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Humans face growing challenges in environmental sustainability. We need better
materials, more effective devices, and higher computing power to conquer these
challenges. Researchers have long explored the realm of science at the nanome-
ter scale for developing novel problem-solving technologies. In the past decades,
breakthroughs in multiscale computer simulation, novel hierarchical material and
device structures, nanometrology, and new functionalities from interfacial and
quantum size effects have enhanced our ability to utilize nanotechnology to solve
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technology and nanomaterials. It showcases how nanotechnology is being contin-
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and Nanomaterials and Nanostructures.
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Preface

Nanofabrication is the process of developing different nanostructures that are
commonly used as components of systems or devices. Advances in nanofabrication
technologies have produced various kinds of nanostructures, allowing for precise
control over size, shape, heterogeneity, and material composition. Recently, nano-
fabrication methods have been receiving increasing interest due to their importance
for the creation of compact devices and their assembly into functional systems for
different applications in nanoelectronics, semiconductors, optics, nanophotonics,
biomedical engineering, bio-inspired architectures, and nanofluidics for the
production of high-value-added products.

New techniques and hybrid nanostructures are developed using different synthesis
and fabrication procedures. Different processes, phenomena, and interesting proper-
ties are studied theoretically and experimentally using advanced characterization and
analysis techniques. Nanofabrication techniques are the building blocks of different
devices and technological innovation. Advances in modern nanofabrication techniques
contribute to state-of-the-art implementations in various areas. Nanofabrication tech-
niques will always benefit from further development regarding structural, mechanical,
optical, and magnetic or electronic properties of the processing materials for device
applications.

This book presents an overview of the working principles, recent progress, and
the challenges and limitations in the fabrication of nanostructures. It also dis-
cusses the basic phenomenon of nanostructure formation and the different types
of nanostructures and their synthesis, fabrication, application, and devices. The
book provides useful information on nanofabrication for students, researchers,
and professionals. The latest research on different types of nanostructures, sci-
entific advances in fabrication techniques, and exciting potential applications of
nanostructures will hopefully spur the development of future devices. The book
addresses the scientific advances and interesting facts of nanofabrication for the
study of next-generation devices. Finally, it examines the technological implica-
tions of further advances and presents a perspective on the future direction of
large-scale nanofabrication.

This book contains eight chapters that explore some of the most exciting developments
of nanostructure materials, fabrication techniques, and applications. Chapters 1 and 2
discuss nanofabrication methods and the basics of fabrication of different nanostruc-
tures. Chapters 3, 4, and 5 discuss various morphologies, mesoporous silica, and nano
ZnO. Chapters 6, 7, and 8 review assembly technology of different materials, including
2D materials, and basic performance application of materials. These chapters explain
the fundamentals of nanostructure materials and fabrication techniques for techno-
logical innovation.



I would like to thank the contributing authors for their excellent chapters. I would
also like to thank the staff at IntechOpen for their help throughout the publication

process.

Dipti Ranjan Sahu

Faculty of Health, Natural Resources and Applied Sciences,
School of Natural and Applied Sciences,

Department of Biology, Chemistry and Physics,

Namibia University of Science and Technology,

Windhoek, Namibia

XVI



Section 1

Nanofabrication Method







Chapter1

Nano-Fabrication Methods

Saeedeh Ebad-Sichani, Parvia 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.

3 IntechOpen
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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 10~ 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 ratio [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-C6H4CO02)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

9
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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] (Figure 5).

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.
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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’s 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.

11
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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
further 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

16



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

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]. Itis 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
aresist 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] (Figure7).

11.2.1.4 Advanced lithography

Advanced lithography technologies have been created to circumvent traditional
lithography limits. Extreme ultraviolet (EUV) lithography, which employsa 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.
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Figure 7.
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
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Figure 11.
Scanning probe lithography. (ET 1039—Nanotechnology Alejandro 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 (Figure 11).

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] (Figure13).

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.

