share, due to their high efficiency. The
first generation includes mono-, poly-, and multicrystalline silicon, along with single
III-V junctions like GaAs [29].

1.6.1.1 Monocrystalline silicon (m-Si)-based solar cells:

Monocrystalline silicon solar cells are made by growing silicon blocks from small monocrys-
talline seeds and then slicing them into wafers using the Czochralski process (Figure
1.10(a)). This material is favored for its high efficiency compared to multicrystalline
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Figure 1.9: Development in photovoltaic cell technologies [29].

silicon. However, these cells face several challenges, including strict purity require-
ments, high material usage during cell production, complex manufacturing processes,
and limitations in the size of modules made from these cells. Their efficiency is be-
tween 15% and 24% with 1.1 eV Band gap [29].

1.6.1.2 Polycrystalline silicon (p-si)-based solar cells:

Polycrystalline solar panels are produced differently from monocrystalline ones. Rather
than cutting the panels, manufacturers melt the silicon and pour it into molds, which
is a simpler and more cost-effective manufacturing process. Its efficiency ranges from
10% to 18%, with a band gap of approximately 1.7 eV and a lifespan of 14 years. The
advantages of these cells include a simple and profitable manufacturing procedure, re-
duced silicon waste, and higher absorption compared to multicrystalline silicon. How-
ever, its restrictions include lower efficiency and higher sensitivity to temperature [29].

1.6.1.3 Multicrystalline silicon-based solar cells:

Multicrystalline silicon blocks are created by melting high-purity silicon and crystal-
lizing it in a large crucible using the directional solidification process (Figure 1.10(b)).
Unlike the Czochralski process, there is no reference crystal orientation, so the silicon
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material produced has various orientations [29].

Figure 1.10: Schematic representation of: (a) the Czochralski process for producing
monocrystalline blocks and (b) the directional solidification process for creating mul-
ticrystalline blocks [29].

1.6.1.4 Single III-V junction (GaAs)-based solar cells:

III-V materials offer the highest photovoltaic conversion efficiency, reaching 29.1%
with a GaAs single junction under standard sunlight and 47.1% for a six-junction de-
vice under concentrated sunlight. These devices are also thinner, with absorption lay-
ers typically 2 to 5 µm thick, making them suitable for lightweight, flexible applications
on curved surfaces. Additionally, III-V devices are known for their high stability and
have a proven track record of excellent performance in demanding applications, such
as in space [29].

1.6.2 Second generation of photovoltaic cells:

Thin film photovoltaic cells, made from materials like CdTe, gallium selenide, CIGS, or
amorphous silicon, offer a lower-cost alternative to crystalline silicon cells. They pro-
vide better mechanical properties for flexible applications but may have reduced effi-
ciency. The evolution of thin films introduced new growth techniques and expanded
the field into areas like electrochemistry [29].

1.6.2.1 Amorphous silicon-based photovoltaic cells:

Amorphous silicon (a-Si) solar cells are the most widely used thin film technology,
with efficiencies ranging from 5% to 7%, and reaching 8–10% in double and triple junc-
tion structures. Variants of amorphous silicon include amorphous silicon carbide (a-
SiC), amorphous germanium silicon (a-SiGe), microcrystalline silicon (µ-Si), and amor-
phous silicon nitride (a-SiN). Hydrogen is used to dope the material, resulting in hy-
drogenated amorphous silicon (a-Si:H) [29].
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1.6.2.2 CdTe solar cells:

Cadmium telluride (CdTe) is a leading thin-film photovoltaic technology, with strong
solar absorption and a direct bandgap of 1.45 eV. It has high efficiency, with record
efficiencies of 21.0% for cells and 17.5% for modules. CdTe offers low module costs
but requires high processing temperatures. Concerns about cadmium’s toxicity and
tellurium’s scarcity have led to research into alternative materials that are easier to
manufacture and rely on abundant, non-toxic elements [30].

1.6.2.3 CIGS solar cells:

Copper indium gallium diselenide (CIGS) is a compound semiconductor with a bandgap
of 1.1-1.2 eV, holding 2% of the global PV market and 22% of the thin-film market in
2013. CIGS films can be applied to flexible substrates, making them suitable for un-
conventional PV applications, and they are highly resistant to radiation. Record effi-
ciencies for CIGS are 21.7% for cells and 17.5% for modules. Key challenges include
variability in film properties, low open-circuit voltage, and the limited availability of
indium, which could affect large-scale deployment [30].

Figure 1.11: Demonstration of the CIGS-based solar cell [29].
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1.6.2.4 Kesterite solar Cells:

Copper zinc tin sulfide (Cu2ZnSnS4, or CZTS) is an abundant Earth-based alternative
to CIGS, sharing similar processing methods and challenges. One major issue is man-
aging cation disorder, where the uncontrolled substitution of Cu and Zn cations creates
point defects that can impede charge extraction and lower open-circuit voltage. The
highest certified cell efficiency for CZTS has reached 12.6% [30].

1.6.3 Third generation of photovoltaic cells:

The third generation of solar cells includes various technologies, from low-cost, low-
efficiency systems (like dye-sensitized and organic cells) to high-cost, high-efficiency
systems (like III-V multi-junction cells). These technologies are used in applications
ranging from building integration to space. Despite some being studied for over 25
years, they are often called "emerging concepts" due to their limited market adoption
[29].

1.6.3.1 Organic and polymeric materials photovoltaic cells (OSC):

Organic photovoltaics (OPV) utilize organic small molecules or polymers to absorb
light. These materials primarily consist of elements that are abundant on Earth and can
be fabricated into thin films using large-area, high-throughput deposition techniques.
Organic multijunction cells are potentially easier to manufacture than traditional III-
V multi-junctions due to their high defect tolerance and simpler deposition process.
Small-molecule and polymer OPV cells have achieved certified efficiencies of 11.1%,
with module efficiencies reaching 8.7%. However, challenges remain, including inef-
ficient exciton transport, poor long-term stability, low large-area deposition yield, and
limited maximum efficiency [30].

1.6.3.2 Dye-sensitized photovoltaic cells (DSSC):

Dye-sensitized solar cells (DSSCs) are a mature nanomaterial-based technology featur-
ing a nanoporous TiO2 anode sensitized with dye molecules. They use a liquid elec-
trolyte for ion transport, though solid-state versions have also been developed. DSSCs
can achieve efficiencies up to 12.3%, with benefits like low-cost materials, simple as-
sembly, and flexible modules. However, challenges include limited long-term stability
under light and high temperatures, low near-infrared absorption, and low open-circuit
voltages due to interfacial recombination [30].
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1.6.3.3 Perovskite solar cells:

Perovskite solar cells (PSCs) represent a groundbreaking photovoltaic technology that
utilizes metal halide perovskites (MHPs), such as methylammonium iodide and for-
mamidinium lead iodide (MAPbI3 and FAPbI3, respectively). MHPs offer several ad-
vantages for photovoltaic absorbers, including a direct band gap with a high absorp-
tion coefficient, long carrier lifetime and diffusion length, low defect density, and the
ability to easily adjust their composition and band gap [29].

1.6.3.4 Quantum dots photovoltaic cells:

Solar cells made from these materials are referred to as quantum dots (QDs), or nanocrys-
talline solar cells. They are created through epitaxial growth on a substrate crystal.
Quantum dots are encased by high potential barriers in a three-dimensional structure,
causing the electrons and electron holes within them to have discrete energy levels due
to confinement in a small space (Figure 14). As a result, the ground state energy of the
electrons and electron holes in a quantum dot is dependent on the size of the quantum
dot [29].

1.6.3.5 Multi-junction photovoltaic cells:

Multi-junction (MJ) solar cells are composed of multiple p-n junctions made from dif-
ferent semiconductor materials, with each junction generating electric current in re-
sponse to light of a specific wavelength. This design enhances the conversion of inci-
dent sunlight into electricity, improving the cell’s efficiency. The idea of using materials
with varying band gaps to capture the maximum number of photons is known as a tan-
dem solar cell. A single cell can be made from the same or different materials, offering
a wide range of design possibilities [29].

