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Abstract

Objective: This article presents a comprehensive review of thin film preparation techniques, focusing
on their theoretical foundations, practical applications, and recent advancements in the field of materials
science.

Methods: The review begins with thermal evaporation, a widely used method praised for its simplicity and
effectiveness in producing high - purity films. This technique relies on the principle of thermal vaporization,
where materials are heated to evaporate and subsequently condense on a substrate. Next, sputtering is
discussed for its versatility in depositing various materials, providing excellent film adhesion and uniformity.
This technique is vital for applications in magnetic materials and photovoltaics, with an emphasis on the
role of process parameters in achieving desired film characteristics. The article continues with chemical
vapor deposition (CVD) and its low - pressure variant, Low - Pressure chemical vapor deposition (LPCVD).
These methods are recognized for creating conformal coatings with precise thickness control, essential in
integrated circuit manufacturing. The review highlights the gas - phase reactions and surface kinetics that
drive these deposition processes. Plasma - enhanced chemical vapor deposition (PECVD) is examined
for its advantages in depositing films at lower temperatures compared to traditional CVD. This method
utilizes plasma to enhance chemical reactions, allowing for the deposition of a wide variety of materials on
temperature - sensitive substrates, including dielectrics and semiconductors. Molecular beam epitaxy (MBE)
is highlighted for its atomic - level precision in film deposition, critical for nanotechnology applications. The
mechanisms of MBE are discussed, emphasizing its importance in producing high - quality semiconductor
materials and multilayer structures. The review also covers atomic layer deposition (ALD), known for its
capability to deposit films with atomic - scale control, making it essential for fabricating high - k dielectrics
and quantum dots. The article elaborates on the sequential self - limiting reactions that characterize ALD
processes. Additionally, chemical bath deposition (CBD) is introduced as a cost - effective method for
depositing metal chalcogenides and oxides, particularly in solar cell applications. The principles of CBD are
discussed, including how supersaturation in solution facilitates uniform film growth.
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Results: Thin films are pivotal in various technological domains, including electronics, optoelectronics,
energy conversion, and sensor technologies. Given their significance, a thorough understanding of the
different deposition methods is essential for developing high - performance materials and devices.

Conclusion: In summary, the article addresses the future prospects of thin film deposition techniques,
emphasizing the need for ongoing research to enhance film quality, optimize processes, and expand the
range of applicable materials. This review serves as a valuable resource for researchers and practitioners,
providing insights into the diverse methodologies available for thin film preparation and their implications
for advancing technology in various fields. The synthesis of these techniques illustrates the dynamic
landscape of thin film technology, underlining its critical role in future innovations.

Keywords: thin films, deposition techniques, thermal evaporation, sputtering, CVD, LPCVD, PECVD,
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1 INTRODUCTION

The field of thin film technology has experienced
remarkable growth over the past few decades, driven by
advancements in materials science and engineering. Thin
films, defined as layers of material with thicknesses ranging
from a few nanometers to several micrometers, play a
crucial role in various applications, including electronics,
optics, energy generation, and sensing technologies. The
unique physical and chemical properties that emerge when
materials are structured at the nanoscale have enabled
the development of devices with enhanced performance
and functionality. This has led to increasing interest in the
different techniques used for thin film deposition. Among
the various deposition methods, thermal evaporation,
sputtering, chemical vapor deposition (CVD), molecular
beam epitaxy (MBE), atomic layer deposition (ALD),
chemical bath deposition (CBD), and plasma - enhanced
chemical vapor deposition (PECVD) are some of the most
widely employed techniques in both research and industrial
settings. Each method offers unique advantages and
challenges, making them suitable for specific applications
and materials'".

Thermal Evaporation is one of the simplest and most
widely used techniques for depositing thin films, especially
metals and insulators. In this process, the source material is
heated in a vacuum, causing it to evaporate and subsequently
condense on a cooler substrate to form a thin film. Thermal
evaporation is favored for its ability to produce films with
excellent purity and minimal contamination'”, The technique
is highly scalable and cost - effective, making it a popular
choice for applications in semiconductor manufacturing and
optical coatings. Sputtering, another prominent deposition
method, involves ejecting atoms from a target material by
bombarding it with energetic ions. This process occurs in
a vacuum chamber, where the ejected atoms are deposited
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onto a substrate to form a thin film. Sputtering offers several
advantages, including the ability to deposit a wide range
of materials, excellent adhesion to substrates, and uniform
coverage over large areas”. It is particularly useful for
producing films in the semiconductor industry and for
creating coatings with specific optical properties.

CVD encompasses a group of techniques that utilize
chemical reactions to deposit thin films from gaseous
precursors. This method is renowned for its ability to
produce high - quality films with excellent uniformity and
conformality, making it suitable for various applications,
including integrated circuits (ICs) and photovoltaic
devices™. Variants of CVD, such as Low - Pressure
chemical vapor deposition (LPCVD) and PECVD,
further enhance the process by providing better control
over the deposition environment and improving film
properties. LPCVD operates at lower pressures, minimizing
contamination and enhancing film quality, while PECVD
utilizes plasma to enhance the reactivity of the gaseous

precursors, enabling deposition at lower temperatures'”.

MBE is a sophisticated deposition technique that allows
for atomic - level control over thin film growth. In MBE,
material is evaporated in an ultra - high vacuum environment
and directed toward a substrate, where it condenses to form
a thin film. The precision of MBE makes it particularly
valuable for the fabrication of advanced semiconductor
structures and quantum devices, where exact control of
layer thickness and composition is critical”’. This method
has enabled breakthroughs in the production of high -
performance electronic and optoelectronic devices. ALD is a
specialized technique that deposits films one atomic layer at
a time through sequential self - limiting chemical reactions.
This level of control allows for the creation of ultrathin films
with exceptional uniformity and conformity, making ALD

J Mod Nanotechnol 2024; 4: 6



particularly valuable in applications where precise thickness
control is required, such as in high - k dielectric materials
for transistors™”. ALD has gained significant attention for
its applications in nanotechnology and advanced materials,
including catalysts and protective coatings. CBD is a
simple, low - cost method that deposits thin films from an
aqueous solution containing precursor ions. The substrate
is immersed in the solution, where chemical reactions lead
to the gradual deposition of the target material. CBD is
especially useful for depositing metal chalcogenides and
oxides, which are important for solar cells and sensors'”.
This method is appealing for large - area applications and
offers the advantage of being adaptable to various substrate
types, including glass and flexible materials. In recent years,
there has been an increasing emphasis on the development of
environmentally friendly deposition techniques and materials.
Researchers are exploring ways to reduce the energy
consumption and waste associated with traditional deposition
methods. For instance, alternative solvents and precursors are
being investigated in CBD and CVD processes to enhance
their sustainability™. Additionally, innovative techniques such
as inkjet printing and spray coating are emerging as potential
alternatives for low - cost thin film deposition”"".

