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Chapter

Nano-Fabrication Methods

Saeedeh Ebad-Sichani, Paria Sharafi-Bady, Payam Hayati
and Mohammad Jaafar Soltanian-Fard

Abstract

In the field of investigating nano-fabrication, it is not possible to reach a single and
separate definition compared to macro-fabrication. Nano-fabrication can be defined
as an assembly process to produce a one-dimensional, two-dimensional, or three-
dimensional structure at the nanometer scale. The importance of recognizing and
examining nanofabrication techniques considering the revolution that nanofabrica-
tion compounds have in molecular adsorption, catalysis, magnetism, luminescence,
nonlinear optics, and molecular sensing, have been known because they provide the
possibility of reproducible mass production in this field. In this chapter, to create a
general understanding of nano-fabrication and the challenge of creating nanome-
ter size reduction, we will review new tools and techniques for the production of
nanostructures, which are divided into three major parts: thin film, lithography, and
engraving.

Keywords: nano-fabrication, micro-fabrication, lithography, thin films, etching,
pharmaceutical, medical fields

1. Introduction

Nanotechnology has already found numerous applications in various fields,
including electronics, medicine, energy, and environmental remediation. For example,
nanoscale materials fabricate electronic devices like transistors and solar cells. In medi-
cine, nanoparticles are used for drug delivery and imaging. Nanotechnology is being
explored in energy to develop more efficient batteries and solar cells. In environmental
remediation, nanoparticles are used to remove contaminants from air and water.

In conclusion, nanotechnology has the potential to revolutionize many fields and
improve our lives in numerous ways. However, it is essential to approach this technol-
ogy cautiously and continue to study its potential risks and benefits. With responsible
development and use, nanotechnology can be a powerful tool for addressing many of
humanity’s challenges.

Despite the many benefits of nanotechnology, there are concerns about the
possible dangers of using nanomaterials. These risks include toxicity, environmental
impact, and ethical considerations. As such, it is important to continue to study the
advantages and disadvantages of nanotechnology and to develop appropriate regula-
tions and guidelines for its use.
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Figure 1.
Cartoon representation of Feynmans atom-by-atom [1].

One way to address these concerns is through responsible research and innovation
(RRI) frameworks that integrate ethical, social, and environmental considerations
into developing and deploying new technologies. Additionally, transparency and
communication with stakeholders, including the public, are crucial in ensuring that
the benefits of nanotechnology are realized while minimizing its potential risks. By
taking a proactive and collaborative approach, we can ensure that nanotechnology is
used safely and responsibly, benefiting society.

Richard P. Feynman, a Nobel Prize-winning physicist, spoke about the potential of
molecular-scale engineering in “ There is Plenty of Room at the Bottom” on December
29, 1959, at the California Institute of Technology. Nobel laureate Richard Feynman
is frequently credited with the “birth of nanotechnology.” In his creative speech,
Feynman described a nano world in which atoms might be ordered individually.
Feynman awarded monetary incentives to individuals who could complete his nano
tasks. Despite being a visionary, Feynman overlooked the significance of chemistry
in developing nanotechnology. He proposed that changing and controlling individual
atoms and molecules would be possible, creating novel compounds, electronics, and
medical treatments. This vision has become a reality with the advent of nanotechnol-
ogy, which allows scientists to work at the atomic and molecular levels.

Figure 1 is a cartoon representation of Feynman’s atom-by-atom (ABA) fabrica-
tion technique for creating objects like cars from a single atom [1, 2].

The Birth of Nanotechnology is Atom-by-Atom Manufacturing. The origin of
“nano” is the Greek word vavo(. The metric prefix “nano” indicates 10~%, and 1 nm
(one nanometer) is 107 m [2].

The term “nano” derives from the Greek word o. The metric prefix “nano” is
derived from the Greek o, metro, which means “unit of measurement.”

2. Definition of nano-fabrication

Nano-fabrication® is a fabrication technology used in nanotechnology. Nano-
fabrication is employed for fabricating components more minor than the ones
fabricated by microtechnology, generally smaller than 1 pm, and the definition of
nano-fabrication is unclear. One of the merits of this technology is that scientists have
reached the theoretical limit of accuracy, for example, the size of a molecule or an
atom; another belief is that we are dealing with a “super technology” [1].

Microtechnology has been transformed into nanotechnology with slow changes,
and many laboratories changed the name of their microfabrication laboratories to
nano-fabrication laboratories, while there were no fundamental changes. It should
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be remembered that politics and economics partially caused these changes. With the
changes and progress in the micro-scale, we slowly reached the nanoscale, and then
its name was also changed [3].

Nano-fabrication is critical in advancing several areas, including electronics,
biotechnology, energy, and materials science. It has enabled the production of smaller
and more efficient devices, such as nanosensors, nanoelectronics, and nanomedi-
cines. The techniques used in nano-fabrication include lithography, self-assembly,
molecular beam epitaxy, and sol-gel synthesis. Each methodology has benefits and
drawbacks, and the choice of the method relies on the desired application. Nano-
fabrication also poses challenges, such as the need for high precision and accuracy,
the control of surface properties, and the scalability of the process. However, with
advancements in technology and materials science, these challenges are being
addressed, and nano-fabrication is becoming more accessible and widespread.
Overall, nano-fabrication is a powerful tool that has revolutionized many fields and
has the potential to continue driving innovation and progress in the future.

3. Special properties of nanomaterials

The two main reasons for changing nanomaterials’ chemical and physical proper-
ties are surface effects and entering the world of quantum physics. The meaning of
surface effects is the increase of the surface area-to-volume ratio by decreasing the
particle size and reaching dimensions below one hundred nanometers. Increasing the
proportion of surface atoms in the material causes the properties of the surface atoms
to affect the properties of the whole material. Among these effects, very high reactivity
can be mentioned. Another reason is entering the world of quantum physics and dis-
sociating energy bands and turning them into energy levels. Due to this factor, special
optical properties are observed in quantum dots or quantum wires that exhibit ballistic
electrical conductivity. In this article, these two reasons are stated and analyzed [4].

The second reason for the unique properties of some nanomaterials is entering the
world of quantum physics and dissociation of energy levels. First of all, it should be
stated that this phenomenon is not valid for all nanomaterials, and it only happens for
quantum nanomaterials. Quantum nanomaterials are compounds whose one, two, or
three dimensions are less than the critical dimensions required to enter the world of
quantum physics. The critical dimensions necessary for nanomaterials are determined
according to their type. The critical dimensions for semiconductors are about 10 nm,
and for conductors, about 1-3 nm [5, 6].

As the particle becomes smaller and its dimensions reach below one hundred
nanometers, the increase in the percentage of surface atoms becomes significant. As
the size decreases, the slope of the rise in the ratio of surface atoms also increases.
Figure 2 shows the particle size reduction’s effect on the surface atoms ratio (surface
area-to-volume ratio). As can be seen, as the particle becomes smaller and its dimen-
sions reach below one hundred nanometers, the increase in the percentage of surface
atoms becomes significant. With the decrease in size, the slope of the rise in the
proportion of surface atoms also increases [4].