Figure 13.
The principle of CVD [39].
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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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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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Abstract

Most of the chemical and physical properties of nanomaterials vary remarkably
according to their size, shape, and structure. Thus morphology is a crucial param-
eter that controls the properties and functionality of materials. On the basis of
Abdelmohsen et al’s theories and hypothesis, which are theory for morphology transi-
tion engineering (ATMTE), theory for morphology engineering of solid compounds
(ATMESC), and hypothesis for engineering of micro- and nanostructures (AHEMNS)),
novel approach was modified for fabricating one-, two-, and three-dimensional hybrid
nanomaterials, such as hybrid ZnO nanosheets (38-150 nm), hybrid ZnO nanorods,
hybrid nanocomposites, and hierarchical hybrid Cu,0 nanostructures. In addition, by
the help of this novel method, the fabrication of metal-oxidene (one/few atoms thick
layer of metal oxides) is assumed and hybrid ZnO thin film that is expected to have
extraordinary physicochemical properties. A series of selection rules and morphology
engineering rules are discussed. Throughout this chapter, we will come across this
novel approach as a promising technique for nanofabrication and discuss the suggested
mechanisms for the evolution process during fabrication of nanomaterials. By the help
of this method, we have fabricated 1D, 2D and 3D nanomaterials that are expected to
have potential use for energy, catalysis, biomedical, and other applications.

Keywords: Abdelmohsen et al. Theory 1 (ATMTE), Abdelmohsen et al. Theory

2 (ATMESC), Abdelmohsen et al. Hypothesis (AHEMNS), selection rules (SRs),
morphology engineering rules, 1D, 2D and 3D nanomaterials, morphology transition,
dangling bonds, morphology engineering, metal oxides, polyoxometalates (POMs),
structural directing materials, Zn-oxidene, hybrid thin film

1. Introduction

Since the evolution of the field of nanotechnology “The field of research con-
cerned with building up materials and devices on the scale of atoms and molecules”
by the help of the pioneer work of R. Feynman, K. Drexler, and N. Taniguchi; the
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nanofabrication techniques evolved and developed enormously [1]. Nanomaterial is
one-billionth of meter which is ten times the diameter of a hydrogen atom. More pre-
cise definition was postulated by B. Fahlman which state that “Nanotechnology is the
creation of functional materials, devices and systems through control of matter on the
nanometer length scale (1-100) nanometers and exploitation of novel phenomenon
and properties (physical, chemical, biological, mechanical electrical, etc.) at that
length scale” [1]. At such scales, the classical rules of chemistry and physics cannot
be applied like melting point, reactivity, conductivity, strength and color can differ
remarkably when the materials converted from bulk to nano-scale [2]. For example,
in case of gold, there is a change in color from the bright yellow to red and a drop in
melting point from 1336 K to 310 K when the size decreased [3]. There is a change

in mechanical properties of carbon-based nanomaterials like fullerenes, nanotubes,
and graphene. At nano-scale these materials become lighter and stronger than other
structural materials like steel [4, 5]. Finally, other materials like ionic and metal
carbon compounds experience changes in electrochemical and electronic properties
at the nano-scale in terms of function or magnitude [6].

The concept of materials fabrication/engineering was expanded by Abdelmohsen
et al. to include “controlling and designing the oriented structures of materials by
re-scaling their dimensions or varying their external morphologies, favorably with
functionalization, decoration, doping or mixing with other materials to attend
the synergistic effect which enhance their properties” [7]. Nanofabrication tech-
niques are classified into two main approaches which are top-down and bottom-up
approaches [8]. The top-down approach involves the breaking down of the materials
and converting it from bulk to nano-scale. On the other hand, bottom-up approach
involves the building up of nanomaterials atom by atom and molecule by molecule.
Scientists recommended the latter over the former approach, because it can fabricate
structures with homogenous chemical composition, with better short- and long-
range ordering, and less defects [8]. Figure 1 illustrates an example for the bottom-up
approach for engineering of nanomaterials like metal oxides atom by atom in solu-
tion. During this process the starting materials can be engineered to miscellaneous
nanostructures like particles, rods, tubes, thin films, plates and stars [7]. Figure 2
illustrates an example for the top-down approach for engineering of nanomaterials
like carbon nanoparticles (CNPs). This process involves the breaking down of the
bulk carbon black particles into smaller particles by ultra-sonication in the presence
of polyoxometalates (POMs) like phosphomolybdic acid (PMA) which stabilizes the
etched nanoparticles [7].