The diversity of thin film deposition techniques
underscores the importance of selecting the appropriate
method based on the specific material requirements and
application goals. This review aims to provide an extensive
overview of the fundamental principles, advantages, and
challenges of various thin film deposition methods, along
with recent advancements and applications in the field. By
synthesizing current research and highlighting trends, this
work contributes to the ongoing development of thin film
technologies, which are pivotal in shaping the future of
electronic and optoelectronic devices.

2 THIN FILM PREPARATION TECHNIQUES AND
APPLICATIONS
2.1 Evaporation Techniques

The thermal evaporation technique is a widely utilized
method for depositing thin films in various scientific and
industrial applications. This technique is based on the
principle of thermal vaporization, wherein a material is
heated to a high temperature until it evaporates, and then the
vapor is allowed to condense on a substrate to form a thin
film. The theoretical underpinnings of thermal evaporation
involve several key concepts from thermodynamics and
molecular transport.

In thermal evaporation, the source material is typically
heated in a vacuum or controlled atmosphere. The
heating is achieved using a resistive heater or an electron
beam, which provides the necessary energy to overcome
the material’s enthalpy of vaporization. The Clausius -
Clapeyron equation, which relates the vapor pressure of a
substance to its temperature, is fundamental in predicting
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the evaporation rate and the equilibrium vapor pressure of
the material at different temperatures'.

The vaporized material travels through the deposition
chamber, which is maintained at a low pressure to minimize
collisions between vapor molecules. The mean free path
of the vapor molecules in this environment is sufficiently
large, which allows them to travel directly to the substrate.
This principle is described by the Knudsen diffusion model,
which helps in understanding the molecular transport during
the deposition process'”.

Upon reaching the substrate, the vapor condenses and
forms a solid film. The film growth process is influenced
by various factors including the substrate temperature,
deposition rate, and the interaction between the film and the
substrate. The growth mechanisms can be categorized into
three primary modes: Frank - Van der Merwe (layer - by -
layer), Volmer - Weber (island), and Stranski - Krastanov
(layer - plus - island) growth. The choice of growth mode
depends on the relative surface energies of the film and

substrate, as well as the deposition conditions'*.

Recent advancements in thermal evaporation
techniques have focused on improving film quality and
uniformity. MBE, a refined form of thermal evaporation,
allows for atomic - level precision in film deposition
by operating under ultra - high vacuum conditions.
This technique is particularly useful for producing
high - quality semiconductor materials and multilayer
structures' . Additionally, the development of advanced
heating elements and improved vacuum systems has
enhanced the control over deposition rates and film
characteristics.

The thermal (or vacuum) evaporation technique
involves vaporizing the target material at high temperatures,
transporting it to the substrate through a vacuum, and
inducing condensation on the substrate surface to form a solid
thin film™, This process, often performed at high vacuum
pressures, allows for minimal interference in the deposition
process. Commonly used tungsten wire coils heat the
target material, achieving a high thermal vaporization rate.
Applications include semiconductor device manufacturing,
such as transistor conductors and components for cellular
phones and Wi - Fi***! Figure 1”* indicates the Schematic
Diagram of Thermal Evaporation Technique and Table 17"
summarizes the advantages and disadvantages of the thermal
evaporation technique.

2.1.1 Working Principle of Thermal Evaporation
Technique

The thermal evaporation technique involves the
deposition of a thin film on a substrate through the
following steps: (1) Material Heating: The target material
(e.g., metal) is heated to high temperatures using tungsten
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Table 1. This Table Summarizes the Advantages and Disadvantages of the Thermal Evaporation Technique

SL Aspect Advantages Disadvantages

1 Efficiency Well - suited for semiconductor device manufacturing, Some materials may not be suitable for thermal
particularly for large - scale production of transistors and evaporation due to their thermal properties.

conductors.
2 Vaporization Rate  Utilizes tungsten wire coils for rapid thermal vaporization of ~ Achieving uniform thickness across large areas
the target material. can be challenging.
3 Interference Operates in a vacuum, minimizing interference from air The process may require substantial energy
particles during the deposition process. input, impacting operational costs.
4 Vacuum Pressure Works effectively under high vacuum pressures, allowing

for precise control of the deposition process.

Substrate Holder -

Sample *

Filament Boat* || |

—+ Glass Bell Jar
> Source

High Vacuum Pump

Figure 1. Schematic Diagram of Thermal Evaporation Technique (Re - draw the image®).

wire coils; (2) Vaporization: The high temperature causes
the target material to undergo vaporization, turning it into
a gaseous state; (3) Vacuum Environment: The process
is conducted in a vacuum environment to eliminate
interference from air particles and facilitate controlled
deposition; (4) Transportation to Substrate: The vaporized
material is transported through the vacuum to the substrate
where thin film deposition is desired; (5) Condensation:
Upon reaching the substrate, the vaporized material
condenses on the substrate’s surface, forming a solid thin
film; (6) Solid Film Formation: The condensed material
solidifies on the substrate, creating the desired thin film with
specific properties™.