Materials can be divided into semiconductors, insulators, and metals or conduc-
tors. The qualities of a material may be changed at nanoscale length scales, which
affects how its electrons behave (delocalized, localized, or somewhere in between).
For instance, when a metal gets smaller, its electrons are confined to specific energy
levels rather than being free to travel through energy bands. The characteristics of
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Figure 2.
The particle size reduction’s effect on the surface atoms vatio [4].

a material are ultimately determined by this quantization of energy, also known as
quantum confinement. In insulating materials like transition metal oxides, imperfec-
tions govern a material’s behavior; this impact is accentuated in nanoscale structures
due to their large surface and interfacial areas [7].

Producing items with nanometer-sized dimensions is known as nano-fabrication,
and nano-fabrication techniques are crucial for developing innovative nanoscale
structures, electronics, and materials with distinctive features [8].

4. Application of nano-fabrication in medicine and industry

Nanotechnology has numerous industrial applications, including electronics,
energy, medicine, and materials science. Some of the vital industrial applications of
nanotechnology are:

Electronics: Smaller and more effective electrical devices, such as transistors, sen-
sors, and memory components, are being created with the help of nanotechnology.
Nanoscale materials with specialized electrical properties, such as carbon nanotubes
and graphene, are well suited for use in electronic devices.

Energy: Batteries, fuel cells, and solar cells are among the energy storage and
conversion technologies being improved with nanotechnology. Nanomaterials like
quantum dots and nanowires are being used to enhance the performance of these
devices.

Medicine: Nanotechnology is creating new medicine delivery systems and diag-
nostic devices. Diseases can be treated more precisely and successfully with nanopar-
ticles since they can be designed to target particular cells or tissues in the body.

Materials Science: Nanotechnology is used to develop stronger, lighter, and more
durable materials. Nanomaterials like carbon nanotubes and graphene have excep-
tional mechanical properties that make them ideal for aerospace and automotive
applications. Overall, the industrial applications of nanotechnology are vast and
varied, and they can potentially revolutionize many industries in the coming years.

The topic of “soft nanotechnology,” based on the self-assembly of giant organic
molecules like polymers and proteins, has a wide range of practical uses.

In the context of a circular economy, employing affordable and environmen-
tally friendly bio-based materials to create organic nanostructures is particularly
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Figure 3.
Nanofabrication: Techniques and industrial applications [9].

appealing. Targeted medicine delivery, quick testing, high-throughput gene sequenc-
ing, and recent vaccinations utilize nanoscale bio-molecular (Figure 3) [9].

Richard Zsigmondy, an Austro-Hungarian colloid chemist who won the Nobel
Prize in Chemistry in 1925, pioneered tiny nanoparticle research. He developed the
word ‘nanometer’ to describe particles such as gold colloids that he observed under a
microscope [9].

Nanotechnology is the manufacture of objects atom by atom. The introduction of
nanotechnology into production has been likened to the introduction of prior tech-
nologies that have significantly impacted modern society, such as plastics, semicon-
ductors, and even electricity. Nanotechnology applications offer extreme material
performance and lifespan increases for electronics, medicine, energy, building,
machine tools, agriculture, transportation, and apparel.

Nanofabricated products are constantly being developed. The industrial sectors that
target these products are electronics and semiconductors, computing and information
technology, communications, defense, automotive, chemical, and medical industries.

Some of the most common products obtained from nano-fabrication include [7]:

* Semiconductors

* Nanowires

* Nanostructured particles

* Nanotubes

* Coatings, paints, and thin layers
* Nanoparticles

* Nano/microfluidic systems

* Integrated optics

* Microelectromechanical systems (MEMS)
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* Defense, security, and protection equipment
* Telecommunication products, displays, and optoelectronics

Chemists continue to explore the potential of nanotechnology and work toward
developing new applications and materials that can further improve our lives.

5. Nano-fabrication Laboratory

The Nano-fabrication Laboratory (Nanofab) offers a range of state-of-the-art
equipment and expertise in micro- and nano-fabrication, including photolithogra-
phy, electron beam lithography, thin film deposition, etching, and characterization.
The facility is equipped with cleanroom facilities essential for producing high-quality
nanoscale structures. The Nanofab also provides training and support to researchers
and students from various academic disciplines, including physics, chemistry, materi-
als science, engineering, and biology. The facility is dedicated to fostering interdis-
ciplinary research collaborations and promoting innovation in nanotechnology. The
Nanofab is an essential resource for researchers who require access to advanced nano-
fabrication and characterization tools. By providing access to cutting-edge equipment
and expertise, the facility enables researchers to explore new scientific frontiers and
develop innovative technologies that have the potential to impact a wide range of
fields, from medicine and electronics to energy and environmental science [10].

6. The difference between nano-fabrication and microfabrication

Nano-fabrication and microfabrication are two closely related fields of technol-
ogy that involve manufacturing small-scale structures and devices. There is no one
recognized definition of nano-fabrication or one that distinguishes it from microfab-
rication. As a result, what was formerly known as microfabrication has been renamed
nano-fabrication, while the underlying concepts have remained substantially the
same. Nano-fabrication refers to creating structures and devices on a nanoscale level,
typically ranging from 1 to 100 nanometers in size. This involves using specialized
tools and techniques, such as electron beam lithography, atomic layer deposition, and
nanoimprint lithography, to manipulate materials at the atomic and molecular levels.
Microfabrication, on the other hand, involves the creation of structures and devices
on a larger scale, typically ranging from a few micrometers to a few millimeters in
size. This field uses photolithography, etching, and deposition processes to create
complex patterns and structures on various materials, including silicon, glass, and
polymers. Both nano-fabrication and microfabrication have a wide range of applica-
tions in electronics, medicine, energy, and materials science. These technologies
have enabled the development of smaller, faster, and more efficient devices and new
materials with unique properties and functions [11].

Nano-fabrication is a rapidly advancing field with great promise for creating new
and innovative materials and technologies that can revolutionize many industries.
The most sophisticated manufacturing technique today is nano-fabrication, the
future technology. This technology is sometimes known as “extreme technology”
since it allows scientists to approach virtually the theoretical limit of precision, i.e.,
the size of a molecule or atom. Indeed, the manipulation of matter at the nanoscale
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Figure 4.
SEM image of micro-nanoparticle [Ag(p-OH-C6H4CO2)2(NO3)n [14].

may yield a wide range of materials and technologies that are significantly superior
in performance, efficiency, and durability than those produced by traditional proce-
dures. This nanoscale modification changes the material properties without impact-
ing the substrate’s fundamental qualities, making them fundamentally distinct and
significantly superior to their bulk equivalents [12, 13] (Figure 4).

7. Classification of nano-fabrication

Nano-fabrication is a multidisciplinary science loosely defined as lithography, thin
films, pattern transfer, and metrology. Another important subfield of “metrology”
is inspection and characterization. We frequently create parts that are too small to be
precisely examined with an optical microscope. There are various methods employed,
including atomic force microscopy and electron microscopy. It may also be necessary
to measure and keep track of additional characteristics, including film thickness, ten-
sion, and refractive index. Each of them calls for special equipment and methods [3].