1.6.4 Forth generation of photovoltaic cells:

Fourth-generation photovoltaic solar cells integrate the advantages of earlier genera-
tions, including lower costs, flexibility, and the high stability of third-generation ma-
terials such as nanomaterials, metal oxides, graphene, and carbon nanotubes. These
features will lead to improved solar cell devices that offer cost-effective manufactur-
ing, enhanced durability, and efficient performance. The use of nanomaterials in solar
devices will help increase charge dissociation and transport within the cells. Due to
its remarkable properties and allotropic forms that span all four dimensions, graphene
holds significant promise as a potential material for solar cells in fourth-generation
technological advancements [31].
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1.6.4.1 Graphene-Based Photovoltaic Cells:

The fourth generation of solar cells offers exceptional affordability and flexibility by
utilizing thin polymer layers, metal nanoparticles, various metal oxides, carbon nan-
otubes, graphene, and their derivatives. Special attention has been given to graphene,
as it is regarded as a nanomaterial of the future. Due to its unique properties, in-
cluding high carrier mobility, low resistivity, high transmittance, and 2D lattice struc-
ture, graphene-based materials are being explored as potential alternatives to tradi-
tional materials in photovoltaic devices.Graphene-based solar cells work like tradi-
tional inorganic cells, but with graphene replacing inorganic materials. Graphene im-
proves adaptability and tunability, with efficiency largely determined by the number
of graphene layers and doping effects [29, 31].
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Chapter 2

Overview of the Materials Used

Over the past 50 years, numerous efforts have been made to obtain graphene sheets.
The goal has been to explore the properties of a single-atom-thick, densely packed layer
composed of sp2 carbon. Previous attempts yielded limited success, and the primary
focus of research until the 1990s was the intercalation of graphitic compounds. Finally,
in 2004, Andre Geim’s team achieved success by isolating individual graphite layers
at Manchester University.The individual graphite layers extracted from bulk graphite
after isolation were referred to as graphene [32].
The discovery of graphene and its remarkable physicochemical properties and appli-
cations paved the way for the exploration of a wide range of two-dimensional (2D)
materials, which have attracted significant research interest in recent years due to their
exceptional characteristics [33]. Transition metal dichalcogenides (TMDs) are a class
of two-dimensional materials known for their diverse optoelectronic characteristics.
Among them, molybdenum disulfide (MoS2) is the most extensively researched for
nanoelectronics applications due to its semiconducting nature [34].
On the other hand, indium phosphide (InP) is a direct bandgap semiconductor known
for its high light absorption capability and efficient charge transport, making it a strong
candidate for high-performance solar cell applications.
This chapter provides a comprehensive overview of MoS2 and InP, the two materials
used in the solar cell investigated in this study, focusing on their crystal structures and
their optical and electronic properties.

2.1 Materials at the nanoscale

Nanomaterials are a branch of material science focused on studying materials that have
at least one dimension at the nanometer scale. At this scale, significant changes in
the physicochemical properties and reactivity of materials are linked to the number of
atoms or molecules that make up the material. For example, size-dependent properties
such as surface plasmon resonance in metal nanoparticles, quantum confinement in
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semiconductor particles, and superparamagnetism in magnetic nanomaterials can be
observed. When only one dimension is confined, the material typically takes a layered
or 2D form; if two dimensions are restricted, the material becomes a 1D, wire-like
structure; and when all dimensions are within the nanometer range, the material is
often referred to as a 0D material. Among these, 2D nanomaterials stand out as the
most exciting class, offering promising properties and potential [17, 35].

2.2 Two-dimensional materials

2D nanomaterials, with their high aspect ratio, exhibit remarkable properties that are
notably distinct from those of bulk materials. Additionally, they possess excellent
charge carrier mobility, making them highly suitable for solar device applications.
Their flexibility is also a key advantage in the design of flexible electronics and sensors.
Furthermore, these materials showcase unique optical properties, such as plasmonic
effects, light sensitivity, and enhanced emission and absorption characteristics [17].
Graphene, a single layer of graphite just one atom thick, was one of the first true two-
dimensional materials to be isolated in nature. Over the past fifty years, considerable
effort has been devoted to obtaining single layers of graphite (graphene sheets) in or-
der to unlock the predicted properties of a tightly bonded, one-atom-thick layer of
sp2 carbon. In reality, many techniques have been explored over this time, but only
with limited success [35]. Over this period, research has expanded beyond graphene
to include other 2D materials, such as transition metal dichalcogenides (TMDs like
WS2, MoS2), topological insulators (TIs such as MnBi2Te4), and newly discovered 2D
non-noble metals (like 2D Ga and 2D In). These materials have attracted significant
attention due to their tunable bandgaps, surface and edge reactivity, unique electronic
and optoelectronic properties, and the development of multilayer architectures with
atomically sharp interfaces [36].

2.3 Molybdenum disulfide

Molybdenum disulfide (MoS2) is an inorganic compound belonging to the transition
metal dichalcogenide (TMD) family. It is one of the most widely used photocatalysts,
with applications spanning various fields. Recently, MoS2 has gained significant at-
tention due to its unique electrical and optical properties. MoS2 is a two-dimensional
(2D) TMD, a semiconductor with a narrow band gap of 1.9 eV, which can be modified
by adjusting the number of layers. Among all 2D TMDs, MoS2 is one of the few with
a natural layered structure, allowing for the easy extraction of high-quality 2D MoS2

without the need for complex chemical synthesis. As a result, the cost of producing 2D
MoS2 is significantly lower compared to other 2D TMDs due to simpler preparation
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Figure 2.1: Schematic depiction of 2D materials and their properties [37].

methods. Furthermore, 2D MoS2 is a direct band-gap semiconductor, offering supe-
rior electrical performance compared to other 2D TMDs. These characteristics make
MoS2 particularly appealing in the realm of 2D materials [5].

2.3.1 Cristal structure

Molybdenum disulfide (MoS2) is a black solid with a bright color and is the primary
ore of molybdenum. The crystal phases of bulk MoS2 can take various forms depend-
ing on how the Mo atoms are coordinated, such as 1T MoS2, 2H MoS2, and 3R MoS2.
The structures of these three polymorphs are shown in Figure 2.2. In these polymorphs,
the first number indicates the number of monolayers in the unit cell, while the last
three letters—T, H, and R—represent trigonal, hexagonal, and rhombohedral symme-
tries, respectively . Each phase has distinct characteristics that arise from variations in
the symmetry of the layers [37]. 1T-MoS2 is the most thermodynamically stable poly-
morph of MoS2 at elevated temperatures. The Mo atoms are arranged in a trigonal
prismatic coordination, with a distorted octahedron formed by the six nearest sulfur
atoms. Its crystal structure is defined by the presence of a single type of sulfur atom
in the lattice, exhibiting metallic properties. 2H-MoS2 is the most prevalent form of
MoS2 found in nature. It features a hexagonal crystal structure, with each Mo atom
surrounded by six sulfur atoms arranged in a trigonal prism. Its unit cell contains
two distinct sulfur sites within the lattice, and demonstrates semiconductor proper-
ties [38, 39],the adjacent layers are stacked in an ABA pattern, with the middle layer
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slightly offset from the top and bottom layers. This configuration enables strong in-
terlayer interactions between sulfur atoms, leading to a stable crystal structure, where
sulfur atoms from different planes align in the same positions relative to one another.
The 3R-MoS2 polymorph exhibits a rhombohedral crystal structure and is typically ob-
served at low temperatures. Its lattice parameter falls between those of the 1T and 2H
structures, and it features three distinct sulfur sites within the lattice [39].

Figure 2.2: Various coordination and stacking arrangements of the three MoS2 struc-
tures: 1T, 2H, and 3R [40].