2.2 Sputtering

Sputtering is a versatile physical vapor deposition (PVD)
technique used to deposit thin films onto substrates. The
fundamental principle of sputtering involves the ejection
of atoms from a target material when it is bombarded by
energetic ions in a plasma. This process occurs within a
vacuum chamber where an inert gas, typically argon, is
introduced at low pressure. The ions from the plasma are
accelerated towards the target material, causing atoms to
be ejected and subsequently deposited onto a substrate,
forming a thin film. There are several types of sputtering
techniques, including direct current (DC) sputtering,
radiofrequency (RF) sputtering, and magnetron sputtering.
DC sputtering uses a DC to maintain the plasma and is
generally applied to conductive materials. In contrast, RF
sputtering utilizes radiofrequency power, making it suitable
for non - conductive materials. Magnetron sputtering, which
incorporates magnetic fields to confine the plasma near the
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target, enhances the efficiency of the process, leading to
higher deposition rates and improved film quality.

The advantages of sputtering include its versatility
in depositing a broad range of materials such as metals,
insulators, and semiconductors, as well as its ability to
produce uniform coatings over large areas and complex
shapes. Sputtering allows precise control over film
thickness and composition through the adjustment of
process parameters. Recent advancements in sputtering
technology have focused on improving target materials
and integrating sputtering with other deposition techniques.
For instance, Chen and Zhang (2022) provide an overview
of the latest developments in sputtering techniques,
emphasizing innovations in magnetron sputtering and
its applications in various industries”. Kumar and
Bansal (2023) review the progress in producing high -
performance thin films via sputtering, highlighting new
materials and process improvements””. Additionally,
Li and Wang (2023) compare RF and DC sputtering
techniques, discussing recent developments and their
effects on film quality””. Sinha and Singh (2023) explore
advancements in magnetron sputtering technology and its
diverse applications™", while Patel and Patel (2023) review
recent innovations in sputtering technology, focusing on
enhancements in deposition techniques and their impact on
thin film coatings™”. These recent studies underscore the
continuous evolution of sputtering technology, reflecting its
significant role in the fabrication of thin films for various
applications.

Sputtering, a vital PVD process, involves the removal
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Table 2. This Table Provides a Summary of the Advantages and Disadvantages of the Sputtering Technique***
SL Aspect Advantages Disadvantages
1 Material Choice Sputtering outperforms evaporation in terms of material ~ Equipment complexity can be high, requiring
choice, allowing for a broader range of materials to be careful control and monitoring of various
used in the deposition process. parameters.
2 Substrate Adhesion Provides excellent substrate adhesion, ensuring that the  Initial equipment costs can be higher compared
thin film adheres well to the substrate surface. to some other deposition techniques.
3 Complex Stoichiometries ~ Well - suited for achieving complex stoichiometries in thin ~ Sputtering processes may have higher energy
films, making it versatile for various applications. consumption, impacting operational costs.
4 Scalability Highly scalable, making it suitable for both small - scale
and large - scale thin film deposition.
5 Deposition Rate Generally, offers a higher deposition rate compared to

evaporation, allowing for faster production of thin films.

High Voltage (DC, RF)

Target

Art-

Substrate

i 3 -

Sputtered
Target

o Atom =y Vacuum Pump

s Thin Film

l

Substrate Holder

Figure 2. Schematic Diagram of Sputtering Technique (Re - draw the image®™).

of atoms from a target surface due to high - energy ion
bombardment. Unlike evaporation, sputtering does not rely
on thermal processes but instead employs ion impact on the
target material. Various sputtering processes, such as diode
sputtering, reactive sputtering, bias sputtering, magnetron
sputtering, and ion - beam sputtering, offer flexibility
and performance improvements. Sputtering outperforms
evaporation in terms of material choice, substrate adhesion,
complex stoichiometries, scalability, and deposition rate"”.
Table 2 summarizes the advantages and disadvantages
of the sputtering technology and Figure 2 indicates the
Schematic Diagram of sputtering Technique.

2.2.1 Working Principle of Sputtering

Sputtering is a PVD process that involves the removal
of atoms from a target surface due to high - energy ion
bombardment. The key steps in sputtering are as follows:
(1) Target Material: A target material (e.g., metal) is placed
in a vacuum chamber; (2) lon Bombardment: High -
energy ions (usually argon ions) are accelerated towards
the target material; (3) Target Atom Ejection: The high -
energy ions impact the target surface, causing atoms to be
ejected from the target material; (4) Plasma Formation: The
ejected atoms form a plasma in the vacuum chamber; (5)
Deposition on Substrate: The substrate is placed in close
proximity to the target, and the ejected atoms condense on
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its surface, forming a thin film; (6) Control and Monitoring:
The process is carefully controlled, often using techniques
like magnetron sputtering or reactive sputtering, and
monitored to achieve the desired film characteristics™*.

23CVD

CVD is a widely used technique for depositing thin
films and coatings on substrates through chemical reactions
involving gaseous precursors. The process involves
introducing volatile precursors into a reaction chamber
where they undergo chemical reactions to form a solid
material that deposits onto a substrate. This technique is
highly versatile and can be employed to produce a wide
range of materials including metals, semiconductors,
and insulators. In a typical CVD process, the substrate is
placed in a reaction chamber where it is exposed to gaseous
precursors. These precursors react on the substrate surface,
often with the aid of heat or plasma, to form a thin film.
The deposition parameters such as temperature, pressure,
and gas flow rates are carefully controlled to achieve
desired film properties such as thickness, uniformity, and
comp051t10n[36]

Several variations of CVD exist, including Thermal

CVD, PECVD, LPCVD, and Metal - Organic CVD
(MOCVD). Each variant is suited to different applications

J Mod Nanotechnol 2024; 4: 6
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[40-46]

SL Aspect Advantages Disadvantages
1 Versatility Can be used to deposit films on various materials. ~Some materials may require high temperatures,
limiting applicability.
2 Uniform Thin Films Provides uniform thin films across the substrate The process may have high energy
surface. consumption, impacting operational costs.
3 Controlled Deposition Allows for control over deposition parameters, Best suited for flat substrates, restricting
influencing film characteristics. application in three - dimensional structures.
4 Large - Scale Production ~ Suitable for large - scale production of thin films.
Pressure,~
sensor | /’ \

\ Vi
N e

Heating Zone
I |

-
— [ ]
Film Deposition ) Exhaust
11111
| —
I

Gas precursor inlet

Figure 3. Schematic Diagram of CVD Technique (Re - draw the image™).

based on the material to be deposited and the desired
film characteristics. For example, PECVD uses plasma
to enhance the chemical reactions, allowing deposition at
lower temperatures compared to Thermal CVD, which
relies solely on thermal energy"”. LPCVD operates at
lower pressures, which can reduce film stress and improve
uniformity over large areas”™. MOCVD is particularly
useful for depositing compound semiconductors and
complex materials due to its ability to handle metal -

. 39
organic precursors[ ].