8. Nanofabrication techniques

Nano-fabrication is a natural step toward further reducing the physical size of
components and functional parts, and it frequently employs the same technology as
microfabrication.

In summary, nano-fabrication is a critical aspect of nanotechnology research
that involves the creation of structures and devices at the nanoscale. It requires a
combination of “top-down” and “bottom-up” strategies and interdisciplinary col-
laboration between scientists from various fields. Some standard techniques include
electron beam lithography, focused ion beam milling, nanoimprint lithography, and
self-assembly. These techniques require specialized equipment and expertise, so many
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researchers rely on nanoscience user facilities to conduct their experiments. Nano-
fabrication techniques create structures such as nanowires, nanotubes, nanoparticles,
nanocomposites, and devices such as sensors, actuators, and electronic components.

On the one hand, top-down procedures are used to create nanomaterials from a
bulk substrate by eliminating material until the required nanomaterial is obtained;
this category includes printing methods. Bottom-up methods, however, are precisely
the reverse; the nanomaterial is generated starting at the atomic or molecular level and
progressively assembling it until the required structure is formed [15]. As mentioned
in previous discussions, nano-fabrication, on the other hand, deals with creating sys-
tems and devices at the nanoscale, typically defined as dimensions between 1 and 100
nm. At this scale, materials exhibit unique physical, chemical, and biological proper-
ties that can be harnessed for various applications. Nano-fabrication techniques create
structures such as nanowires, nanotubes, nanoparticles, nanocomposites, and devices
such as sensors, actuators, and electronic components. The methods used in nano-
fabrication are similar to those used in microfabrication but with much higher preci-
sion and control. Some standard methods include electron beam lithography, focused
ion beam milling, nanoimprint lithography, and self-assembly. These techniques
require specialized equipment and expertise, so many researchers rely on nanoscience
user facilities to conduct their experiments. In summary, nano-fabrication is a critical
aspect of nanotechnology research that involves the creation of structures and devices
at the nanoscale. It requires a combination of “top-down” and “bottom-up” strategies
and interdisciplinary collaboration between scientists from various fields. We can
unlock new possibilities for energy generation, electronics, medicine, and more by
advancing our understanding of nano-fabrication [7, 16-18] (Figure5).

9. Fabrication conditions

The conditions under which nano-fabrication occurs are crucial to the success
of the process. Factors such as temperature, pressure, and impurities affect the final
product. Additionally, the tools and equipment used in nano-fabrication must be
carefully designed and maintained to ensure accuracy and precision. Cleanroom
environments, where the air is filtered to remove particles and contaminants, are
often used for nano-fabrication to minimize the risk of contamination.

8



Nano-Fabrication Methods
DOI: http://dx.doi.org/10.5772/intechopen.112429

The “nano-fabrication” requires dedicated facilities or laboratories, specialized
equipment, fundamental skills, and, perhaps most crucially, a fascinating and multi-
disciplinary cultural environment to lead him or her through the everyday obstacles
of discovering the “room at the bottom.” A specialized climate is required to control
each parameter during the various phases of nano-fabrication procedures. Given that
materials’ chemical and physical properties can vary greatly and that tools’ thermal
expansion might threaten the nanoscale scale’ stability (and hence resolution), the
temperature should be kept constant. Uncontrolled humidity may lead to the same
issues. The same problems might arise from unchecked moisture. Regarding the
proportions of manufactured items, dust particles may resemble a gigantic mountain.

When the nanoscale scientific research centers are merged, they serve as a gateway
to additional major x-ray, neutron, and electron scattering user facilities. Each nano-
science user facility has clean rooms, nano-fabrication laboratories, one-of-a-kind
signature equipment, and other tools (such as nanopatterning devices and research-
grade probe microscopes). These facilities provide free access to cutting-edge
instrumentation, computational methods, and expert scientific staff to researchers
worldwide—a novel and standalone setting designed to encourage collaboration
among scientists from various disciplines such as chemistry, biology, physics, materi-
als science, engineering, and computer science [19, 20].

10. Nanoparticle types

Nanoparticles’ size, shape, physical, and chemical features may be used to classify
them. The categorization of nanoparticles is frequently determined by their function.

* Carbon-based nanoparticles: Carbon nanotubes (CNTs) and fullerenes are the
two main types of carbon-based nanoparticles. These nanoparticles are extensively
utilized in structural reinforcement since they are 100 times stronger than steel.
Single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs) are the two varieties of CNTs. CNTs are unique in transferring heat
down their length but not across the tube. Fullerenes are carbon allotropes with
hollow cage structures composed of sixty or more carbon atoms. Buckminster
fullerenes are the structure of C60, which resembles a hollow football.

* Polymeric nanoparticles: Polymeric nanoparticles are organic-based nanoparticles
that are evenly disseminated. Polymeric nanoparticles have shapes that resemble
noncapsular or nanospheres, depending on the technique of manufacture. A
matrix-like structure characterizes nanosphere nanoparticles, whereas core-shell
morphology characterizes nanocapsules. Active chemical and polymeric com-
pounds are evenly spread in nanosphere polymeric nanoparticles, whereas a poly-
mer shell in nanocapsule nanoparticles contain and encase the active compounds.

* Dendrimers: Dendrimers are a nanomaterial with a highly branched, tree-like
structure. They are typically synthesized by repetitively adding layers of mol-
ecules to a central core. Dendrimers have several potential applications, includ-
ing drug delivery, imaging, and catalysis. Their unique structure allows precise
control over their size, shape, and surface properties, which can be tailored to
specific applications. However, dendrimers can also be challenging to synthesize
and purify, and their potential toxicity is still being studied.
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* Nanoshells: Nanoshells are a type of nanomaterial that consist of a core mate-

rial surrounded by a thin shell of a different material. They can be synthesized
through various methods, including chemical vapor deposition and electrochem-
ical deposition. Nanoshells have potential applications, including in biomedical
imaging and cancer therapy. Their unique structure allows precise control over
their optical properties, which can be tailored to specific applications. However,
like dendrimers, nanoshells can also be challenging to synthesize and purify, and
their potential toxicity is still being studied.

Nanowires: Nanowires are another type of nanomaterial that consist of a

long, thin wire-like structure with a diameter on the nanoscale. They can be
made from various materials, including metals, semiconductors, and oxides.
Nanowires have many potential applications, including electronics, energy
storage, and sensors. Like nanoshells, their unique structure allows precise
control over their properties, such as conductivity and surface area. However,
their synthesis can also be challenging, and their potential toxicity is still being
studied. Both nanoshells and nanowires are examples of the wide range of
nanomaterials that are being developed and studied for their potential applica-
tions in various fields.