A precise definition for morphology transition engineering was postulated by
Abdelmohsen et al. which is “The morphology evolution of materials under the
effect of external stimulus (chemically, physically or mechanically) to build up
new materials with various dimensions under easily attainable conditions (e.g., one
step synthesis)” [9]. The role of the external stimulus is the inducing of the surface
polarity by etching of the outer surface atoms to create reactive dangling bonds. The
chemical stimulus is the acids which etch and dissolve the outer surface atoms to form
the dangling bonds [7]. The physical stimulus is the accelerated particles that etch
the outer surface atoms to form the dangling bonds [10, 11]. Finally, the mechanical
stimulus involves the breaking down of the bulk particles or etching their outer atoms
by ball milling to form also the dangling bonds [11, 12]. After the formation of reac-
tive dangling bonds there are four possibilities that takes place which cause morphol-
ogy transition engineering. The first possibility is the fusion of the etched particles
to form different morphologies [7, 9]. The second possibility is the reconstruction
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of the etched particles to form different morphologies [7, 9]. The third possibility is
the adsorption of charged species to form also different morphologies by formation
of atomic layers [11, 13]. The fourth possibility is the further growth of materials to
different dimensions [7, 9]. The mechanism will be illustrated in details in Section 3.
Figure 3 shows the chemical etching of metal oxide (MO) nanoparticles to form
smaller particles with reactive surfaces (polar surfaces/surfaces with dangling bonds).
Figure 4 illustrates the four possibilities that take place after etching/inducing surface
polarity of nanoparticles. Reconstruction is a complementary process in all occasions
as the particles tend to acquire the stable state after being in the active unstable state
[7, 9]. The morphology transition process involves the top-down and bottom-up tech-
niques. Precisely, inducing the surface polarity by etching the materials (chemically,
physically, or mechanically) breaks down the bulk materials to smaller ones. This
process refers to the top-down approach. The four possibilities mentioned take place
to form further morphologies 1D, 2D and 3D nanostructures, refers to the bottom-up
approach [7, 9].

2. Different studies on morphology transition engineering

The phase evolution of ZnO films that deposited electrochemically is greatly
depending on the concentration of SO,> ion as discovered by Wang and co-workers.
As discovered by this group, the SO,* ion concentration plays a critical role in engi-
neering the morphology of the films from rod-like to plate-like structure. Figure 5
shows the morphology evolution of ZnO from nanorods to nanoplatelets at different
ZnSO, concentrations [14]. Das et al. studied the morphology evolution in hexagonal
V10025 — type polyoxometalate macrocrystals as a function of sonication tempera-
tures. The morphology transformed from nano-rods to microflowers passing through
intermediate hexagonal shaped microcrystals by raising the sonication temperature
from 50°C to 80°C [15].

36



Theories, Hypothesis and Rules for Morphology Transition Engineering of 1D, 2D and 3D...
DOI: http://dx.doi.org/10.5772/intechopen.112135

°0xygen o Metal e Foreign atom

Third Possibility
(Adsorption of
charged species )

Nanoparticle
1D-Materials (with polar surface) 1D-Materials
Active unstable state
Second Possibility

Quantum Engineering (Reconstruction)

2D-Materials 2D-Materials

yee
s
3D-Materials %

Nano-Engineering

Fourth Possibility
(Further growth)

First Possibility
(Fusion)

3D-Materials

Figure 4.
Illustrates the four possibilities that take place after etching/inducing surface polarity of nanoparticles.

Figure 5.

Shows the morphology evolution of ZnO from nanorods to nanoplates by increasing concentration from left to
right.