A single layer of MoS2 has an S-Mo-S structure, resembling a sandwich (see figure2.3).
Typically, each layer is about 0.65 nm thick [41]. The atoms are bonded together
by covalent bonds, while the layers are held together by weak van der Waals forces
[42],these weak forces arise from temporary dipole moments caused by slight displace-
ments in the electron cloud around the atoms [39]. The Mo-S bond length, crystal lat-
tice constant, and the distance between the sulfur atoms on the upper and lower sides
measure 2.4, 3.2, and 3.1 Å, respectively. It is found that monolayer MoS2 exists in two
phases: metallic 1T and semiconducting 2H . MoS2 can act as a semiconductor with
direct band gap of 1.96 eV. This suggests that the material has strong absorption in the
visible region of the solar spectrum, making it suitable for use as a co-catalyst [42].
For example, monolayer MoS2 differs from its bulk form in that it has a direct band
gap, making it potentially useful for applications in piezoelectric electronics and op-
toelectronics. Therefore, surface modifications, such as the addition of atoms and de-
fects that induce surface ferroelectricity and piezoelectricity, can significantly alter the
piezoelectric properties of 2D materials. Most studies on electronics and energy-related
reactions focus on the 2H and 1T phases of MoS2 [37].
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Figure 2.3: The crystal structure of MoS2 [43].

2.3.2 Properties

The properties of MoS2 are essential in determining its effectiveness for energy storage
applications. It boasts remarkable features such as high electrochemical activity, rapid
ion diffusion, and excellent electrical conductivity, making it a highly preferred mate-
rial for electrodes in batteries and supercapacitors. These characteristics significantly
influence its performance in energy storage, largely due to its large surface area, which
provides a substantial active site for electrochemical reactions [39].

2.3.2.1 Optical propeties

The absorption coefficient and refractive index are key parameters that define how
a material responds when a specific wavelength passes through it. The absorption
coefficient indicates the distance a light wave travels within a material before being
absorbed [40]. When the energy of incident photons is smaller than the material’s
bandgap energy, the material appears transparent to that light. The absorption coeffi-
cient determines how deep light of a specific wavelength can penetrate into a material
before being completely absorbed. Due to a phenomenon called fundamental absorp-
tion, the absorption coefficient increases rapidly for light with wavelengths shorter
than the bandgap [44]. Figure 2.4 shows that monolayer MoS2 exhibits relatively high
absorption coefficient in the visible spectrum near 400nm. The curve also display a
sharp decline in the absorption coefficient after 500nm, indicating that a MoS2-based
photodetector is effective only in detecting light below 500nm.
The refractive index of a material is the ratio of the speed of light in a vacuum to the
speed of light within that material [44]. Figure 2.5 illustrates how the refractive index
of monolayer MoS2 changes with wavelength. Below 400nm, it is observed that the
refractive index ranges between 1 and 3 , followed by a sudden increase above 400nm.
Then the curve shows a gradual decline at higher wavelengths.
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Figure 2.4: The absorption coefficient of mono-layer MoS2 [45].

One of the key advantages of MoS2 in optoelectronics is its tunable bandgap , which
changes based on size and structure. Different bandgaps enable tunable photorespon-
sivity (R), specific detectivity, and response time, making MoS2 suitable for a broad
range of applications [40].

2.3.2.2 Electronic properties

In this section, we will explore the density of states and band structure ofMoS2. Multi-
layer MoS2 has an indirect band gap of 1.2 eV, which increases as the number of layers
decreases, reaching a direct band gap of 1.8 eV in monolayer MoS2 . While the band
gap of MoS2 is relatively good, it still falls short of the 1.12 eV direct band gap found
in silicon. The mechanical strain in MoS2 can alter its band gap, transitioning it from
a direct to an indirect band gap and turning the material from a semiconductor into a
metal. The properties of MoS2 are largely determined by the 4d orbitals of molybde-
num (Mo) and the 3p orbitals of sulfur (S). The projected density of states (PDOS) for
bulk and monolayer MoS2 are quite similar, though there are some additional peaks
in the PDOS for the monolayer form [40] as shown in figure 2.6 . In general, transis-
tors based on MoS2 exhibit n-type behavior [41]. Doping monolayer MoS2 with ele-
ments like chromium, copper, and scandium makes it an n-type semiconductor, while
doping with nickel or zinc turns it into a p-type. Titanium (Ti) doping can result in
either p-type or n-type behavior, depending on the doping concentration and site. At
doping levels below 2.04%, MoS2 behaves as p-type, but at 3.57% Ti interstitial dop-
ing, it becomes n-type due to an increase in surface dipole moment and a reduction
in electron affinity. At high doping levels (7.69%), the Fermi level shifts into the con-
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Figure 2.5: The refractive index of mono-layer MoS2 [45].

duction band, converting MoS2 into a ferromagnetic half-metal with complete spin
polarization, which has potential for spintronic applications. However, substitutional
Ti doping at any of the three concentrations did not significantly affect the electronic
properties [40].

2.3.3 MoS2 synthesis

Choosing an appropriate fabrication technique is essential to improve the desired prop-
erties of the synthesized MoS2. The weak van der Waals forces between MoS2 lay-
ers have actually given rise to several synthesis techniques, each producing products
with varying quantities, shapes, and sizes. These methods can be grouped into two
categories: the top-down approach, where a sample’s properties transition from a
larger scale to a nanometric scale, and the bottom-up approach, which constructsMoS2

nanosheets by assembling individual atoms [43, 47].

2.3.3.1 Top-down approach

Mechanical exfoliation: The mechanical exfoliation technique involves extracting suit-
able MoS2 flakes from the bulk crystal using adhesive tape and transferring them onto
a specific substrate. Since no chemical reactions occur during the mechanical exfolia-
tion process, the structure of MoS2 remains unchanged. This method produces single-
or few-layer MoS2 nanosheets in various shapes and sizes once the tape is removed,
leaving some MoS2 residue on the substrate. These nanosheets are of high quality,
making them ideal for studying the properties of the original material and for device
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Figure 2.6: The calculated projected density of states (PDOS) for both bulk and mono-
layer MoS2 are presented for Mo(4d) and S(3p) states. The legends for the p- and
d-orbitals are the same for both the monolayer and bulk forms [46].

performance testing. However, the production yield is relatively low, and controlling
the particle size of the resulting MoS2 nanosheets is challenging [39].
While mechanical exfoliation using adhesive tape was the first successful technique for
isolating 2D materials, ball milling employs a similar method but is better suited for
large-scale production. Initially, ball milling was used to break and mix metallic pow-
ders to create alloys. Today, it is applied to the large-scale exfoliation of 2D materials
in layers. As the balls roll and rebound in the mill with the 2D material, they exert
shear, rolling, and impact forces, breaking van der Waals bonds and separating the 2D
layers. This technique is generally divided into two categories: dry ball milling and
wet ball milling. The latter technique requires the use of a special and costly organic
solvent, which can lead to pollution and high expenses. On the other hand, dry ball
milling is more aggressive and can induce defects in both the basal plane and the edges
of the layered materials. These defects, however, can be beneficial for modifying the
properties of 2D materials in applications like energy storage. They provide additional
active adsorption sites, promote faster diffusion, and enhance storage capacity. It is
crucial to determine the milling parameters to ensure both the quality and yield of the
product [43].
Liquid phase exfoliation: Liquid phase exfoliation (LPE) of molybdenum disulfide
(MoS2) involves dissolving MoS2 crystals in a solvent or solution, followed by exfoli-
ating them into thin layers using mechanical, chemical, or thermal methods. This ap-
proach is popular due to its simplicity, cost-effectiveness, and efficiency in producing
MoS2 sheets with exceptional properties. LPE offers additional advantages, including
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Figure 2.7: Various methods for synthesizing MoS2 [47].