Lipid nanoparticles: Lipid nanoparticles are a nanomaterial consisting of a lipid
bilayer surrounding a core material, such as a drug or gene. They are commonly
used in drug delivery applications, as the lipid bilayer can protect the cargo

from degradation and increase its bioavailability. Lipid nanoparticles can be
turther classified into liposomes, solid lipid nanoparticles, and nanostructured
lipid carriers, each with unique properties and applications. They are generally
considered biocompatible and biodegradable, making them attractive for medi-
cal applications. However, temperature, pH, and lipid composition can influence
their stability and release kinetics [21].

Ceramic nanoparticles: Ceramic nanoparticles are a type of nanomaterial that
consist of inorganic materials, such as oxides, nitrides, and carbides. They have
unique physical and chemical properties, such as high hardness, melting point,
and excellent thermal and electrical conductivity. Ceramic nanoparticles are
commonly used in various applications, including catalysis, energy storage,

and biomedical applications. In biomedical applications, ceramic nanoparticles
have been used as drug-delivery vehicles, imaging agents, and bone substitutes.
However, their potential toxicity and biocompatibility must be thoroughly evalu-
ated before their use in medical applications. The properties of ceramic nanopar-
ticles can be tailored by changing the particles’ size, shape, and composition.

Metal nanoparticles: Metal precursors are used to create metal nanoparticles,
which can then be produced chemically, electrochemically, or photochemically.

Semiconductor nanoparticles: Semiconductor nanoparticles, also known as
quantum dots, are tiny particles made of semiconductor materials such as silicon,
cadmium selenide, and zinc oxide. These particles are typically between 1 and 10
nanometers in size, making them much smaller than a human cell. Semiconductor
nanoparticles have unique optical and electronic properties that make them useful
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in applications like Imaging, Solar cells, semiconductors, Lighting, Biomedical
applications, and Environmental monitoring. Semiconductor nanoparticles can
be used as fluorescent tags to label cells or tissues for imaging purposes. They emit
light of a specific wavelength when excited by an external light source, allowing
researchers to track their movement and behavior.

* Hybrid nanoparticles are particles made of two or more different materials,
such as semiconductors and metal combinations. These nanoparticles have
unique properties that differ from their components and can be tailored for
specific applications. Some examples of hybrid nanoparticles and their applica-
tions are plasmonic, magnetic, and carbon-based nanoparticles. Overall, hybrid
nanoparticles offer many possibilities for developing new materials with unique
application properties.

Hybrid nanoparticles can be created through chemical processes such as hydro-
thermal, sol-gel, co-precipitation, photochemical, sonochemical, and seeding growth.
In hydrothermal synthesis, the nanoparticles are formed in a high-pressure and
high-temperature aqueous solution. Sol-gel synthesis involves the conversion of a sol
into a gel by adding a cross-linking agent. Co-precipitation involves the simultaneous
precipitation of two or more metal ions to form nanoparticles. In photochemical syn-
thesis, nanoparticles are synthesized using light as an energy source. Sonochemical
synthesis involves the use of ultrasound to create cavitation bubbles that lead to
the formation of nanoparticles. Seeding growth consists of the use of pre-formed
nanoparticles as seeds for the development of larger nanoparticles.

Physical approaches for creating hybrid nanoparticles include laser-induced heat-
ing, atom beam co-sputtering, and ion implantation. Laser-induced heating involves
using a laser to heat a target material, causing it to vaporize and form nanoparticles.
Atom beam co-sputtering involves simultaneously depositing two or more materials
onto a substrate to form hybrid nanoparticles. Ion implantation consists of introduc-
ing ions into a solid material to create defects that can be used as nucleation sites for
the formation of nanoparticles.

In addition to these methods, there are biological approaches for creating hybrid
nanoparticles, such as using genetically modified organisms or biomolecules to
synthesize nanoparticles. These methods are still in the early stages of development
but can potentially be highly selective and environmentally friendly. The choice of
fabrication method will depend on the desired properties and applications of the
hybrid nanoparticles [22].

In the topic of examining nano-fabrication methods, we will get to know more
about nano-fabrication techniques.

 Thin film: A thin film is a layer of material that has a thickness of a few nano-
meters to a few micrometers. Thin films can be made from various materials,
including metals, semiconductors, and polymers. They have unique proper-
ties that differ from their bulk counterparts, such as higher surface area and
improved optical, electrical, and mechanical properties. Thin films are com-
monly used in various applications, including electronics, optics, and energy
storage. In electronics, thin films create transistors, sensors, and displays. In
optics, thin films are used to develop anti-reflection coatings and filters. In
energy storage, thin films make batteries and solar cells. The properties of thin
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films can be controlled by adjusting the deposition process, such as the mate-
rial’s temperature, pressure, and composition. With thicknesses on the order of
a few nanometers, nanoscale thin films have unique characteristics that set them
apart from bulk materials [23].

This conformal nature of thin films makes them ideal for coating complex three-
dimensional objects, as they can fully cover all surfaces and maintain their properties
uniformly. This property is advantageous in the electronics industry, where thin
films create microelectronic devices on various substrates. The ability of thin films
to conform to any surface also makes them useful in biomedical applications, such as
drug delivery and tissue engineering.

Another critical aspect of thin film science is the ability to precisely control the
thickness of the film. This is achieved through various deposition techniques, such as
physical vapor deposition (PVD), chemical vapor deposition (CVD), and atomic layer
deposition (ALD). Precise control over the thickness of a film is crucial for achieving
desired properties, such as optical transparency or electrical conductivity. Thin film
science has also played a significant role in the development of nanotechnology. These
properties are exploited in various applications, such as nanoelectronics, nanopho-
tonics, and nanobiotechnology. Thin film science has made it possible to precisely
control the thickness and composition of these nanoscale layers. It allows the creation
of new materials with desired functional properties, such as the nature of layer
compliance, film thickness, dielectric constant, stress, chemical composition, and
electrical conductivity [3].

In conclusion, thin film science is a multidisciplinary field with numerous applica-
tions in various industries. The conformal nature and precise thickness control of thin
films make them ideal for coating complex objects and creating novel materials with
tailored properties. With the continued advancement of thin film science, we can
expect to see even more innovative applications.

Physical methods include techniques such as PVD and sputtering, where atoms or
molecules are ejected from a solid source and deposited onto a substrate. Chemical
processes include techniques such as CVD and ALD, where a chemical reaction occurs
between precursor gases and the substrate surface, resulting in the deposition of a
thin film.

Each method has its advantages and disadvantages, and the choice of method
depends on factors such as the desired properties of the film, the substrate material,
and the scale of production. For example, PVD is a widely used technique for deposit-
ing thin metallic films with high purity and uniformity, while CVD is often used for
depositing thin films of oxides and nitrides with precise stoichiometry [24].

In recent years, hybrid methods that combine physical and chemical processes
have also emerged, such as plasma-enhanced CVD and atomic layer etching. These
methods offer greater control over the deposition process and can result in thin films
with unique properties [22].

Overall, thin film science continues evolving and offers new possibilities for
creating advanced materials with tailored properties. As technology advances, we can
expect to see even more innovative applications of thin films in fields such as elec-
tronics, optics, energy, and biomedicine.