Xiong et al. used a facile binary-solution route and sequential thermal decomposi-
tion at atmospheric pressure to synthesize mesoporous 2D and 3D architectures of
the oxide semiconductor Co;0,, including nanosheets, monodisperse microspheres
are self-assembled from nanosheets, and copper-coin-like nanosheets. The volume
ratio of H,O and ethanolamine (EA) play a crucial role in the morphology of the
precursor [16]. Yan et al. has reported the morphology evolution of single-crystalline
octahedron CeO; to multi-nanostructure and nanorods using Ce(NO;)3*6H,0 as
cerium resource and Na;PO4*6H,0 as mineralizer, the morphology evolution between
the nano-octahedron and nanorod was observed by tuning the hydrothermal treat-
ment time as shown in Figure 6a [17]. The Morphology Evolution of ZnO Thin
Films from aqueous solutions was demonstrated by Goa and co-workers. A two-step
approach was employed for the epitaxial growth of ZnO by beginning with the
preparation of a (002)-oriented ZnO seed layer electrochemically. The substrate
was soaked in an aqueous solution containing ZnCl, and complex agents. A large-
scale fabrication of ZnO nanorods arrays on transparent conductive oxides has been
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Figure 6.

Shows (a) schematic illustration for the multinanostructures evolution of CeO,, (b) the morphology evolution
of ZnO nanorods of ZnO thin films from aqueous solutions. Reproduced with permission [17] 2008, American
Chemical Society. Reproduced with permission [18] 2006, American Chemical Society.

achieved after soaking at 95°C for 1-48 h as shown in Figure 6b [18]. Sweegers et al.
discovered that the reaction conditions have a great effect on the formed morphology
of gibbsite, g-Al(OH);. While the process of growth the gibbsite crystals morphology
changed from thin, rounded hexagons and faceted lozenges into plates and blocks
with well-formed basal, prismatic faces. The alkali ions of solution play the major
role to control the morphology of gibbsite. An evidence for this fact is the engineer-
ing of different morphologies from potassium and cesium hydroxide solutions [19].
Morphology evolution of urchin-like NiCo,04 nanostructures from urea was reported
by Wang and co-workers. A'rods-to-straw-bundles-to-urchins’ mechanism was pro-
posed. Images of the NiCo,O, products obtained by hydrothermal process are shown
in Figure 7 [20].

3. Mechanism and rules of morphology transition engineering

On the basis of chemical and physical explanation we will illustrate the mecha-
nism of morphology transition of pure zinc oxide (ZnO) nanorods to nano-
platelets grafted MogO,3-MoO, mixed oxide, when react with polyoxoxmetalates
(POMs) like phosphomolybdic acid (PMA) under ultra-sonication. In addition,
we will discuss a series of selection rules (SRs) which account for the ability of
ZnO to experience morphology transition among other binary compounds. The
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Figure7.
Shows schematic illustrations of the growth mechanism of the urchin-like NiCo,0, nanostructures evolving from
nanorods, straw bundles to urchin-like spheres.

explanation of the nano-scale reaction mechanism depends on some theories and
models like hard and soft (Lewis) acids and bases (HSAB) theory, Bronsted-Lowry
acid/base theory, frontier molecular orbital (FMO) theory, the perturbation
theory of reactivity, and site-binding model [21-25]. According to HSAB theory;
elements in periodic table can be classified as acids and bases [26]. So we sug-

gest that the cationic metal centers (Zn**) act as Lewis acid sites [LUMO: Lowest
Unoccupied Molecular Orbital] while the anionic oxygen (O*") centers act as
Lewis bases [HOMO: Highest Occupied Molecular Orbital] [27]. We can conclude
that the fusion process is due to the interaction between (LUMO) of cations with
(HOMO) of ligand (empty-filled interaction) which produce a bonding molecular
orbital [28]. When the energy of the interacting orbitals is close the newly formed
molecular orbital needs greater stabilizing energy to be formed [29]. Hence, we
introduce the first selection rule (SR1) as follow “The appropriate energy differ-
ence between LUMO (acid orbital) and HOMO (base orbital) may account for
ability of ZnO to experience morphology transition when react with POMs under
specific conditions” [7].