Recent advancements in CVD technology have
focused on improving deposition rates, film quality, and
scalability. For instance, Zhang et al. (2023) provide a
comprehensive review of recent developments in PECVD
and its applications in advanced material fabrication*”. Lee
et al. (2022) discuss innovations in LPCVD techniques,
highlighting improvements in deposition uniformity and
film performance'". Additionally, Liu and Xu (2023)
explore the latest advancements in MOCVD, including
new precursor materials and process optimizations for high
- efficiency semiconductor production. These studies
underscore the ongoing evolution of CVD technologies
and their impact on various fields, from electronics to
energy applications. Table 3 summarizes the advantages
and disadvantages of the CVD technology and Figure 3
indicates the Schematic Diagram of CVD Technique.

2.3.1CVD
CVD is a thin film deposition technique that involves
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the synthesis of solid materials on a substrate through
the chemical reaction of gaseous precursors. The process
typically consists of the following key steps™**: (1)
Precursor Delivery: Gaseous precursor compounds,
containing the elements needed for the desired thin film,
are introduced into a reaction chamber; (2) Transport
to Substrate: The precursor gases are transported to the
substrate where thin film deposition is intended; (3)
Activation of Precursors: The precursor molecules are
activated, usually by heating or through the use of plasma, to
initiate the chemical reactions required for film deposition;
(4) Chemical Reactions: The activated precursors undergo
chemical reactions on the substrate surface, leading to
the formation of solid thin films; (5) Film Growth: As the
chemical reactions progress, the thin film grows on the
substrate surface, layer by layer; (6) Controlling Parameters:
Various parameters, such as temperature, pressure, and
precursor flow rates, are carefully controlled to achieve
the desired film characteristics; (7) Final Product: Once
the deposition process is complete, a solid thin film with
specific properties and thickness is formed on the substrate.

2.4 PECVD Technique

PECVD is a widely utilized method for thin - film
deposition in fields such as semiconductor fabrication,
photovoltaic cells, and optical coatings. PECVD operates at
lower temperatures compared to traditional CVD methods
by utilizing a plasma to activate chemical reactions. This
allows for the deposition of materials on temperature -
sensitive substrates while maintaining high film quality.

J Mod Nanotechnol 2024; 4: 6



The PECVD process begins by introducing precursor
gases into a vacuum chamber where a plasma is generated
using a RF or DC power source. The plasma, consisting
of energetic electrons and ions, enables the dissociation
of gas molecules into reactive species. These species then
interact with the substrate, leading to film formation. The
lower operational temperature is a significant advantage
of PECVD, as it allows deposition on polymers or other
materials that might degrade at high temperatures.

The plasma’s role is crucial, as it enhances the chemical
reactions that result in the formation of the thin film. The
reaction mechanisms in PECVD are governed by surface
chemistry, which includes the adsorption, surface diffusion,
and reaction of species on the substrate. The plasma’s high
- energy environment provides additional energy to the gas
molecules, allowing for the dissociation of precursors and
facilitating the deposition process at lower temperatures

compared to conventional CVD techniques™’.

The deposition rate and film quality in PECVD are
influenced by parameters such as gas flow rates, RF power,
substrate temperature, and pressure. These parameters must
be optimized for specific materials and applications. A
notable application of PECVD is in the production of silicon
- based thin films, such as hydrogenated amorphous silicon

(a - Si), used in solar cells and thin - film transistors"’

PECVD is also employed for the deposition of dielectric
layers, such as silicon dioxide (SiO:) and silicon nitride
(SisNa), which are essential for insulating layers in
semiconductor devices. The technique’s versatility extends
to the deposition of complex materials, such as doped films
or films with gradient compositions, which are useful in
various advanced applications, including microelectronics

and nanotechnology™".

2.4.1 Working Principle of PECVD

PECVD technique is a widely used method for
depositing thin films, primarily in semiconductor and
microelectronics industries, as well as for coating materials
with various applications in solar cells, optical coatings,
and nanotechnology. The technique operates by enhancing
a standard CVD process using plasma, which reduces the
necessary deposition temperature”™”>”.

(1) Plasma Generation: The PECVD process begins
with the generation of a plasma, typically using RF or
microwave power, to ionize a gas mixture. This plasma
is created by applying an electric field between two
electrodes in a vacuum chamber. The gas molecules
break into ions, electrons, and radicals, which are highly
reactive species that play a key role in the deposition
process; (2) Gas Introduction: Reactive gases, such as
silane (SiHa), ammonia (NHs), methane, or oxygen, are
introduced into the deposition chamber. These gases flow
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continuously into the chamber, where they react with
the plasma - generated species; (3) Chemical Reactions:
Once the plasma is generated, it activates chemical
reactions that lead to the dissociation of precursor gases.
The radicals and ions created in the plasma zone react
chemically and are transported to the substrate surface.
Unlike conventional CVD, PECVD reduces the energy
requirements of these reactions, allowing them to occur at
much lower temperatures (100-400°C) as opposed to higher
temperatures required in standard CVD (~700-1000°C).
This makes PECVD ideal for temperature - sensitive
substrates like plastics and flexible materials; (4) Thin Film
Deposition: The reactive species, once transported to the
substrate, adhere to its surface, where they undergo further
chemical reactions and condense into a thin film. The film’s
properties, such as its thickness, structure, and composition,
can be controlled by adjusting process parameters like
gas flow rate, pressure, plasma power, and substrate
temperature; (5) Applications: PECVD is commonly used
for the deposition of SisNa, SiO2, diamond - like carbon
coatings, and other materials for applications in solar cells,
LEDs, microelectromechanical systems (MEMS) devices,
and protective coatings”>>”.