With the advance of nano-fabrication methods, manufacturing and functional
synthesis of nanoparticles for medicinal, energy generation, and chemical engineer-
ing sectors will continue.
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11. Classification of nano-fabrication methods
11.1 Chemical and physical nano-fabrication methods
11.1.1 Chemical methods

Chemical methods are an essential subset of nano-fabrication techniques that
involve chemical reactions to create or modify nanoscale structures. Some standard
chemical methods used in nano-fabrication include:

1.Sol-gel synthesis: This method involves forming a gel-like material from a solu-
tion of precursor molecules, followed by drying and heating to create a solid
material with nanoscale features.

2. Electrochemical deposition: This method uses an electric current to deposit
metal ions onto a substrate, creating a thin film or patterned structure.

3.Chemical vapor deposition: This method involves the reaction of gases to deposit
a thin film of material onto a substrate. It is commonly used in semiconductors to
create thin films of silicon and other materials.

4.Bottom-up synthesis: This method involves the assembly of individual atoms
or molecules into larger structures using chemical reactions. It is often used to
create nanoparticles and nanowires with specific properties.

5.Self-assembly: Self-assembly is a chemical method involving the spontaneous
organization of molecules or nanoparticles into ordered structures.

Chemical methods are beneficial for creating complex, three-dimensional struc-
tures with precise control over their composition and properties. They are also crucial
for creating functional materials with unique properties, such as catalytic nanoparti-
cles or biomimetic materials. The most prevalent chemical approach is chemical vapor
deposition (CVD). In this process, gas precursors are delivered into a chamber, and
the substrate is heated to a sufficient enough temperature to initiate a reaction and
form the film of interest. There are several forms of CVD, such as low-pressure CVD
(LPCVD), microwaves CVD(MWCVD), radio frequency (RFCVD), metal-organic
precursors CVD (MOCVD), realized in fluidized bed (fluidized bed CVD), UV beam
CVD (photo CVD), atmospheric pressure CVD (APCVD) plasma-enhanced CVD
(PECVD), Chemical vapor infiltration (CVI) and atomic layer deposition (ALD) [25].

Each of these processes has its advantages and limitations, and the choice of
operation depends on the specific application and desired properties of the resulting
material. For example, MOCVD is commonly used in the semiconductor industry to
deposit thin films of materials such as gallium arsenide, while LPCVD is often used
for depositing high-quality silicon nitride films. CVD processes are widely used to
fabricate various nanostructures, including nanowires, nanotubes, and thin films.
These structures have electronics, photonics, catalysis, and energy storage applica-
tions. For example, due to their unique electrical and mechanical properties, carbon
nanotubes are being investigated for their potential use in next-generation electron-
ics. Overall, CVD processes offer a versatile and scalable method for synthesizing
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nanostructures with precise control over their size, shape, and composition. As
research in nanotechnology advances, we can expect to see even more innovative
CVD processes and applications [26].

11.1.2 Physical methods

Physical methods are also widely used in nano-fabrication to create or modify
nanoscale structures. Some of the most commonly used physical methods in nano-
fabrication include lithography, etching, deposition, and imaging.

1.Lithography uses a patterned mask to selectively expose or remove material from
a substrate, creating a patterned structure. This method is widely used in semi-
conductors to create microchips and other electronic devices.

2. Etching involves selectively removing material from a substrate using chemical
or physical means. This method is commonly used in the semiconductor indus-
try to create patterns and structures on a substrate.

3. Deposition involves depositing material onto a substrate using physical means,
such as sputtering or evaporation. This method is widely used in the semicon-
ductor industry to create thin films of metals and other materials with precise
control over their thickness and composition.

4.Imaging involves using microscopy and other techniques to visualize and manip-
ulate nanoscale structures. This method is widely used in research and devel-
opment to study nanomaterials’ properties and develop new nano-fabrication
techniques.

5.Epitaxy is a physical method used in nano-fabrication to grow thin film materials
on a substrate with controlled crystal orientation and thickness. This method in-
volves depositing atoms or molecules onto a substrate in a specific pattern, then
self-assemble into a crystal structure.

Epitaxy is widely used in semiconductors to produce high-quality, single-crystal
films for electronic devices such as transistors and solar cells. It is also used in materials
science research to study the properties of thin films and their interfaces. Advanced
epitaxy techniques have enabled the growth of complex multilayer structures and
heterostructures with tailored properties for specific applications. Ongoing research in
epitaxy is focused on developing new materials and optimizing growth conditions to
improve the performance of electronic and optoelectronic devices [3, 27, 28].

There are two main types of epitaxy: chemical vapor deposition (CVD) and
molecular beam epitaxy (MBE). In CVD, the material is deposited onto the substrate
in a gas phase, while in MBE, the material is deposited in a vacuum using a beam of
atoms or molecules. Epitaxy is widely used in semiconductors to create high-quality
thin films for electronic devices such as transistors and solar cells. It also produces LEDs,
lasers, and other optoelectronic devices. Overall, epitaxy is an important technique in
nano-fabrication that enables the precise control of crystal orientation and thickness,
allowing for the creation of high-performance electronic and optoelectronic devices.

Physical vapor deposition (PVD) is another commonly used method for deposit-
ing thin films onto substrates. Unlike CVD, PVD involves the physical evaporation of
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a solid material, which then condenses onto the substrate to form a thin film. This can
be achieved through various techniques, such as sputtering or thermal evaporation.
One advantage of PVD is that it can produce high-quality films with excellent adhe-
sion and uniformity. It also allows for precise control over the thickness and composi-
tion of the deposited film. Additionally, PVD can deposit various materials, including
metals, alloys, and ceramics [25, 28].

However, PVD has some limitations. For example, it may not be suitable for
depositing certain materials, such as polymers or organic compounds. It also requires
high vacuum conditions, limiting its scalability for large-scale production. Despite
these limitations, PVD is widely used in various industries, including electronics,
optics, and aerospace. It is beneficial for producing coatings with specific properties,
such as corrosion or wear resistance. As with CVD, ongoing research is focused on
developing new PVD techniques and applications for nanotechnology. Overall, physi-
cal methods are important tools in nano-fabrication, enabling the creation of precise
patterns and structures with high resolution and accuracy [2].

There are several methods for nano-fabrication, including:

1. Lithography: This technique uses light or electrons to create patterns on a sub-
strate. It is commonly used in the semiconductor industry to make microchips.

2.Self-assembly: This method spontaneously organizes molecules or nanoparticles
into ordered structures. It is often used to create nanoscale patterns or coatings.

3. Deposition: This method involves depositing thin films of material onto a
substrate using techniques such as sputtering, evaporation, or chemical vapor
deposition.

4. Etching: This method involves selectively removing material from a substrate
using chemical or physical processes. It is often used to create patterns or
structures in a material.

5. Nanoprinting: This method involves using specialized printers to deposit nanoscale
materials onto a substrate. It is often used in the fabrication of sensors and other
electronic devices.