Acid/base sites are quite important in determining the catalytic activity of metal
oxides [27]. In highly acidic medium (PMA solution (pH ~2)), ZnO surface will act as
Bregnsted bases and can accept protons according to site-binding model and become
positively charged as illustrated in Figure 8b. The isoelectric point (IEP) is the point
at which the MO carries zero charge [30]. At pH values above the IEP, the MO carries
a negative charge, while at pH values below the IEP; the MO carries a positive charge
[31]. The IEP of ZnO lies within the pH range (8.0-10.0) [32]. The positively charged
ZnO nanorods will be surrounded by the Polyoxomatalate anions [PO4 (M00Oj3)1,] ]
as illustrated in Figure 8a—c. Hence, by considering these two factors which are; at
pH value lower than the IEP, OH** species are dominant, and our reaction takes place
at extremely acidic medium (pH ~ 2); we introduce the second selection rule (SR2)
as follow; “The suitable isoelectric point (IEP) which locates in basic region (8-10)
account for the tendency of ZnO to experience morphology transition when react
with POMs, as this guarantees the predominant of OH** species which attract POM
anions to metal oxide surface” [7].

Surface polarity helps to explain the morphology transition of ZnO, which refer
to “the status of the surface plane whether it contains a stoichiometric ratio of
cations (Zn**) and anions (O%*) or not, which refer to non-polar or polar surface
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Figure 8.

Shows (a) dissociation equation for phosphomolybdic acid (PMA) in water, (b) the behavior of OH group on
MO surface as Bronsted base site (accept protons), and (c) the adsorption of (POM anions) to amphoteric MO
surface according to site-binding model. Reproduced with permission [7] 2017, Springer Nature.

respectively” [33]. Physical explanation was suggested on the basis of ‘the pertur-
bation theory of reactivity’ which state that as a pair of reactants approach one
another, their orbitals interact and begin to undergo a “perturbation”. Hence, we
suggested that when an acid is adsorbed on the oxide surface a perturbation of the
acid-base sites [(Zn**) and (O?") sites] take place induces the surface relaxation
and surface polarity [25]. The polarity may be induced more by chemical etching
of surface atoms by PMA. Tasker et al. and other researchers reported that the
unstable polar surfaces can attain stability by different methods like metalliza-
tion (fusion of nanorods), surface reconstruction, adsorption of hydroxyl groups
and other charged species, finally further growth occurred due to the presence

of other reactants [34-38]. To sum up the mechanism of morphology transition
engineering, we conclude three steps for complete morphology transition of ZnO
nanorods to hybrid nanoplatelets. First step, involves the chemisorption of POM
anions on the surface of ZnO nanorods cause surface relaxation by disrupting the
neighboring atoms, which induce the polarity of the non-polar faces (the physi-
cal explanation) [7, 9, 11]. According to ZnO Pourbaix diagram, the pH of POM
solution (~2) allows the dissolution/chemical etching of ZnO [39]. This chemical
etching causes surface relaxation and induces polarity by removing zinc cations
or oxygen anions from the outer surfaces (the chemical explanation). These
etched species are taking part in self-assembly (fusion) process. Second step
involves three main mechanisms; the first one, is the metallization process which
involves fusing of two faces with different polarity by bonding Zn-atom to O-atom
through their dangling bonds [empty Zn 4 s-orbitals and filled O 2p-orbitals] to
form bonding molecular orbital with lower energy and high stability [36]. The
second and third ones involve the incorporation of dissolved Zn** and O* species
within the fused faces which have similar polarity. Schematic illustration for the
three possible fusion mechanisms is illustrated in Figure 9a [7]. We supposed
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that PMA acts as a catalyst for binding ZnO nanorods together to nanoplatelets
accompanied with deposition of MogO,3-MoO, mixed oxide on their surfaces. Both
of (Mo") and (Mo"") species are oxidized in the air to MogO,3-MoO, mixed oxide.
A brief schematic illustration for proposed morphology transition mechanism is
shown in Figure 9b [7]. We suggest the formation of intermediate compounds
Zn-molybdates (ZM) or/and Zn phosphomolybdate (ZMP) (pigments) during
morphology transition process [9, 11].

In addition, we have suggested that, magnetic properties of cations that form
the binary compounds may account well for the fluctuation of their behavior when
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Figure 9.