Figure 2.8: Schematic representation of the mechanical milling process for producing
MoS2 sheets [48].

the ability to control the thickness of the exfoliated flakes, ease of chemical modifica-
tion of flake surfaces, and compatibility with various support materials. These features
make it widely used in applications such as electronic devices, sensors, and catalysts.
To achieve MoS2 exfoliation, several solvents are employed, including water, alkaline
solutions (e.g., sodium carbonate Na2CO3 or potassium hydroxide KOH), and organic
solvents (e.g., N-methylpyrrolidone (NMP), dimethylformamide (DMF), acetone, and
chloroform). Using water as a solvent for exfoliation offers particular advantages. A
recent study showed that water can serve as an alternative to organic solvents for dis-
persingMoS2 nanosheets. While water dispersions are less stable than those in organic
solvents, the resulting nanosheets can have lateral dimensions ranging from 500 nm to
50000 nm and are stabilized by electric charges [43].
Sputtering: Sputtering is an effective method for synthesizing MoS2 thin films with
low coefficients of friction. The sputtering conditions and parameters significantly im-
pact the compositional and morphological characteristics of the films. Vacuum and
magnetron sputtering are two commonly used techniques in research. The closed-
field magnetron sputtering method can be used to apply solid lubricants to tools like
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end mills, drills, and cemented-carbide inserts. In 1986, Bichsel, Buffat, and Lévy pro-
duced MoS2 films using a planar magnetron system with radio-frequency (RF) sput-
tering and thoroughly studied how sputtering parameters, particularly substrate tem-
perature control, affected the morphological properties of the films. In a 2008 study,
Audronis et al. described coatings created through pulsed magnetron sputtering of
loosely packed powder targets made from chromium and boron alloys containing
12.8%, 18.9%, and 24.0% MoS2. Additionally, a simple dip-coating technique was used
to produce MoS2 thin films [37].

2.3.3.2 Bottom-Up approach

Physical vapour deposition (PVD): Physical vapor deposition (PVD) is a bottom-up
technique that includes processes like ion implantation and molecular beam epitaxy
(MBE). This method is primarily used for thin layers of MoS2, and the resulting grain
sizes can vary [40].A thin film can be formed through the condensation of solid ma-
terial, where the vaporized material condenses and nucleates on the substrate’s sur-
face to create a stable and solid film. Among the various physical vapor deposition
(PVD) methods, thermal evaporation is the most commonly used technique by re-
searchers. Wu et al. successfully synthesized a high-optical-quality monolayer of
MoS2 on insulating substrates such as SiO2, glass, and sapphire, achieving excellent
optical quality and high crystallinity. Later, in 2015, Zhang and colleagues developed
amorphous MoS2 nanosheets with enhanced catalytic activity for the Hydrogen Evo-
lution Reaction (HER) in acidic solutions. This improvement was attributed to their
three-dimensional nanostructure, unstructured nature, and the availability of uncov-
ered edge sites [37].
Chemical vapor deposition (CVD): CVD has become one of the most effective tech-
niques for fabricating transition metal dichalcogenides (TMDs) with high crystal qual-
ity, tunable size and thickness, and excellent electronic properties. In a typical CVD
process, solid precursors are heated to high temperatures, forming a film on a sub-
strate, typically Si/SiO2 wafers. MoO3 powder, sulfur powder, vaporized sulfur, or
H2S are commonly used as the precursors for Mo and sulfur. However, it has been
found that using MoCl5 as the solid precursor on various substrates produces MoS2

with a high surface area, increased density of active sites, and reduced electrical contact
loss between the substrate and MoS2. The usual heating temperature for CVD ranges
from 700 to 1000 °C, though it can be lowered to 150 to 300 °C under plasma-enhanced
conditions. As sulfur vaporizes, it reacts with MoO3, resulting in the formation of
MoO3-x. The nitrogen carrier gas then transports MoO3-x, which reacts with sulfur to
form MoS2 molecules (see figure 2.10) [47].
The atomic layer deposition (ALD): The atomic layer deposition (ALD) technique is
recognized for producing high-quality thin films, even at low temperatures, typically

28



Chapter 2: Overview of the Materials Used

Figure 2.9: The process of synthesizing a 2D MoS2 film on conventional insulating
substrates using the PVD method [49].

Figure 2.10: (a) A diagram depicting the three-zone CVD growth chamber.(b) The tem-
perature program applied during the synthesis of monolayer MoS2.(c) A schematic
showing the MoS2 growth on a sapphire substrate [47].

ranging from 150 to 350 °C. ALD is a stepwise atomic growth process in which reac-
tants are alternately introduced into the growth area, allowing for the purging of excess
species and by-products after each reaction. This results in high-quality films through
sequential surface reactions.
Despite the challenges associated with its synthesis conditions, ALD enables the depo-
sition of crystalline MoS2 thin films at relatively low temperatures (<350 °C), followed
by annealing. For example, L.K. Tan et al. demonstrated the use of ALD for synthe-
sizing highly crystalline MoS2 films on sapphire substrates at 300 °C. They achieved
this by alternately exposing the substrate to Mo(V) chlorides (MoCl5) and hydrogen
disulfide (H2S) vapors. One key advantage of this process is the ability to deposit lay-
ered MoS2 films on various substrates. ALD is a promising technique for producing
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high-quality MoS2 ultrathin films at low temperatures, offering excellent step cover-
age on various substrates. However, its very low throughput may limit its scalability
and make it less competitive compared to other deposition methods [50].

2.3.4 MoS2 in photovoltaic applications

2D-MoS2 displays remarkable optoelectronic properties, including a direct bandgap
between 1.2 and 1.9 eV. These critical characteristics make MoS2 highly promising
for photovoltaic (PV) applications [50].In fact, studies have demonstrated that when
a monolayer of n-type MoS2 is deposited onto a p-type silicon substrate, the resulting
p-n junction-based PV device can achieve a power conversion efficiency (PCE) of up
to 5.23%.This achievement marks a major advancement in the use of monolayer TMDs
for solar cell applications [39, 50].
Perovskite solar cells (PSCs) were fabricated using a device structure of glass/FTO/
MoS2/perovskite-PO/spiro-OMeTAD/Au. As shown in Figure 2.11, these cells achie-
ved a power conversion efficiency of 13.1%, comparable to PSCs employing conven-
tional solid-state electron transport layers such as TiO2 and SnO2 [39].

Figure 2.11: (a) Schematic illustration of the MoS2 thin film synthesis on a glass/FTO
substrate using the microwave-assisted method, (b) Camera image showing the MoS2

thin film on the glass/FTO substrate alongside a bare glass/FTO substrate, (c) High-
resolution FESEM image of the synthesized thinMoS2 film, (d) Raman spectrum of the
MoS2 thin film showing the E1 2g and A1g vibrational modes peaks [39].

The MoS2/GaAs heterostructure positioned on hexagonal boron nitride has the capa-
bility to raise the power conversion efficiency (PCE) up to 9.03% [51].
MoS2 flakes have been employed as a buffer layer in copper zinc tin sulfide (CZTS) so-
lar cells, achieving a notable efficiency of 17.03% along with improved thermal stability
under elevated temperatures [52].Additionally, MoS2 can function effectively as either
an electron transport layer (ETL) or a hole transport layer (HTL) [53]. a MoS2 film was
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employed in [54] to reduce defects and extend the depletion region in solar cells. This
led to improved cell performance by lowering impurity concentrations and enhancing
the built-in potential at the MoS2/p-Si interface. Table 2.1 provides a summary of the
role of MoS2 in solar cells [54].

Table 2.1: Applications of MoS2 in solar cells [54].

Structure Role of MoS2 Enhanced property
Graphene-MoS2

Wedge-shaped microcavity
Enhance the
cell performance

Enhance the light absorbance
to above 90%

(Hg0.33 Cd0.66 Te)
and monolayer MoS2

Enhance the
cell performance

Shift the cell absorbance to
visible light range

Microdome texture
on MoS2 thin film

Enhance the
cell performance

Decreases reflections and traps
light for incident angles (0-50)

MoS2/GaAs over
boron nitride

Enhance the
cell performance PCE increased to 9.03%

MoS2 spray coating
over perovskite cells HTL PCE = 3.9%

5 monolayer MoS2

nanosheets onto indium
tin oxide ITO substrate

ETL

Jsc = 16.24 mA cm−2

Voc = 0.56 V
(fill-factor) FF = 0.37
PCE = 3.36%

ZnO-MoS2-CZTS Buffer
Jsc = 29.42 mA cm−2

Voc = 1.01 V
FF = 0.574 Efficiency = 17.03%

Organometallic-halide
perovskite solar cell Buffer

Jsc ≈22 mA cm−2

Voc ≈ 0.96 V
FF ≈ 0.6 PCE = 14.9%

2.4 Indium Phosphide

Indium phosphide (InP) is a key compound semiconductor belonging to the III–V
group that exists in two crystalline forms: wurtzite (WZ) and zinc blende (ZB), with
direct band gaps.It stands out due to its exceptional properties and is used in high-
efficiency photovoltaic cells, integrated circuits, and microwave devices..etc [55]. InP
has a moderate band gap , and it offers the highest thermoelectric figure of merit
among its class of compounds, along with high electron mobility. Its wide-ranging
application potential extends to advanced technologies such as optoelectronics, spin-
tronics, thermoelectronics, high-speed low-power electronics, and photocatalysis [56].