Nano-fabrication methods are critical for developing nanotechnology and creating
new materials and devices with unique properties and applications [3].

11.2 Top-down and bottom-up nano-fabrication methods

Bottom-up methods offer greater control over the resulting nanostructures’
shape, size, and composition but are often limited in scalability and reproducibility.
Top-down approaches, on the other hand, can be used to create large numbers of
identical structures with high precision but may suffer from issues such as surface
roughness and damage. Nano-fabrication—the design and production of structures
at nanoscale dimensions—requires advances in material synthesis, physical pattern-
ing, structural characterization, and theory, including fields like biology, chemistry,
physics, and engineering. As a result, researchers from all around the world are
working to develop “top-down” and “bottom-up” methods for designing surface
nanostructures [16].
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“Top-down” methods directly imprint a design into a substrate using sophisticated
lithography, electron-beam writing, and nanoimprinting methods. Due to their
historical roots, these methods are particularly successful in creating nanostructures
based on metal and semiconductors. “Bottom-up” techniques use atoms and mol-
ecules that spontaneously coalesce into well-organized structures. Nature frequently
uses self-assembly.

We may combine nanosystems and create materials specifically suited for a
specific purpose by combining “bottom-up” and “top-down” approaches. To under-
stand a material’s size-dependent qualities in a particular application while improving
molecule and material design, extra care must be given when a material’s dimensions
decrease [17].

For instance, the bandgap of a nanoscale material determines optical characteris-
tics, whereas exchange interactions between spin states control magnetic properties
[7]. It is expected that both “top-down” and “bottom-up” approaches will need to
collaborate with larger-scale elements in functional devices to successfully manufac-
ture nanostructures with resolutions below 10 nm [2]. To uncover structure-property
correlations, this calls for an atomic-scaled examination of nanomaterials.

The development of atomic-scale imaging methods like scanning tunneling
microscopy and atomic force microscopy, as well as developments in classical electron
microscopy, has substantially benefited attempts to visualize nanoscale structures and
their alteration under external disruption [18].

Top-down nano-fabrication methods involve using larger structures or materials
to create smaller designs or devices. These methods are typically used in the semicon-
ductor industry, including photolithography, electron beam lithography, and focused
ion beam milling. Photolithography is a process that uses light to transfer a pattern
onto a substrate coated with a photosensitive material. This method is commonly used
to create patterns on silicon wafers to produce microprocessors and other electronic
devices. Overall, top-down nano-fabrication methods are essential for building
electronic devices and other nanotechnology applications, as they enable the creation
of precise patterns and structures at the nanoscale.

11.2.1 Top-down methods
11.2.1.1 Lithography

Several major nano-fabrication methods are coming from laboratories or are cur-
rently available on the market, including electron. Soft lithography, micro or nano-
stencil-guided deposition, dip-pen or fountain-pen lithography, nano-xerography,
scanning nanolithography, and nanoimprint lithography are all examples of lithogra-
phy techniques [3].

Lithography is a physical method that can be the main idea of top-down methods
derived from the nano-fabrication methods for creating hybrid nanoparticles, which
involves using a patterned mask to selectively deposit or remove material from a
substrate. This method can be used to create complex patterns and structures at the
nanoscale and is commonly used in the semiconductor industry to fabricate micro-
chips. There are several types of lithography, including photolithography, electron
beam lithography, and nanoimprint lithography. Photolithography uses light to
transfer a pattern from a mask onto a photosensitive material, while electron beam
lithography uses a focused beam of electrons to directly write patterns onto a sub-
strate. Nanoimprint lithography involves pressing a patterned stamp onto a substrate
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Figure 6.
Basic lithography process. (ET 1039—Nanotechnology, Alejandro Soliva Beser. Nanotechnology Fabrication
Methods).

to transfer the pattern. Lithography is an exact and versatile method for creating
hybrid nanoparticles, but it can also be time-consuming and expensive. It is typically
used for small-scale production or research purposes rather than large-scale industrial
applications. In the following, we examine examples of this method. Each method has
its advantages and disadvantages [8] (Figure 6).

11.2.1.2 Conventional lithography

Conventional lithography is a top-down nano-fabrication method that uses a
mask and a light source to pattern a substrate. The act contains a pattern transferred
onto the substrate using a photoresist material. The mask exposes the photoresist to
light, causing a chemical reaction allowing the pattern to be etched onto the substrate.
Conventional lithography has been widely used in the semiconductor industry to
create integrated circuits and other electronic devices. However, it has limitations
regarding resolution and scalability, as the size of the features that can be patterned
is limited by the wavelength of the light used. To overcome these limitations, alterna-
tive lithography techniques have been developed, such as electron beam lithography,
which uses a focused beam of electrons to pattern the substrate, and nanoimprint
lithography, which uses a stamp to transfer a pattern onto the substrate.

A traditional lithography process for producing integrated circuits (ICs) exposes
a resist to a powerful particle beam, such as electrons, photons, or ions, by passing a
flood beam through a mask or scanning a focused beam. The particle beam changes
the chemical structure of the exposed portion of the resist layer. In the subsequent
etching, the exposed or unexposed area of the resist will be erased to reproduce the
patterns [29].

11.2.1.3 Photolithography

Photolithography is a type of lithography that uses light to transfer a pattern from
a mask onto photosensitive material. The process involves several steps:
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1. Cleaning: The substrate is cleaned to remove contaminants that may interfere
with the patterning process.

2.Spin coating: A thin layer of photoresist is spun onto the substrate, creating a
uniform coating.

3.Mask alignment: The mask is aligned with the substrate using a precision align-
ment system.

4.Exposure: The substrate is exposed to light through the mask, which causes
the photoresist to undergo a chemical reaction and become either more or less
soluble in a developer solution.

5.Development: The substrate is immersed in a developer solution, which removes
the exposed areas of the photoresist, leaving behind a patterned layer.

6. Etching: The patterned layer is used as a mask for etching or deposition processes
to create the desired nanoparticle structure [30] (Figure 7).

11.2.1.4 Advanced lithography

Advanced lithography technologies have been created to circumvent traditional
lithography limits. Extreme ultraviolet (EUV) lithography, which employs a 13.5 nm
wavelength light source, and multiple patterning, which requires repeated exposures
and etching operations to make tiny features, are two technologies. EUV lithography
is now employed to produce modern microprocessors, while multiple patterning
creates memory devices and other advanced integrated circuits. Nanoimprint lithog-
raphy, which utilizes a stamp to generate patterns on a resist, and electron beam
lithography, which employs a focused electron beam to make high-resolution pat-
terns, are two further advanced lithography approaches. These improved lithography
processes allow for the fabrication of smaller and more complex structures, which is
critical for developing modern electrical devices.

(1) Thin film deposition  (2) Photoresist coating (3) Exposure
Light
=T ? Photoresist
vw vy
[z Lz
(4) Development (5) Etching (6) Photoresist removal
A7 zhzhZ L L
Positive
photoresist
A 7 7 A A A I
Negative
photoresist

Figure7.
Photolithography process [2].
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Another important area of research in advanced lithography is the development of
new resists, which are materials used to transfer a pattern from a mask or template onto
a substrate. Resists are critical in lithography, determining the resolution, contrast, and
sensitivity. New resist materials are being developed to withstand higher temperatures
and exposure doses, providing better pattern fidelity and lower line-edge roughness.