(a) Schematic illustration for the three possible fusion mechanisms of ZnO nanorods in PMA solution, (b)
the proposed mechanism for the morphology transition (self-assembly) of hexagonal ZnO nanorods to ZnO
nanoplatelets grafted MogO ;-MoO, mixed oxide. Reproduced with permission [7] 2017, Springer Nature.
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react with POMs [40-42], as by increasing the para-magnestism of cation, the
repulsion between the d-orbital of cation and 2p-orbital of anion also increases
which does not allow the binding of the latter with 4s-orbital of cations, and
restrict the morphology transition process. This may account for the different
behavior of metal oxides when react with POMs. We introduce the third selection
rule (SR3); as follow “The completely filled 3d-orbital (diamagnetism) of ZnO can
account well for its ability to experience morphology transition when react with
POMs and recommend other binary compounds of cations like (cd*, Hg2+, Cu’,
Au*, Ag®) to obey ATMTE” [7]. This third rule still needs more computational
studies and experimental evidences to be clear. Amphoteric behavior of ZnO
accounts very well for the phenomenon of morphology transition when react with
POMs [30, 43]. Amphoterism of ZnO means that, it has the tendency to dissolve in
both acidic and basic medium, which guarantees the presence of dissolved cationic
and anionic species during all stages of reactions. These species play a critical role
in fixing the grain boundaries between the merged nanorods to produce nano-
platelets. Hence, we introduce the fourth selection rule (SR4) as follows; “The
amphoteric nature of ZnO accounts well for its ability to experience morphology
transition when react with POMs at specific conditions, and recommend other
amphoteric oxides to obey ATMTE” [7]. On the basis of experimental evidences
we have postulated the morphology engineering rules (MERs) that control the
morphology (dimension and thickness) of fabricated materials [9]. We introduce
the first MER (MER1) as follow, “Under controlled conditions, as the temperature
increases, the possibility to engineer higher dimensions (2D,3D) decreases and vice
versa” [9], while the second MER (MER2) “Thickness Rule” states that, “Under
controlled conditions, ultra-sonication at low temperature and POM concentra-
tions increases the possibility to engineer higher dimensions (2D,3D) with few
atoms in thickness” [9]. The detailed mechanism and discussion about the rules are
illustrated in [7, 9, 11].

4. Abdelmohsen et al. theories and hypothesis for morphology transition
engineering (ATMTE, ATMESC and AHEMNS)

Theory defined as “the explanation of the general causes of certain phenomenon
with evidences or facts to support it” [44]. So, on the basis of our phenomenon
that discussed in Section 3 and other experimental evidences that will be men-
tioned later, we can postulate a theory about morphology transition engineering
of micro and nanomaterials. Abdelmohsen et al. theory for morphology transition
engineering (ATMTE) was proposed on the basis of the phenomenon of morphol-
ogy transition of ZnO nanorods to nanoplatelets when reacts with POMs under
ultra-sonication [7]. This theory (ATMTE) states that “Binary compounds especially
amphoteric/diamagnetic pure and doped metal-oxides like (ZnO, Cu,0O) that have
appropriate energy difference between their LUMO (acid site/cation) and HOMO
(base site/anion), may experience morphology transition to various dimensions (1D,
2D and 3D) when reacts with polyoxometalates under specific conditions, with a
possibility to manipulate their surface catalytic properties” [7]. By further study and
reading about the morphology transition of materials, another theory was proposed
which discuss the ability of most solid materials to experience morphology transi-
tion after inducing their surface polarity [11]. This theory is Abdelmohsen et al.
theory for morphology engineering of solid compounds (ATMESC), which state
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that “Most solid compounds may experience morphology transition by inducing
their surface polarity (creating dangling bonds); chemically, physically or mechani-
cally. For instance, chemically we can induce polarity of amphoteric compounds
which include diamagnetic cations (d'’) within their structure (e.g., doped/pure
ZnO or Cu,0 and their hydroxides, and composites) with a possibility to manipu-
late the engineered morphologies, and surface catalytic activity depending on the
morphology engineering rules (MERs)” [11]. A hypothetical study for the morphol-
ogy transition of Cu,0 and other solid materials was proposed as Cu,O dissolves
completely by POMs at high temperature but still need a precipitating-agent to be
precipitated to different morphologies. In order to control this reaction we pro-
posed Abdelmohsen et al. hypothesis for engineering of micro and nanostructures
(AHEMNS). This hypothesis supposes dissolving any chemical compound by a
specific dissolving agent, such as acids, e.g., PMA. Then these dissolved seeds can
be precipitated by an alkali like NaOH to synthesize various nanostructures. Itisa
modification for the aforementioned two theories (ATMTE and ATMESC) and is
expected to be applied for nearly all solid compounds by using different dissolving
and precipitating-agents [9]. This hypothesis (AHEMNS) states that “Most Solid
compounds may be engineered by dissolving starting materials by dissolving agents
(e.g., phosphomolybdic acids) which acts also as structural directing-agent, fol-
lowed by co-precipitating by precipitating agent like (NaOH)” [9]. The produced
materials by this method are mostly hybrid materials due to the co-precipitation of
both the precursor and the dissolving agent together. In addition, we assumed the
fabrication of different morphologies like rods, wires, and needles. Also we look