Table 4 summarizes the advantages and disadvantages
of the PECVD technology and Figure 4 indicates the
Schematic Diagram of PECVD Technique. Recent research
in PECVD has focused on improving film properties such as
stress, adhesion, and uniformity, especially for large - scale
manufacturing. Advancements in plasma control techniques,
such as pulsed PECVD, have led to better control over film
composition and microstructure, enabling the development
of new materials with tailored properties for specific

applications™.

25LPCVD

LPCVD is a widely utilized method for thin film deposition
in microelectronics and semiconductor manufacturing. This
technique operates at lower pressures (typically between 0.1
to 10Torr) compared to conventional CVD processes, which
enables better control of film uniformity and reduces the
occurrence of defects such as particle formation. LPCVD is
particularly favored for its ability to produce high - quality
films with excellent step coverage and thickness uniformity,
making it ideal for applications such as dielectric, conductor,
and semiconductor thin films*"*",

2.5.1 Working Principle of LPCVD

(1) Gas Introduction: In LPCVD, precursor gases, such
as SiHa, NHs, or dichlorosilane (SiCl.H.), are introduced
into a vacuum chamber containing the substrate. The
gas flow rate and composition are carefully controlled to
ensure optimal conditions for the deposition reaction; (2)
Low - Pressure Environment: The vacuum chamber is
maintained at a low pressure (below atmospheric pressure),
which allows for a reduction in the mean free path of gas

J Mod Nanotechnol 2024; 4: 6
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Table 4. Advantages and Disadvantages of PECVD"**"

SL Aspect Advantages Disadvantages
1 Low - Temperature Allows deposition at lower temperatures, making it Complex equipment setup can be required,
Deposition suitable for heat - sensitive materials. leading to higher initial costs.
2 Enhanced Reaction Kinetics Plasma activation enhances reaction kinetics, Uniformity issues can arise in plasma
improving film quality. distribution across the substrate.
3 Versatility in Material Capable of depositing a wide variety of materials,  Limited scalability for large - area substrates can
Deposition broadening application potential. be a constraint.

Process gas %

Process chamber —

‘Wafer I

RF power

By-products to the pump

(IR

Heated plate

Figure 4. Schematic Diagram of PECVD (Re - draw the image™).

molecules. This ensures that the reactive species diffuse
slowly towards the substrate, leading to more uniform
film deposition across the surface; (3) Thermal Activation:
Unlike PECVD, which uses plasma to enhance chemical
reactions, LPCVD relies solely on thermal energy. The
substrate is heated to a temperature typically in the range
of 500-900°C, which provides the necessary energy for the
precursor gases to decompose and form a thin film on the
substrate; (4) Film Growth: Once the precursor gases reach
the substrate surface, they undergo thermal decomposition
or chemical reactions to form a solid thin film. For instance,
in the deposition of SiO2, SiHa reacts with oxygen at
elevated temperatures to produce SiO: and hydrogen gas as
byproducts. The uniform distribution of the reactive species
in the low - pressure environment ensures that the film
grows evenly over the entire surface, even in deep trenches
or on complex geometries; (5) Applications: LPCVD is
commonly used for the deposition of various materials,
including polysilicon, silicon dioxide, SisNa, and tungsten.
These films are critical in the fabrication of ICs, MEMS,
and solar cells. LPCVD’s ability to provide conformal
coatings with excellent step coverage makes it ideal for
applications where precise film control is required, such
as in gate dielectrics, diffusion barriers, and passivation
layers®™*,

Table 5 summarizes the advantages and disadvantages
of the LPCVD technology and Figure 5 indicates the
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Schematic Diagram of LPCVD Technique.

2.6 MBE

MBE is a highly controlled, ultra - high vacuum (UHV)
deposition technique widely used for the growth of high -
purity crystalline thin films, particularly for semiconductor
materials. The fundamental principle of MBE involves the
slow and precise deposition of atoms or molecules onto a
heated substrate, where they form a crystalline structure
layer by layer. Unlike other deposition methods, MBE
operates at extremely low deposition rates, which allows for
unparalleled control over the thickness, composition, and
crystal quality of the films.

In MBE, the material sources, typically in the form
of high - purity elemental compounds, are heated in
effusion cells, creating beams of atoms or molecules that
travel through the UHV environment and impinge on the
substrate surface. The slow deposition rates (on the order
of one monolayer per second) enable atomic - level control
over the growth process, making MBE ideal for fabricating
complex heterostructures, quantum wells, superlattices, and
other advanced nanostructures. The use of UHV conditions
minimizes contamination, allowing for the growth of
extremely pure films.

A key advantage of MBE is its ability to grow films with
atomically sharp interfaces and precise doping profiles,

J Mod Nanotechnol 2024; 4: 6



https://doi.org/10.53964/jmn.2024006

Table 5. Summarizing the Advantages and Disadvantages of LPCVD!**"

SL Aspect Advantages Disadvantages

1 Uniformity LPCVD provides excellent uniformity and conformity =~ LPCVD typically requires high temperatures (500-
of thin films over large areas and complex surface 900°C), which may limit its use on temperature -

topographies. sensitive substrates.
2 High - Quality Films ~ Produces high - purity, dense, and high - quality films ~ The deposition rate is generally slower compared to
due to the controlled reaction environment and reduced  other CVD methods, which may affect throughput.
contamination risk in a low - pressure system.

3 Low Defect Density  Films grown using LPCVD exhibit low defect density, The equipment required for LPCVD is more

which is beneficial for semiconductor devices and expensive and complex compared to simpler
MEMS applications. techniques like thermal evaporation.
4 Scalability The process is highly scalable, making it suitable for ~ Films deposited at high temperatures can sometimes
batch processing, which is efficient and cost - effective exhibit internal stresses, which may impact
for industrial applications. mechanical properties.
5 Versatility LPCVD can be used to deposit a wide range of materials, ~ The use of hazardous or toxic precursor gases (e.g.,

including oxides, nitrides, polysilicon, and others.

silane, phosphine) can require stringent safety
measures and proper waste management.