2.4.1 Cristal structure

Indium phosphide features a zinc blende crystal structure, which belongs to the cu-
bic lattice family. In this arrangement, indium and phosphorus atoms are organized
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into repeating cube-shaped units, with each unit cell containing four indium atoms
and four phosphorus atoms , as shown in Figure 2.12. This type of crystal structure is
consistent across all materials classified under zinc blende and is also one of the most
prevalent structures found in semiconductors. The structure is similar to that of most
group III-V semiconductors [57]. The crystal lattice consists of two face-centered cu-
bic (FCC) sublattices—one composed of indium atoms and the other of phosphorus
atoms—which are offset relative to each other along the (111) crystallographic direc-
tion [58].

Figure 2.12: Unit cell crystal structure of indium phosphide shown in: (a) front view
and (b) general view [59].

In recent years, it has also become feasible to grow InP in the metastable hexagonal
Wurtzite (WZ) phase [60]. An ideal Wurtzite (WZ) structure is made up of two inter-
penetrating hexagonal close-packed (HCP) sublattices—one composed of atom type A
and the other of atom type B—shifted relative to each other by 3

16
c along the c-axis.

These leads to two distinct stacking sequences: ABCABC··· along the (111) direction
for the Zinc Blende (ZB) structure, and ABAB··· along the c-axis for the Wurtzite (WZ)
structure [61] (see figure 2.13).

2.4.2 Electrical properties

InP has a direct band gap [62] of 1.344 ev [63] with its lowest energy point located at
the Γ point. As illustrated in figure 2.14 The conduction band near its minimum in InP
is parabolic and isotropic, meaning it has a single, well-defined electron effective mass.
This mass is measured to be 0.082 at 77 K and 0.078 at 300 K. In contrast, the valence
band is both degenerate and anisotropic, leading to a strong dependence of the effec-
tive masses of light and heavy holes on crystallographic direction. This directional
dependence is especially significant for heavy holes, whose effective mass is greater
along the (111) direction than along the (100) direction. The electron mobility in InP is
primarily influenced by polar and acoustic phonon scattering at temperatures above
100 K. However, when the temperature drops below this threshold, piezoelectric and
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Figure 2.13: The two crystalline forms of InP : (a) Wurtzite (WZ) and (b) Zinc blende
(ZB) [61].

impurity scattering become the dominant factors.In undoped bulk InP, typical elec-
tron mobility values are around 4000 to 5000 cm2/V·s at 300 K and between 30,000 to
50,000cm2 /V·s at 77 K. In doped samples, these mobility values are naturally reduced
and vary depending on the dopant concentration and the level of compensation. n-
type InP can be readily achieved by introducing group IV elements (which substitute
indium atoms) or group VI elements (which replace phosphorus atoms). Among the
commonly used dopants, tin and sulfur are favored by crystal manufacturers. P-type
conductivity in InP is achieved by doping with shallow acceptor elements like cad-
mium, zinc, or beryllium, which replace indium atoms in the lattice [58].

Figure 2.14: Electronic band structure of InP, referenced to the Fermi level (set to zero
energy) [64].
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2.4.3 Optical properties

It is widely recognized that the fundamental optical properties of semiconductors arise
from electronic excitations within the crystal when they are exposed to an electromag-
netic wave [65].Figure 2.15 illustrates how the refractive index of InP varies with wave-
length. At shorter wavelengths (around 0.25 µm), the refractive index increases signif-
icantly and rapidly, reaching a prominent peak of approximately 4.4 in the violet/blue
region of the spectrum (around 0.35 µm).

Figure 2.15: Refractive index of Indium Phosphide (InP) [66].

Figure 2.16 depicts the relationship between the absorption coefficient of InP and the
wavelength of incident light.At shorter wavelengths, particularly below 0.3 µm (ultra-
violet region), the absorption coefficient is very high, reaching a sharp peak around
0.25 µm with a value close to 1.8 ∗ 106cm−1. This indicates that InP strongly absorbs ul-
traviolet light.As the wavelength increases into the visible (roughly 0.4 µm to 0.7 µm)
and near-infrared (above 0.7 µm) regions, the absorption coefficient remains signifi-
cantly lower, generally below 1 ∗ 105cm−1 and further decreasing. This suggests that
InP is more transparent to light in these longer wavelength ranges compared to the
ultraviolet.

2.4.4 InP synthesis

Indium is recovered from fumes, dust, slags, and residues from zinc and lead–zinc
smelting, then purified to high grades using classical chemical and electrochemical
methods. It forms semiconducting compounds with non-metals like phosphorus. In-
dium phosphide is produced either by directly combining purified elements under
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Figure 2.16: The absorption coefficient of Indium Phosphide (InP) [66].

controlled conditions or by thermal decomposition of a trialkyl indium compound
with phosphine (PH3) [67]. InP crystals are typically grown using the Liquid Encap-
sulated Czochralski (LEC) method [68] , wich is the most commonly used method for
manufacturing InP crystals.

2.4.4.1 Liquid Encapsulated Czochralski (LEC)

The schematic diagram of the growth system is shown in figure 2.17 .The process typ-
ically begins with a quartz container of about 40 mm in diameter, which is filled with
high-purity indium and red phosphorus—both often available in 6-9s grade purity.The
procedure is generally carried out in an argon gas atmosphere under high pressure,
commonly around 60 atm .As the container is heated to temperatures between 200°C
and 300°C, the solid red phosphorus sublimates into gas.This gas tends to condense
on the cooler upper parts of the container, particularly near the neck, forming a liq-
uid film that flows back down onto the molten indium and reacts with it at around
1000–1100°C, forming a melt of indium phosphide. This melt is often held for a pe-
riod—about 50 minutes to ensure complete synthesis .During this phase, the crucible
may be slowly lifted into a slightly cooler zone to create optimal conditions for crys-
tal seeding. Once seeding starts, a (111)-oriented single crystal grows from the melt.
A liquid phosphorus layer on the surface acts as an encapsulant to stabilize the melt
and prevent contamination. The process is monitored in real time using TV and X-ray
imaging [69].
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Figure 2.17: Diagram illustrating the furnace for the Liquid Encapsulated Czochralski
method [69].
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Simulation and Results

Two-dimensional transition metal dichalcogenides (TMDs) exhibit chemically inert
surfaces along their planes, free of dangling bonds, making them strong candidates
for integration in nanoscale electronic and optoelectronic devices. Among these ma-
terials, molybdenum disulfide (MoS2) has received considerable attention due to its
direct band gap, which falls within the visible spectrum ( 1.8–1.9 eV). Despite these ad-
vantages, monolayer MoS2 has demonstrated limited efficiency in optoelectronic ap-
plications, mainly because of its relatively poor light absorption. To overcome this lim-
itation, researchers have increasingly focused on heterostructures that pair 2D TMDs
with bulk III–V semiconductors, aiming to combine the unique electronic properties
of 2D materials with the mechanical robustness and well-established performance of
bulk semiconductors [70].
In this context, a MoS2/InP based solar cell will be simulated based on the experimen-
tal work of Shisheng Lin et al. [71], with the aim of improving the cell’s performance
and evaluating its potential in photovoltaic applications. The study will focus on ana-
lyzing the effects of various material parameters, including the doping concentrations
of both the emitter and absorber layers, their thicknesses, as well as the work functions
of the front and back contacts. These simulations will be carried out using SILVACO
TCAD software.
This chapter begins with a comprehensive introduction to the SILVACO TCAD simu-
lation software, outlining its key features, an explanation of how to use ATLAS to sim-
ulate solar cells, focusing on the practical steps involved in constructing the MoS2/InP
solar cell model. This is followed by an in-depth presentation and analysis of the sim-
ulation results obtained for the simulated solar cell structure.