for fabrication of 3D nanostructures when carbon fillers like graphene, and carbon
nanotubes, are added during synthesizing. The used dissolving agents is not limited
to PMA, as we assume also other types of POMs which widely used for self-assem-
bling of materials and other types of acids to be used as structural-directing agents.
The growth of MO over carbonaceous materials is strongly recommended for critical
applications like energy storage as this enhance electron diffusion through the whole
structure. Two samples of ZnO nanoparticles which are (ZnO (1)) and (ZnO (2))
were prepared by a simple co-precipitation at room temperature and micro-wave
assisted technique as reported here. XRD charts and SEM images for them are shown
in Figure 10 [9].

4.1 Fabrication of 1D nanostructures

1D nanostructured materials possess a variety of advantages which make them
promising materials in different applications like alkali metal ion batteries due to the
high capacity, long-term cycling, and superior rate performance. They also used in
electronics, water splitting, photocatalysts, and water treatment [45]. On the basis
on our theories, we have fabricated various 1D nanostructures as reported here [7, 9].
For instance, by stirring of ZnO (2) at high temperature (~90°C) in POM solution,
a hybrid ZnO nanorods (ZnO grafted MoOy) was produced which have a diameter
in the range of (100-130) nm and length of few micrometer [9]. Few nanosheets are
formed but the predominant structure is the nanorods. SEM images of the nanoma-
terial are shown in Figure 11 [9]. As noticed by experiments, at room temperature
Cu,0 has not experienced any morphology transition, but under ultra-sonication at
high temperature (~90°C) hybrid nanowires were produced by addition of NaOH as
a precipitating-agent as reported here [9]. XRD charts and SEM images are shown
in Figure 12 [9]. A hybrid (1D) ZnO/MWCNTSs nanocomposite was produced by
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Figure 10.
XRD charts for (a) (ZnO (1)), (b) (ZnO (2)), (c) SEM images for (ZnO (1)) (left) and (ZnO (2)) (right).
Reproduced with permission [9] 2019, Springer Nature.

Figure 11.
SEM images of hybrid ZnO nanosheets prepared by stirring of “ZnO (2)” in polyoxometalate (POM) solution at
~90°C. reproduced with permission [9] 2019, Springer Nature.
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(a) XRD charts for pure Cu,O and the formed materials after reaction under ultra-sonication, (b) SEM
images of Cu,O that experienced morphology transition to nanowires under ultra-sonication conditions at high
temperature. Reproduced with permission [9] 2019, Springer Nature.

ultra-sonication at room temperature of mixture of ZnO and MWCNTSs in POM solu-
tion [9]. This will be discussed in details in Section 5.

4.2 Fabrication of 2D nanostructures

2D nanostructured materials possess a variety of advantages which make them
promising materials in different applications like energy storage and conversion.
They also used in cancer therapy, biomedical applications, piezophototronics, and
water treatment [46, 47]. On the basis of our theories, we have fabricated various 2D
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Figure 13.