Three-zone-Furnace

Gas in

To exhaust
+

Pre-heating

‘Water
section

Down stream
section

Figure 5. Schematic Diagram of LPCVD (Re - draw the image'™).

which are essential in electronic and optoelectronic devices.
The technique is particularly suited for materials like
III-V semiconductors (e.g., gallium arsenide, InP), where
precise control over layer composition is crucial for device
performance. Real - time monitoring of the growth process
can be achieved using reflection high - energy electron
diffraction (RHEED), providing insight into the surface
structure and growth dynamics during deposition.

Recent advancements in MBE focus on expanding its
applications beyond traditional semiconductors, including
the growth of complex oxides, two - dimensional materials,
and topological insulators. These new materials offer
potential applications in next - generation electronics,
spintronics, and quantum computing. For example, Chen
et al. (2022) explore the use of MBE for the growth of two
- dimensional transition metal dichalcogenides and their
applications in nanoelectronics and optoelectronics'®.
Additionally, Wang et al. (2023) review the application of
MBE in fabricating complex oxide heterostructures for
emerging electronic devices'™. MBE remains a cutting -
edge technique in thin film growth, offering unmatched
precision and flexibility in material deposition for advanced

applications'™".

MBE is a precise deposition technique that involves
evaporating individual atoms or molecules from a solid

(
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source to form a crystalline film layer on a substrate. This
method provides exceptional control over film thickness
and composition, making it particularly suitable for
semiconductor device fabrication”". Table 6 summarizes
the advantages and disadvantages of the MBE technology
and Figure 6 indicates the Schematic Diagram of MBE
Technique.

2.6.1 MBE

MBE is a highly precise thin film deposition technique
used for the growth of crystalline films with atomic - level
accuracy. The process involves the deposition of individual
atoms or molecules from a solid source onto a substrate.
The working principle of MBE can be outlined in the
following steps: (1) UHV Environment: MBE takes place
in an UHV environment to minimize any interference from
background gases and to ensure a clean substrate surface; (2)
Effusion Cells: Sources of the desired material, typically in
the form of effusion cells, are heated to high temperatures.
These cells contain the solid material (typically a metal)
that will be evaporated for deposition; (3) Thermal
Evaporation: The high temperatures cause the solid material
in the effusion cells to evaporate, forming a molecular or
atomic beam; (4) Collimation and Directional Beam: The
evaporated material forms a collimated beam, ensuring that
the atoms or molecules move in a specific, well - defined
direction toward the substrate; (5) Substrate Interaction: The
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[69-75]

SL Aspect Advantages Disadvantages

1 Precision Offers precise control over film thickness and MBE systems are complex and require advanced
composition at the atomic level. technical expertise.

2 Crystalline Film Formation Produces crystalline films with high structural Typically has lower deposition rates compared to

quality. some other techniques.

3 Semiconductor Fabrication Particularly suitable for semiconductor device The initial setup costs can be relatively high.
fabrication due to its precision.

4 Low Contamination Low contamination risk due to the ultra - high May be less scalable for large - area deposition

vacuum environment.

compared to other methods.

Mechanical
feed through
for CAR 7,

assembly |
o\

RHEED gun

RHEED Screen

Ultra- High Vacuum Environment

——Cryo panels

 RHEED Screen

Effusion cells

Figure 6. Schematic Diagram of Molecular Beam Epitaxy Technique (Re - draw the image™).

substrate is positioned in the path of the molecular or atomic
beam. As the evaporated material reaches the substrate, it
forms a monolayer on the surface; (6) Layer - by - Layer
Growth: MBE operates in a layer - by - layer fashion,
allowing precise control over the thickness and composition
of the deposited film. This is achieved by alternating the
deposition of different materials in a controlled sequence;
(7) Real - Time Monitoring: The growth process is often
monitored in real - time using various techniques, such as
RHEED, to assess the crystal quality and adjust growth
conditions accordingly; (8) Controlled Stoichiometry:
MBE enables the deposition of films with controlled
stoichiometry, ensuring that the desired chemical
composition is achieved; (9) Substrate Rotation and
Manipulation: Substrate rotation and manipulation systems
allow for uniform film growth and the creation of complex
structures.

MBE is especially valued in the fabrication of semicon-
ductor devices and heterostructures due to its ability to precisely
control film thickness, composition, and crystalline structure at
the atomic level. The UHV environment and careful control of
deposition conditions contribute to the high purity and quality
of the resulting thin films""*".

2.7ALD
ALD is a vapor - phase thin film deposition technique
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that allows for the precise, layer - by - layer construction of
materials with atomic - level control. ALD operates on the
principle of sequential, self - limiting chemical reactions
between gaseous precursors and a substrate surface.
This unique mechanism distinguishes ALD from other
deposition techniques by enabling unparalleled uniformity
and thickness control, even on complex geometries and
high aspect ratio structures.

In a typical ALD process, the deposition cycle consists
of two half - reactions. In each half - reaction, one of the
precursor gases is introduced to the substrate, where it
reacts with the surface to form a monolayer of material.
This is followed by purging the chamber to remove any
unreacted precursor and by - products. Then, a second
precursor is introduced, reacting with the previously
adsorbed monolayer, forming a thin film. The cycle is
repeated multiple times to achieve the desired thickness,
with each cycle depositing a controlled amount of material,
usually on the order of one atomic layer per cycle.

The self - limiting nature of ALD makes it particularly
well - suited for applications where conformality and
precise thickness control are critical. ALD is widely used
in the semiconductor industry for the deposition of thin
dielectric layers, such as high - k oxides (e.g., Al:Os, HfO>),
which are essential for modern transistors and capacitors.
Additionally, ALD has been employed in energy storage
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[80-83]

SL Aspect Advantages Disadvantages

1 Atomic - Scale Precision Provides precise control over film thickness at the ~ Generally, has a slower deposition rate compared to

atomic level. some other techniques.
2 Conformal Coating Achieves conformal coating on complex geometries  Involves a complex sequential process, which can
and high - aspect - ratio structures. increase processing time.
3 High Uniformity Offers high uniformity in film thickness across the The initial setup costs can be relatively high.
substrate.
4 Wide Material Compeatible with a variety of materials. Not suitable for all materials, and precursor
Compeatibility availability can be a limiting factor.