Overall, advanced lithography methods are essential for the continued progress
of the semiconductor industry. As device dimensions continue to shrink and new
materials and structures are developed, lithography will play an increasingly impor-
tant role in enabling these advances [29].

11.2.1.5 Soft lithography

Soft lithography is a type of lithography that uses flexible materials, such as elasto-
mers, to create patterns on substrates. This technique has many potential applications
in the biotechnology, microfluidics, and optoelectronics fields. It is crucial to weigh
soft lithography’s potential benefits and risks and ensure it is used responsibly and
sustainably. The lithographic process consists of coating a substrate with a resist,
exposing the resist to light or electron beams, and developing the resist image with
a chemical substance. The pattern is then transferred from the resist to the substrate
through various techniques, such as chemical etching or dry plasma etching.

There are two main types of lithography: mask lithography, which uses a physical
mask to irradiate the resist, and scanning lithography, which uses a scanning beam
to irradiate the resist sequentially. Mask lithography is faster but has a lower resolu-
tion while scanning lithography is slower but has better resolution. Contact mode
photolithography replicates the image on the mask as it is, while projection mode
photolithography reduces the image using an optical system. Extreme UV or X-ray
lithography can achieve higher resolution but requires expensive equipment. One of
the significant motives for inventing soft lithography, for example, was to reduce the
feature size and cost of microelectronic devices [31] (Figure 8).

11.2.1.6 Nanosphere lithography

Nanosphere lithography is a bottom-up nano-fabrication method that uses
self-assembled nanospheres monolayers as a template to pattern a substrate. The
nanospheres are deposited onto the substrate, forming a close-packed array, then
coated with a thin layer of thin material. The nanospheres are then removed, leaving
behind a patterned substrate. Nanosphere lithography has advantages in terms of
scalability and resolution, as the size of the nanospheres can be controlled, and the
pattern can be transferred onto a large substrate area. It is also a relatively simple and
cost-effective method compared to conventional lithography.

Nanosphere lithography has been used in various applications, such as plasmonics,
biosensors, and solar cells. It has also been combined with other techniques, such as
chemical vapor and electrochemical deposition, to create more complex structures.
Overall, nanosphere lithography is a promising technique for nano-fabrication and offers
an alternative to conventional lithography for specific applications [33] (Figure 9).

11.2.1.7 Colloidal lithography

Colloidal lithography is another method used in nano-fabrication to achieve
atom-by-atom precision. It involves using a monolayer of colloidal particles as a mask
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Figure 10.
Colloidal lithography. (ET 1039—Nanotechnology, Alejandro Soliva Beser. Nanotechnology Fabrication Methods).

to pattern a substrate. The substrate is then etched or coated with a material, and the
colloidal particles are removed to reveal the desired pattern. This technique allows
for the creation of complex patterns with high resolution and can be used to fabricate
various nanostructures, including nanowires, nanodots, and nanorings. Colloidal
lithography is similar to nanosphere lithography.

Colloidal lithography is a versatile and cost-effective method for achieving atom-
by-atom precision in nano-fabrication. It is widely used in research and industry to
fabricate electronic devices, sensors, and other nanoscale structures [34] (Figure 10).

11.2.1.8 Scanning probe lithography

Scanning probe lithography is a top-down method in nano-fabrication that uses a
scanning probe microscope to manipulate and remove material from a surface at the

Substrate Resist E-beam Write
Lift-off Deposntlon Develop

. .
Figure11.

Scanning probe lithography. (ET 1039—Nanotechnology Alejandyo Soliva Beser. Nanotechnology Fabrication Methods).
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nanoscale. This method allows for creating patterns and structures with high preci-
sion and resolution.

Scanning probe lithography has several advantages over traditional lithography
methods, including creating structures on non-planar surfaces and working with a
wide range of materials. However, it can be time-consuming, expensive, and unsuit-
able for large-scale production. This method creates structures mechanically moving
a small or nanoscopic stylus across a surface to develop nanometer-scale patterns. SPL
(Scanning Probe Lithography), which uses the tip of an AFM to selectively remove
specific portions of the surface, and DPN (Dip-Pen Nanolithography), which uses
an AFM tip to deposit materials on a surface with nanometer resolution, are popular.
The primary benefits of these methods are their high resolution and capacity to make
complex patterns with variable geometries, but their main restriction is their slow
pace (Figure11).

11.2.1.9 Writing “atom-by-atom”

Atom-by-atom precision is a key feature of nano-fabrication, as it allows for the
creation of structures with minimal dimensions and high accuracy. By manipulat-
ing individual atoms and molecules, researchers can create materials with unique
properties not found in bulk materials. One technique used to achieve atom-by-
atom precision is scanning tunneling microscopy (STM), which allows researchers
to image and manipulate individual atoms on a surface. By using a sharp tip to
scan across the surface, STM can create patterns and structures with atomic-scale
resolution (Figure 12).

Another technique is molecular beam epitaxy (MBE), which involves depositing
atoms or molecules onto a substrate one layer at a time. Researchers can create thin
films with precise thickness and composition by controlling the deposition rate and
temperature [36, 37].

Figure 12.
The scanning tunneling microscope as a tool for nano-fabrication [35].
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11.2.2 Bottom-up nano-fabrication methods

In contrast to top-down methods, bottom-up nano-fabrication methods involve
the assembly of individual atoms or molecules to create larger structures or devices.
Natural processes such as self-assembly and molecular recognition often inspire
these methods. Self-assembly involves the spontaneous organization of molecules
into a desired structure without external guidance. This method often creates
nanoscale systems such as nanoparticles and nanowires. Molecular recognition
involves the selective binding of molecules to each other based on their chemi-
cal properties. This method is often used to create functionalized surfaces and
molecular sensors. Different bottom-up approaches include DNA nanotechnology,
which uses DNA molecules as building blocks to create complex structures, and
peptide-based nano-fabrication, which uses peptides to create functional materials
and devices. Bottom-up nano-fabrication methods have the potential to enable the
creation of new materials and devices with unique properties and functionalities
and are an active area of research in the field of nanotechnology; in general, bottom-
up methods offer a promising approach for the fabrication of nanomaterials, as
they allow precise control over the size, shape, and composition of the resulting
nanoparticles. As technology advances, bottom-up methods will likely become even
more sophisticated, opening up new opportunities for nanotechnology applications.
Bottom-up approaches are classified into two categories: gas-phase methods and
liquid-phase methods.

In both situations, nanomaterials are created by a controlled manufacturing pro-
cess that starts with a single atom or molecule and consists of small building blocks
or molecules and atoms to create larger structures or substances. These methods rely
on self-assembly, where building blocks are designed to interact with each other in
a specific way to form the desired structure. Bottom-up processes offer advantages
over top-down methods, such as creating complex systems with precise control over
their properties and the potential for low-cost and scalable fabrication. However,
these methods also have limitations, such as the difficulty in controlling the assembly
process and the possibility of defects in the final product [37].