3.1 Silvaco’s TCAD Software

SILVACO TCAD (Technology Computer-Aided Design from Silicon Valley Corpora-
tion) is a comprehensive simulation suite used for modeling semiconductor processes,
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integrating various physics-based tools—such as ATHENA, ATLAS, MERCURY, and
SSUPREM3 within a unified environment known as DECKBUILD.The software is ca-
pable of simulating a wide range of physical phenomena—including electrical, opti-
cal, and thermal behavior as well as technological processes involved in fabricating
electronic components, such as deposition, etching, and doping through implantation
or diffusion. These capabilities make it a valuable tool for optimizing fabrication pa-
rameters and predicting the performance of semiconductor devices, particularly solar
cells [72, 73]. In this study, device structures were created using DECKBUILD, simula-
tions were carried out using ATLAS, and the results were visualized through TONY-
PLOT.

3.1.1 DECKBUILD

It serves as the graphical interface that connects the user with the simulators. The
interface is made up of two windows: one for creating and editing the input deck,
where simulators can be invoked and managed using DECKBUILD commands, and
another for displaying the outputs and results of the simulations [16].

3.1.2 ATLAS

ATLAS is a device simulation module based on physical principles, designed to pre-
dict the electrical characteristics of specific physical structures under given bias condi-
tions. It accomplishes this by discretizing the device operation onto a grid. The carrier
transport within the device is simulated by solving a set of differential equations, de-
rived from Maxwell’s equations, applied to this grid. This allows ATLAS to serve as
a platform for analyzing AC, DC, and time-domain responses for all semiconductor
technologies in both two and three dimensions [16].

3.1.3 TONYPLOT

TonyPlot is a graphical post-processing tool compatible with all SILVACO TCAD sim-
ulators and interactive environments like DeckBuild, VWF, and SPDB. It offers exten-
sive features for visualizing and analyzing simulation results. The tool supports vari-
ous types of plots, such as 2D and X-Y graphs, polar and Smith charts, cross-sectional
views, and RSM plots in 1D, 2D, and 3D formats, along with statistical plots. Users can
also load and overlay multiple files within a single plot for comparison purposes. Ad-
ditionally, TonyPlot includes tools like 1D cross-sections from 2D plots, measurement
rulers, probes, integrators, and more [74].
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3.2 Simulation by ATLAS

ATLAS is a physics-based device simulator used to predict the electrical behavior of
devices by analyzing their physical structure and applied bias conditions. It operates
by simultaneously solving the Poisson equation (3.1) along with the continuity equa-
tions for electrons (3.2) and holes (3.3) ,which are given by the expressions below [72]:

d2

dx2
ψ(x) = − q

ϵ0ϵr
(p(x)− n(x) +Nd(x)−Na(x)) (3.1)

∂n

∂t
= (

1

q
)
∂Jn

∂x
−Rn+G (3.2)

∂p

∂t
= −(

1

q
)
∂Jp

∂x
−Rp+G (3.3)

These equations form the core framework for simulating electronic devices. In this
process, a grid is laid over the device, and each node on the grid is governed by differ-
ential equations derived from Maxwell’s laws and semiconductor transport principles.
Silvaco-ATLAS processes input files through the DeckBuild interface.
The input file contains code that initiates ATLAS using the command "Go Atlas" [72].
Every ATLAS command consists of a main keyword followed by a group of parame-
ters. The general format is as follows [16]:
<STATEMENT> <PARAMETER>=<VALUE>
After this command, the sequence of instructions in the input file becomes crucial.
Maintaining the correct order is essential for ATLAS to properly apply all the specified
models and settings [16, 72] . The order of commands in ATLAS is as follows:

3.2.1 Structure specification

The structure is specified by defining the mesh, regions, electrodes, and doping levels.

3.2.1.1 Mesh

To describe a device structure using the Atlas command language, the first step is to
create a mesh. This mesh is formed by horizontal and vertical lines spaced according
to user-defined intervals. These lines generate a network of triangles that define the
physical boundaries of the simulation region. A node is placed at each corner of these
triangles, and the simulation calculates the relevant equations at each of these nodes
[72].
The general format to define a mesh is:
MESH SPACE.MULT=<VALUE>
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X.MESH LOCATION=<VALUE> SPACING=<VALUE>
Y.MESH LOCATION=<VALUE> SPACING=<VALUE>
Mesh design is essential for accurate simulation results. A coarse mesh speeds up
computation but reduces accuracy, while a fine mesh slows it down yet provides more
precise outcomes. The most efficient strategy is to apply a fine mesh only in critical
regions—such as near junctions, depletion zones, areas with strong electric fields, sig-
nificant current flow, high recombination, or intense impact ionization—while using a
coarser mesh in less critical areas [72, 73, 75].

3.2.1.2 Region

Once the mesh is defined, the next step is to specify the regions. The format for defining
the regions is as follows [75]:
REGION number=<integer> <material type> <position parameters>

3.2.1.3 Electrodes

In this step, the device’s electrodes are specified using the ELECTRODE statement,
which is applied as follows [72]:
ELECTRODE NAME=<electrode name><position parameters>

3.2.1.4 Doping

The final aspect of the structure specification to be defined is the doping,it can either
be of type N or P, and the distribution can be either uniform or Gaussian.Doping is
specified using the DOPING statement, as illustrated below [73]:
DOPING <distribution type> <dopant type> <position parameters>

3.2.2 Materials and Models Specification

Once the structure specification is defined, the next step is to specify materials and
models.

3.2.2.1 Material

We use the MATERIAL statement to define key parameters and material properties for
use in the simulation. A range of characteristics can be specified for the material as-
signed to a particular region, including—among others—carrier lifetimes, electron and
hole mobilities, electron affinity, dielectric constant, bandgap energy, and an optical file
that provides the wavelength-dependent refractive index (n) and extinction coefficient
(k) [72].
The ATLAS format of the material statement is as follows:
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MATERIAL <localization> <material definition>
Since MoS2 is not included in the Silvaco material database, we manually defined its
properties as follows:
MATERIAL material=MoS2 index.file=MoS2.nk EG300=1.8 affinity=4 NC300=1.08e13
NV300=1.19e13 permittivity=6.82 mun=60 mup=20 user.group=semiconductor
user.default=si out.index=RMoS2new

3.2.2.2 Models

To achieve realistic simulation results, it is important to consider various complex de-
pendencies of device properties. However, in some cases, these complexities may not
be essential. To reduce computational load, ATLAS offers separate models for each
individual property dependence, allowing users to activate them selectively. The ac-
curacy of the simulation outcomes depends on the specific models employed [16].
The models are activated in ATLAS as follows [72]:
MODELS <model-name>
In our simulation we define models as follows:
MODELS bipolar temperature=300 print

3.2.2.3 Contact

The ’contact’ statement instructs ATLAS on how to handle the electrode. By default,
electrodes in contact are assumed to be Ohmic. However, if the electrode is intended to
behave as a Schottky contact, the corresponding work function must be specified [16].
The contact syntax is as shown below [73]:
CONTACT name = < name >

3.2.3 Numerical Methods Selection

Several numerical approaches can be used to solve semiconductor device problems.
SILVACO-ATLAS utilizes three distinct solution techniques [75]:
•GUMMEL method:
The first approach is the GUMMEL method, which is effective for systems with weakly
coupled equations but only achieves linear convergence. In this technique, each vari-
able is solved sequentially while holding the others fixed at their latest computed val-
ues. This cycle repeats until a stable solution is found. Although GUMMEL iteration
can handle poor initial guesses, its convergence rate is relatively slow [16].
•NEWTON method:
The NEWTON method is used for systems with strong coupling between equations
and offers quadratic convergence. However, in ATLAS, this can result in longer com-

41



Chapter 3: Simulation and Results

putation times when dealing with variables that are nearly constant or only weakly
coupled [16, 72].
•BLOCK method:
This method integrates both the GUMMEL and NEWTON approaches, making it ef-
fective for solving systems that contain a mix of equation types [73].
A combined approach may be used, starting with the GUMMEL method and switching
to BLOCK or NEWTON if convergence is not reached within a set number of iterations
[16]. For example:
METHOD GUMMEL NEWTON

3.2.4 Solution Specification

After defining all necessary parameters, the simulation proceeds to the solution stage
in ATLAS, which includes four key sections: LOG, SOLVE, OUTPUT, and SAVE [72].