ALD Chamber

Carrier Gas e.g. N, ==

Oxidant

Precursor

Heated stage

Outlet

Vacuum pump

Figure 7. Schematic Diagram of ALD (Re - draw the image®™").

devices, protective coatings, and biomedical applications.
The high - quality films produced by ALD exhibit excellent
step coverage and uniformity, even on substrates with
intricate topographies.

Recent advancements in ALD include the development
of plasma - enhanced ALD (PEALD), which enables
deposition at lower temperatures, expanding the range
of substrate materials that can be used. Moreover, spatial
ALD has gained attention for its higher throughput
capabilities, making it more suitable for industrial - scale
applications. According to Kunene et al. (2022), ALD is
now being integrated into the fabrication processes of next
- generation nanoelectronics, particularly in the deposition
of 2D materials and nanostructures for high - performance
transistors”*. Similarly, Yang et al. (2023) emphasizes
the role of ALD in improving the energy storage capacity
of lithium - ion batteries by coating electrode materials
with ultra - thin, conformal layers to enhance stability and
performance””"™,

Overall, ALD remains a critical tool for applications
that require thin, highly conformal films with precise
thickness control and is expected to play a growing role in
the development of future technologies, particularly in the
fields of electronics, energy storage, and nanotechnology.

ALD is a technique that allows for the controlled
deposition of thin films with atomic - scale precision. It
involves the sequential exposure of a substrate to precursor
gases, resulting in self - limiting surface reactions that
lead to the formation of thin films. ALD is widely used
in applications requiring precise thickness control, such

pw* Innovation Forever Publishing Group Limited
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as microelectronics and nanotechnology'”. Table 7
summarizes the advantages and disadvantages of the ALD
technology and Figure 7 indicates the Schematic Diagram
of ALD Technique.

2.7.1 Working Principle of ALD

ALD is a thin film deposition technique that enables the
controlled and precise growth of thin films with atomic -
scale precision. The working principle of ALD involves a
sequential, self - limiting surface reaction process, and it
typically follows these key steps: (1)Substrate Preparation:
The substrate, on which the thin film will be deposited, is
thoroughly cleaned to ensure a clean and reactive surface;
(2) Sequential Exposure to Precursors: The substrate is
exposed sequentially to gaseous precursor compounds in a
cyclic manner. Each precursor is introduced one at a time,
and the exposure is carefully controlled; (3) Adsorption
of Precursors: The first precursor is introduced, forming a
monolayer of adsorbed molecules on the substrate surface.
The adsorption occurs due to chemical reactions with the
surface functional groups; (4) Self - Limiting Reaction: The
chemical reaction is self - limiting, meaning that it saturates
the surface and forms a complete monolayer. This ensures
precise control over film thickness; (5) Purge Step: Excess
precursor and reaction by - products are removed from the
reaction chamber through a purge step, often involving inert
gas flow. This step is crucial to prevent unwanted reactions
in the subsequent cycle; (6) Sequential Introduction of
Second Precursor: The process is repeated with a second
precursor, which reacts with the adsorbed molecules on the
substrate surface, forming another self - limiting monolayer;
(7) Cycle Repetition: The sequential exposure and purge
steps are repeated for each precursor in a cycle until the
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desired film thickness is achieved. The number of cycles
determines the thickness with atomic precision; (8) Film
Growth and Composition Control: The repeated cycles
result in the controlled growth of the thin film. By choosing
different precursor combinations and cycle parameters, the
composition of the film can be precisely controlled; (9)
Uniformity and Conformality: ALD is known for providing
excellent uniformity and conformality, ensuring that the
thin film conforms to complex substrate geometries and
structures.

ALD is widely used in various applications, particularly
in microelectronics and nanotechnology, where precise
control over film thickness and composition is critical. The
self - limiting nature of the process and the ability to achieve
atomic - scale precision make ALD a powerful technique

for advanced material fabrication™”.

2.8 CBD Technique

CBD is a simple, cost - effective method used to deposit
thin films from an aqueous solution. In this technique, a
substrate is immersed in a solution containing the precursor
ions, and a thin film is gradually deposited onto the
substrate through a series of chemical reactions that occur
in the solution. CBD is primarily used for the deposition
of metal chalcogenides and oxides, such as ZnO, CdS, and
PbS, which are extensively studied for their applications
in solar cells, sensors, and optoelectronic devices. The
process relies on the controlled precipitation of the target
material on the substrate surface from a solution under
carefully regulated conditions. The deposition is initiated
by supersaturation of the solution, which can be controlled
by adjusting parameters such as temperature, pH, and the
concentration of the precursors. In many cases, complexing
agents like ammonia are added to the solution to control the
release rate of metal ions, allowing for a more uniform film
growth. For example, in the deposition of ZnO, zinc ions
are slowly released and react with hydroxide ions to form a
Zn0 layer on the substrate. CBD offers several advantages,
such as low - cost equipment, simplicity, and the ability
to coat large areas and complex shapes. It is particularly
attractive for large - scale production of thin films on
various substrates, including glass, polymers, and metals.
However, the technique’s limitations include relatively
slow deposition rates, poor film adhesion in some cases,
and challenges in controlling the film’s stoichiometry and
uniformity.

Recent advancements in CBD have focused on improving
film quality and expanding its applicability. Studies have
demonstrated the deposition of high - quality films with
enhanced optical and electrical properties by optimizing
the deposition parameters. Moreover, nanostructured films,
such as nanorods and nanoparticles, have been successfully
fabricated using CBD for use in next - generation photovoltaic
devices and nanotechnology applications. According to Ali et
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al. (2022), CBD has been widely employed in the fabrication
of buffer layers for thin - film solar cells, such as CdS layers
for Cu(In,Ga)Se: (Copper Indium Gallium Selenide) and
CdTe solar cells, enhancing their efficiency and stability™™.
Additionally, research by Singh et al. (2023) highlights
the use of CBD in producing ZnO - based nanostructures
with enhanced gas - sensing properties, demonstrating the

technique’s versatility in developing functional materials".