11.2.2.1 Plasma arching

Plasma arching is another technique used in nano-fabrication to synthesize and
modify nanomaterials. It involves using plasma, a partially ionized gas, to generate
high-energy species that can interact with and modify the surface of materials.

In plasma arching, a high-voltage electrical discharge directs plasma toward the
substrate or material to be modified. The high-energy species in the plasma can cause
chemical reactions on the material’s surface, leading to the formation of new chemical
bonds and the modification of its properties. Plasma arching can be used for a wide
range of applications in nano-fabrication, such as surface cleaning, surface modifica-
tion, deposition of thin films, and etching of materials. It offers several advantages
over other techniques, such as high processing speed, precise control over the process
parameters, and the ability to modify a wide range of materials.

However, plasma arching also has some limitations, such as the need for high-
voltage equipment and potential damage to the processed material. Therefore,
careful optimization of the process parameters is necessary to ensure this technique’s
successful and safe use in nano-fabrication. Plasma arcing is a highly efficient and
scalable method for producing large quantities of nanotubes, making it a promising
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technology for future applications in electronics, energy storage, and other fields of
cold plasmas; the average arc temperature is more than 104 K [38].

11.2.2.2 Chemical vapor deposition

Chemical vapor deposition (CVD) is a widely used method for synthesizing
nanomaterials in nano-fabrication. In this process, a thin film of material is deposited
on a substrate by the chemical reaction of gas-phase precursors. The process involves
the following steps:

1. The substrate is placed in a reactor chamber and then evacuated to remove any
air or moisture.

2. The precursors are introduced into the reactor chamber. These precursors can be
in the form of gases, liquids, or solids that can be vaporized.

3. The precursors react with each other on the surface of the substrate, forming a
thin film of the desired material.

4.The reaction conditions, such as temperature, pressure, and gas flow rate, are
carefully controlled to ensure the desired properties of the thin film.

CVD can deposit various materials, including metals, semiconductors, and
insulators. It is a versatile technique that can produce high-quality films with precise
control over thickness, composition, and crystal structure. CVD is widely used in
nano-fabrication to produce microelectronics, optoelectronics, and other advanced
materials [39] (Figure 13).

11.2.2.3 Sol-gel synthesis

Another approach for producing thin films and nanoparticles is sol-gel synthesis.
A precursor solution is created in this procedure by combining metal alkoxides or
other inorganic chemicals with a solvent. After that, the solution is hydrolyzed and
condensed to produce a gel, which may then be annealed or calcined to make a solid
substance. The gel can be further processed by calcination or sintering to obtain the
desired nanomaterials with controlled size, shape, and composition.

Sol-gel synthesis may create various materials, such as ceramics, glasses, and
composites. The material’s characteristics may be modified by varying the precursor
composition, solvent, and production conditions.

HX

Figure 13.
The principle of CVD [39].
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Schematic overview of different materials obtained through a sol-gel process (image courtesy of Lawrence
Livermore National Labovatory).

Sol-gel synthesis is widely used in nano-fabrication to produce catalysts, sen-
sors, coatings, and other functional materials. Low processing temperatures, high
purity, and the ability to construct diverse forms and architectures distinguish sol-gel
synthesis from other nano-fabrication processes [40] (Figure 14).
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Molecular self-assembly [41].
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11.2.2.4 Molecular self-assembly

Molecular self-assembly is a bottom-up nano-fabrication method involving mol-
ecules’ spontaneous organization into ordered structures without external manipula-
tion. This process is driven by the inherent properties of the molecules, such as their
shape, size, and interactions with each other and the substrate.

One example of molecular self-assembly is the formation of monolayers on a
substrate, where molecules are adsorbed onto the surface and arranged in a specific
pattern. This can create functional surfaces for various applications such as sensors,
catalysis, and electronics.

Another example is the assembly of nanoparticles into larger structures through
self-organization. This can create complex structures with unique properties for
applications such as drug delivery, imaging, and energy conversion.

Molecular self-assembly offers several advantages over conventional top-down
methods such as lithography. It is a scalable and cost-effective method that can create
complex structures with high precision and control at the nanoscale. It also has the
potential to develop new materials and devices with unique properties that cannot be
achieved through conventional methods.

Overall, molecular self-assembly is a promising nano-fabrication method that can
potentially revolutionize the field of nanotechnology [41] (Figure 15).

12. Final considering

When considering the industrial applications of nanotechnology, it is essential to
consider the environmental impact of these technologies. Nano-fabrication methods
often involve toxic chemicals and materials, negatively affecting the environment
and human health if improperly handled. It is essential to implement sustainable
practices in nano-fabrication to minimize the environmental impact and ensure the
safety of workers and consumers. Additionally, the disposal of nanomaterials and
products containing nanomaterials must be carefully managed to prevent potential
environmental damage. Research on the long-term effects of nanomaterials on the
environment is ongoing, and it is essential to continue to monitor and regulate the use
of these materials to ensure their safe and responsible service in the industry.

Furthermore, the potential unintended consequences of nanotechnology on
ecosystems and biodiversity must also be considered. Nanoparticles can accumulate
in soil and water, potentially affecting plant growth and aquatic life. Conducting
thorough environmental impact assessments before introducing nanotechnology into
new industries or applications is essential. In conclusion, while nanotechnology offers
many benefits to industry, it is crucial to consider its environmental impact [42].

13. Conclusion

In conclusion, nanofabrication methods have revolutionized various industries
by enabling the precise manipulation and fabrication of materials at the nanoscale.
These methods have allowed for the development of advanced technologies such
as nanoelectronics, nanomedicine, and nanophotonics, which have significantly
improved the efficiency, performance, and functionality of devices and systems.
Nanofabrication methods, including top-down and bottom-up approaches, offer a
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wide range of techniques such as lithography, self-assembly, and deposition methods.
These techniques provide control over the size, shape, composition, and arrangement
of nanomaterials, leading to enhanced properties and novel functionalities. The use
of nanofabrication methods has also led to the miniaturization of devices, allowing
for the integration of more components on a single chip or substrate. This has resulted
in smaller and more efficient electronic devices, sensors, and energy storage systems.
Furthermore, nanofabrication methods have facilitated advancements in the field

of nanomedicine, enabling the precise delivery of drugs and therapeutic agents to
specific targets within the body. This has opened up new possibilities for personalized
medicine and targeted therapies. However, there are still challenges and limitations
associated with nanofabrication methods. These include high costs, scalability issues,
and the need for specialized equipment and expertise. Additionally, the potential
environmental and health risks associated with nanomaterials need to be carefully
considered and addressed. Overall, nanofabrication methods have had a profound
impact on various industries and hold great promise for future technological advance-
ments. Continued research and development in this field will likely lead to further
breakthroughs and applications in areas such as electronics, healthcare, energy, and
environmental sustainability.
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