3.2.4.1 "LOG"

The Log statement is used to save all terminal characteristics into a data file. Any DC,
transient, or AC data produced by the Solve command following a Log instruction will
be recorded [16, 73, 75]. The example below illustrates how to use the Log command:
LOG OUTFILE=mos2.LOG

3.2.4.2 "SOLVE"

The SOLVE statement is used to compute the solution for one or more DC or AC bias
points. To obtain an initial approximation of the final result, a simplified preliminary
solution—typically solving only Poisson’s equation—is performed [72]. The syntax for
this is as follows:
SOLVE INIT
SOLVE VANODE=0 VSTEP=0.1 VFINAL=0.9 NAME=ANODE

3.2.4.3 "LOAD" and "SAVE"

To improve the accuracy of initial guesses for bias points, the "Save" and "Load" state-
ments are used together. The SAVE statement stores all data related to the node points,
while the LOAD statement later retrieves this information to assist in solving the de-
vice [72].
The following example shows a ’save’ statement that stores the data into a file named
"mos2":
SAVE outf=mos2.str
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3.2.5 Extraction and Plotting data

The EXTRACT command enables the extraction of device parameters, allowing elec-
trical quantities such as short-circuit current (Jsc), open-circuit voltage (Voc), efficiency
(η), and others to be derived from simulation results.Its syntax is as follows:
EXTRACT INIT INF = "<file name>"
The EXTRACT command operates on a previously solved curve or structure file. By
default, it uses the currently active log file unless a different filename is specified prior
to the extraction process. All device simulation results in ATLAS are visualized by
first saving them to a file, which is then loaded into TonyPlot for plotting using the
TONYPLOT command [72, 73].

3.3 Results and Discussion

In this section, we present the simulation results of the MoS2/InP solar cell. as illus-
trated in Figure 3.1, The device structure includes a single layer ofMoS2 functioning as
the emitter, an indium phosphide (InP) wafer serving as the absorber, and aluminum
(Al) and gold (Au) used as the front and rear electrodes, respectively. All the parame-
ters used of these materials were obtained from various theoretical and experimental
literature sources,and they are presented in table 3.1.The current-voltage characteris-
tics of the heterostructure solar cell were measured under AM 1.5G conditions with an
illumination intensity of 0.1W/cm2.

Table 3.1: Input parameters of the Materials Used.

Property MoS2 InP

Thickness(µm) 0.00072 [76] 350
BandGap(eV) 1.8 [71] 1.35
Electron Affinity(eV) 4 4.4
Dielectric permittivity(εr) 6.82 12.5
CB effective density of State(cm−3) 1019 5.68 ∗ 1017
VB effective density of State(cm−3) 9 ∗ 1020 8.87 ∗ 1018
Electron mobility(cm2V −1s−1) 60 [77] 4600
Hole mobility(cm2V −1s−1) 10 150
Donor/acceptor
density(ND/NA)(cm−3)

3.36 ∗ 1016 [78] 2 ∗ 1018 [71]

Contact Property Al Au

Thickness(µm) 0.1 [71] 0.06 [71]
WorkFunction(eV) 4.28 5.1

To enhance the overall performance of our solar cell, this study will investigate the
effects of doping concentration in both the absorber and emitter layers, the thickness
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Figure 3.1: The simulated structure of the MoS2/InP solar cell.

of these layers, and the work functions of the anode and cathode. In each simulation,
only the parameter under investigation will be altered, while all other parameters are
maintained at their previously optimized values.

3.3.1 Effect of Absorber Layer Doping Concentration

The simulation begins with analyzing the impact of varying the doping concentration
of the absorber layer (InP), ranging from 1013 to 1019 cm−3 [79], while all other param-
eters are held constant at their initial values specified in table 3.1. The obtained results
consist of the JV curve and the solar cell parameters presented in Figures 3.2 and 3.3, re-
spectively, including the short-circuit current density (Jsc), open-circuit voltage (Voc),
fill factor (FF), and power conversion efficiency (PCE).
As observed in Figure 3.2,the doping concentration in InP layer exhibits a notable in-
fluence on the JV curve of the solar cell. The experimental curve was taken from the
report by Lin Shisheng et al. [71],in which an InP doping concentration of 2*1018cm−3

was employed.When we applied the same doping level, we did not achieve identical
results;however, a comparable outcome was observed when the doping concentration
was reduced to 1.68 ∗ 1013cm−3 .This discrepancy may be attributed to the incomplete
removal of the native oxide layer on the surface of the InP substrate.

44



Chapter 3: Simulation and Results

Figure 3.2: Variation of the JV Curve with InP Doping Concentration.

Figure 3.3: Solar cell parameters as a function of InP doping concentration.
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In figure 3.3 a sharp decrease in the short-circuit current density (Jsc) is observed.
This behavior can be attributed to that Increased doping narrows the depletion re-
gion,which means fewer photons are absorbed within that region, and fewer photo-
generated electrons are collected efficiently.While the Voc is increasing due to the in-
crease in the built-in potential (Vbi) of the junction. As a result, it is observed that the
efficiency increases at doping concentrations below 1014cm−3, owing to the Jsc remain-
ing nearly constant within this range while the Voc continues to rise. However, above
this concentration, a sharp decline in efficiency is evident, mainly due to the significant
reduction in the Jsc. In contrast, the fill factor (FF) continues to increase, which can be
attributed to a reduction in series resistance and improved carrier transport, which
enhance the shape of the IV curve and allow for more efficient power extraction near
the maximum power point.The best result was obtained at a doping concentration of
1014cm−3.

3.3.2 Effect of Emitter Layer Doping Concentration

This study focuses on investigating the impact of emitter layer doping density.This
will be done by varying the doping concentration from 3.36∗1016cm−3 to 2.5∗1020cm−3

[78, 80],the doping concentration of InP will be fixed at its optimal value obtained in
the previous analysis (NA = 1014cm−3), while keeping all other parameters constant
at their initial value.The results obtained are presented in figure 3.4 and 3.5 which
illustrate the JV curve and the cell parameters,respectively.

Figure 3.4: Variation of the JV Curve with MoS2 doping concentration.

The JV curve shows only slight changes with increasing donor concentration.This can
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Figure 3.5: Solar cell parameters as a function of MoS2 doping concentration.

be observed in the increase of Jsc as the doping concentration increases.This is likely
due to the enhanced extension of the space-charge region into the p-type layer, where
optical absorption primarily occurs. This Leads to more efficient carrier separation
and, as a result, increases the short-circuit current.Consequently,the efficiency also in-
creases,since the Voc remains constant,which can be explained by the band diagram
illustrated in figure 3.6.It is observed that at low doping concentrations, a significant
discontinuity appears at the barrier. As the doping concentration increases, this dis-
continuity is reduced. However, the barrier width remains essentially unchanged in
both cases. The fill factor also increases due to the reduction in series resistance caused
by the increased number of charge carriers. The highest efficiency was obtained at a
donor concentration of 2.5 ∗ 1020cm−3.

3.3.3 Effect of Absorber layer thickness

In this step, the effect of InP layer thickness on the cell performance will be investi-
gated, while keeping the doping concentrations fixed at the optimal values obtained
previously (NA = 1014cm−3, ND = 2.5 ∗ 1020cm−3). The thickness will be varied from
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Figure 3.6: Energy band diagrams of MoS2 under different donor doping concentra-
tions: (a) and (b) show the full spatial profiles for low and high donor doping, respec-
tively. Insets (c) and (d) provide zoomed-in views near the surface.