In conclusion, CBD remains a vital technique for the
deposition of thin films, particularly in the context of large
- area applications and the synthesis of nanostructured
materials. Its simplicity, low cost, and versatility make it a
valuable tool in various fields, from photovoltaics to sensor
technology Chemical bath deposition, also known as the
solution growth technique, is an established method for
depositing films on substrates. This technique is commonly
used for chalcogenide and metal oxide films at lower
temperatures. Precursor solutions complexed by ligands,
such as ammonia, triethanolamine, or ethylene - diamine
- tetra acetic acid, facilitate the deposition process. The
chemical bath deposition method provides versatility for
vertical, horizontal, or specific substrate positions, allowing
the achievement of desired film thicknesses"”. Table 8
summarizes the advantages and disadvantages of the CBD
technology and Figure 8 indicates the Schematic Diagram
of CBD Technique.

2.8.1 Working Principle of CBD

CBD, also referred to as the solution growth technique, is
employed for depositing thin films on substrates, particularly
for chalcogenides and metal oxides, at lower temperatures.
The operational steps include: Preparation of Precursor
Solutions: Precursor solutions are formulated by dissolving
chemical compounds in a solvent, often complexed with
ligands like ammonia or triethanolamine; (2) Substrate
Immersion: The substrate, intended for thin film deposition,
is immersed in the prepared precursor solution; (3) Chemical
Reaction and Film Formation: Chemical reactions in the
solution lead to the formation of solid particles or material
complexes, adhering to the substrate surface and initiating
thin film growth; (4) Substrate Positioning: The substrate
can be oriented vertically, horizontally, or in a specific
manner to control film thickness and coverage; (5) Bath
Composition Control: Parameters such as bath composition,
temperature, and immersion time are meticulously regulated
to manage the deposition process; (6) Rinsing and Drying:
After the deposition period, the substrate is removed, rinsed
to eliminate excess reactants, and then dried; (7) Versatility
and Film Properties: CBD provides versatility in substrate
positioning and is applicable to various film compositions.
However, achieving precise control over film properties may
be challenging compared to alternative deposition techniques.

Chemical Bath Deposition is acknowledged for its cost
- effectiveness, simplicity, and lower equipment costs. It
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Table 8. Advantages and Disadvantages Chemical Bath Deposition Technique
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[85-93]

SL Aspect Advantages Disadvantages
1 Low - Temperature Suitable for depositing films at lower temperatures, May not achieve the same level of control over film
Process reducing thermal stress on substrates. properties as some other techniques.
2 Versatility Allows for deposition on vertical, horizontal, or Suited for specific materials, limiting its range of
specific substrate positions. applications.
3 Cost - Effective Generally, has lower initial equipment costs compared ~ May have challenges achieving uniform coating on
to some other techniques. complex surfaces.
4 Ease of Operation Generally considered simpler and more Typically has slower deposition rates compared to

straightforward to operate.

some high - temperature techniques.
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Figure 8. Schematic Diagram of CBD (Re - draw the image®”).

is chosen for applications prioritizing low - temperature
processing and operational ease over highly precise film
characteristics. While it may not offer the same level of
control as some techniques, CBD is valuable for specific
materials and applications™**",

3 CONCLUSION

In this review, the various thin - film deposition
techniques, including thermal evaporation, sputtering,
CVD, MBE, ALD, CBD, LPCVD, and PECVD, have been
discussed in detail. Each of these techniques offers distinct
advantages and disadvantages, making them suitable for
different applications in industries such as semiconductors,
photovoltaics, optoelectronics, and sensors. Thermal
evaporation remains a widely used method for large -
scale production of semiconductors due to its simplicity
and ability to deposit thin films with minimal interference.
However, its limitations include uniformity challenges and
high energy consumption, which may restrict its use for
more complex or three - dimensional substrates. Sputtering
techniques, on the other hand, offer improved control over
film uniformity and are capable of handling a wider range
of materials, but require more sophisticated equipment
and higher operational costs. CVD techniques, including
LPCVD and PECVD, continue to be pivotal in industries
requiring high - quality films with precise control over
thickness and composition. LPCVD is commonly used for
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microelectronics and MEMS fabrication, whereas PECVD
is known for producing thin films at lower temperatures,
making it ideal for temperature - sensitive substrates.
MBE and ALD, though more complex and costly, provide
atomic - level precision in deposition, which is essential for
advanced nanotechnology and semiconductor applications.
CBD offers a cost - effective and straightforward method
for depositing films from solution, particularly for large -
area applications. However, its relatively slow deposition
rate and challenges with film uniformity can limit its
effectiveness in certain high - performance applications.

Recent advancements in these deposition techniques have
focused on improving the quality and performance of thin
films, while also addressing the limitations associated with
each method. The development of hybrid and advanced
deposition techniques, such as combining CVD with other
methods, is an exciting area of research that aims to enhance
the capabilities of thin - film fabrication. In conclusion,
the selection of a deposition technique is highly dependent
on the specific application and material requirements.
Future research is expected to focus on optimizing these
techniques for better material properties, scalability, and cost
- effectiveness. As industries continue to demand higher
performance materials with precise control over properties,
thin - film deposition technologies will remain at the forefront
of scientific and industrial innovation.
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Abbreviation List

ALD, Atomic layer deposition

CBD, Chemical bath deposition

CVD, Chemical vapor deposition

DC, Direct current

ICs, Integrated circuits

LPCVD, Low-pressure chemical vapor deposition
MBE, Molecular beam epitaxy

MEMS, Microelectromechanical systems
MOCVD, Metal-organic chemical vapor deposition
NHs, Ammonia

PECVD, Plasma-enhanced chemical vapor deposition
PVD, Physical vapor deposition

RF, Radio frequency

RHEED, Reflection high-energy electron diffraction
SisNa, Silicon nitride

SiHa, Silane

SiO,, Silicon dioxide

UHYV, Ultra-high vacuum
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