350 to 3000 µm, while the other parameters remain constant.The corresponding results
are illustrated in Figures 3.7 and 3.8.

Figure 3.7: Variation of the JV Curve with InP thickness.
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Figure 3.8: Solar cell parameters as a function of InP thickness.

Figure 3.7 presents the JV curve in different InP thicknesses indicating an almost negli-
gible change. Meanwhile, as shown in Figure3.8, the Jsc increases due to the enhanced
absorption of incident photons, particularly those with longer wavelengths.Similarly,
the efficiency shows the same behavior, while Voc remains constant.
The thickness that yielded the highest efficiency is 2500 µm .

3.3.4 Effect of Emitter layer thickness

It is important to study the effect of MoS2 layer thickness on our solar cell perfor-
mance.This can be assessed by comparing device behavior across monolayer, bilayer,
trilayer, and bulk structures.This involves varying the thickness along with the corre-
sponding changes in bandgap as defined in table 3.2 and the n-k profile as well.This is
done while keeping the doping concentrations and InP thickness at their optimal val-
ues,along with keeping the other parameters constant. The J–V characteristics of the
cell and its parameters under different MoS2 layer conditions are presented in Figures
3.9 and 3.10,respectively.
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Table 3.2: MoS2 properties depending on the number of layers.

Monolayer Bilayer Trilayer Bulk

Thickness(nm) 0.72 1.44 2.16 4000
Bandgap(ev) 1.8 1.53 [81] 1.46 [82] 1.2

Figure 3.9: Variation of the JV Curve with MoS2 thickness.

Figure 3.10: Solar cell parameters as a function of MoS2 thickness.
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From Figure 3.10, it is evident that the short-circuit current decreases significantly as a
result of the increased thickness, which moves the space-charge region away from the
surface and thus reduces carrier collection. On the other hand, the Voc shows a slight
increase, which may be attributed to the change in bandgap.While the efficiency is
strongly influenced by the Jsc ,showing the same behavior.However, in the case of the
trilayer, a different behavior is observed. This is due to the fact that the absorption of
the trilayer is higher compared to the bilayer and figure 3.11 confirms this observation.

Figure 3.11: Photon absorption quantified as photocurrent (Jabsorb) in MoS2 for Dif-
ferent Layer Thicknesses.

3.3.5 Impact of Back Contact Work Function

Since it plays a major role in determining device efficiency,this study investigates the
influence of the back contact work function on device performance by varying its value
from 4.6 to 5.65 eV [83] , while maintaining the optimal parameters identified in pre-
vious studies. Figures 3.12 and 3.13 display the obtained current-voltage behavior and
the key output parameters of the solar cell,respectively.
As observed in Figure 3.13,increasing the work function of the back contact enhances
the overall performance of the solar cell,as all parameters show enhancement. This im-
provement is attributed to the reduction of the Schottky barrier at the metal/InP inter-
face at higher work function values, enabling more efficient hole transport to the rear
electrode. However, the short-circuit current saturated at work function values higher
than 5.1 eV.This is likely because the contact becomes ohmic at that stage, meaning
that further increases in the work function do not improve charge extraction since it
has already reached an optimal level.
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Figure 3.12: JV characteristic in various back contact work functions.

Figure 3.13: Output parameters as a function of the back contact work function.
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The best device performance was achieved at a work function of 5.65 eV , which corre-
sponds to Platinum metal.

3.3.6 Impact of Front Contact Work Function

In this part we explore the influence of the front contact work function after fixing the
optimal parameters obtained from previous optimizations.To assess its effect,The front
contact work function will be varied from 3.7 to 5.25 eV [83, 84].
The resulting current-voltage characteristic and the main performance parameters of
the solar cell are presented in figures 3.14 and 3.15, respectively.

Figure 3.14: JV characteristic in various front contact work functions.

From the (J-V) curves illustrated in figure 3.14,it is clear that the front contact work
function plays a critical role in the performance of the solar cell, as shown in Figure
3.15, all the solar cell parameters exhibit a decline at front contact work function values
exceeding 4.3 eV. This degradation is attributed to the formation of a Schottky barrier
at the MoS2/front electrode interface, which limits electron transport, as well as an
increase in series resistance.
The cell exhibits optimal performance when the work function of the front electrode is
3.7 eV, which corresponds to Magnesium metal.
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Figure 3.15: Output parameters as a function of the front contact work function.

3.4 Final Results

The performance of the MoS2/InP heterojunction solar cell is simulated and analyzed,
examining the effects of the doping concentration and thickness of the MoS2 emitter
layer and InP absorber layer, along with the work function of both the front and back
contacts. Based on the simulation results, the optimal thickness for the InP absorber
layer is determined to be 2500 µm, with a doping concentration of 1014cm−3. For the
MoS2 emitter layer, the best performance is achieved with a thickness of one atomic
layer (0.72 nm) and a doping density of 2.5∗1020cm−3. The front contact work function
is optimized at 3.7 eV, while the optimal back contact work function is found to be 5.65
eV.
Figure 3.16 illustrates the final current-voltage (J–V) response of the optimized MoS2/InP
solar cell, with its key performance metrics presented in Table 3.3.
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Figure 3.16: J-V characteristic of The optimized cell.

Table 3.3: Best obtained performance.

Jsc(mA/cm2) Voc(V) FF(%) Eff(%)

24.191 0.86271 85.8564 17.918
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This thesis has investigated the application of molybdenum disulfide (MoS2), a promi-
nent two-dimensional material, in the design and optimization of advanced solar cells,
with a particular focus on its electronic ,optical and structural properties and photo-
voltaic performance.As a member of the transition metal dichalcogenide (TMD) family,
MoS2 offers unique properties such as a direct band gap in monolayer form and ex-
cellent optical absorption,making it a highly attractive candidate for next-generation
photovoltaic devices.
The performance of the MoS2/InP heterojunction solar cell is simulated and analyzed
using SILVACO TCAD, with a focus on the effect of the MoS2 emitter, the InP absorber,
and both the front and back contacts. Simulation results show that the thickness and
doping concentration of the InP absorber significantly influence light absorption and
carrier generation, directly impacting current output. A lower doping concentration in
the InP absorber enhances the depletion width and carrier collection efficiency, while a
higher doping level in the MoS2 emitter improves junction quality and facilitates effi-
cient charge separation. The MoS2 emitter layer affects the junction quality and charge
carrier separation, with its properties playing a key role in device performance; no-
tably, the monolayer structure exhibits the best overall efficiency. The front contact
work function affects the barrier height at the interface and influences electron injec-
tion and collection, while the back contact work function is critical for efficient hole
extraction. Optimizing these parameters collectively leads to a noticeable improve-
ment in the overall power conversion efficiency of the device. After applying all of the
optimal properties obtained,the resulting device exhibited the following performance
values: Voc of 0.86271 V, Jsc of 24.191 mA/cm2, FF of 85.8564 % and PCE of 17.918 %.
In conclusion, the results of this study highlight the growing importance of incorpo-
rating two-dimensional (2D) materials, particularly MoS2, in the development of next-
generation solar cells. These materials exhibit exceptional electronic and optical prop-
erties, making them strong candidates for enhancing the efficiency and performance of
photovoltaic devices. Integrating 2D materials into the design of nanoscale solar cell
architectures opens new horizons for lightweight, flexible, high-efficiency, and low-
cost devices. Due to their atomically thin nature, 2D materials require minimal mate-
rial usage, which reduces raw material costs. Additionally, many 2D materials can be
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synthesized using scalable and solution-based methods, such as chemical vapor depo-
sition (CVD) or liquid-phase exfoliation, which are compatible with low-temperature,
low-energy, and cost-effective fabrication processes. Therefore, continued research in
this field, through both simulation and experimental studies, is essential to push this
technology closer to large-scale commercial application.
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