(a) FESEM images of ZnO nanoflower over nanoplatelets, (b) dispersed ZnO nanorods over nanoplatelets, (c)
collection of ZnO nanorods, (d) and ZnO nanocage over nanoplatelets. Reproduced with permission [7] 2017,
Springer Nature.

nanostructures as reported here [7, 9]. For instance, we have fabricated this hybrid
nanocomposite (ZnO nanoplatelets grafted MogO,3-MoO, mixed oxide) decorated
ZnO nanostructures, by ultra-sonication a mixture of ZnO nanorods and POM at
room temperature for nearly 15 minutes. Nanoplatelets with thickness (100-130)

nm and micrometer length were produced as shown in Figure 13 [7]. Under differ-
ent conditions, thin nanosheets (exfoliated graphite-like structure) were produced
with thickness (38-50) nm and micrometer length by also ultra-sonication of ZnO
(2) in POM solution at room temperature as shown in Figure 14 [9]. Moreover, 2D
nanosheets were also fabricated by stirring of “ZnO (1)” in polyoxometalate solution
at ~90°C as reported here [9].

4.3 Fabrication of 3D nanostructures

3D nanostructured materials possess a variety of advantages which make them
promising materials in different applications like electronics, environmental applica-
tions, energy storage, and energy conversion [47]. On the basis on our theories, we
have fabricated various 3D nanostructures as reported here [9]. For instance, we
have fabricated intersected (3D) hybrid ZnO nanosheets/nanoplatelets (ZnO grafted
MoOy) by ultra-sonication of pure ZnO nanoparticles in POM solution as shown in
Figure 15 [9]. In addition, 3D hybrid Cu,0 nanoflowers were fabricated by stirring
of CuyO in POM solution at high temperature [9]. XRD charts of the starting mate-
rial (Cu,0) and the final product is shown in Figure 16a [9]. SEM images of the 3D
nanoflowers are shown in Figure 16b [9].
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Figure 14.
SEM images of hybrid ZnO multi-layered nanosheets (exfoliated graphite-like structure) prepared by ultra-
sonication of “ZnO (2)” at room temperature. Reproduced with permission [9] 2019, Springer Nature.

Figure 15.
SEM images of 3D- hybrid ZnO nanostructures prepared by ultra- sonication method. Reproduced with
permission [9] 2019, Springer Nature.
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Figure 16.
(a) XRD charts of the starting material (Cu,0) and the final product, (b) SEM images of the formed 3D
nanoflowers. Reproduced with permission [9] 2019, Springer Nature.

5. Influence of carbonaceous materials on morphology transition of ZnO
nanoparticles

Carbon-based materials which called the carbon fillers are used for enhancing
the mechanical and electrical properties of the nanocomposite. They can be clas-
sified in to two types; which are the traditional fillers and the advanced fillers. The
traditional fillers are carbon black and graphite. On the other hand, the advanced
fillers are expanded graphite, graphene derivatives (graphene oxide, graphene, and
porous graphene), carbon nanotubes (multi-walled carbon nanotubes and single-
walled carbon nanotubes) and carbon aerogel [48]. These carbon fillers are acting as
structural-directing materials which control the structure and morphology of hybrid
ZnO during morphology transition process in the presence of POMs which act as
structural-directing agent [9]. In our experiment, the effect of the presence of carbon
fillers like carbon nanotubes (MWCNTs) was investigated. We have added (0.25 g)
of both pure ZnO and MWCNTs in 50 ml deionized water under ultra-sonication

48



Theories, Hypothesis and Rules for Morphology Transition Engineering of 1D, 2D and 3D...
DOI: http://dx.doi.org/10.5772/intechopen.112135

for 45 minutes in the presence of PMA at 25°C. Under this reaction conditions we
expected the fabrication of nanoplatelets (nanosheets) as usual, but we get a mixture
of nanorods and nanosheets. For this unexpected phenomenon we have assumed this
mechanism. We assumed that the carbon filler (MWCNTSs) which act as structural-
directing materials for the polar ZnO nanoparticles can inhibit the dangling bonds on
ZnO surfaces that are in contact with them. By this way, they can allow the fusion of
ZnO nanoparticles in only one-dimension. This leads to the formation of 1D nanoma-
terial which is the nanorods. In other words, due to the high strength of MWCNTS,
we supposed the ability of them to control the way by which the ZnO nanoparticles
will fuse with each other. Growth mechanism of hybrid ZnO nanorods in the presence
of multi-walled carbon nanotubes is shown in Figure 17 [9]. SEM images of hybrid
ZnO/multi-walled carbon nanotube nanocomposites are shown in Figure 18 [9].

PolarZn0
Nanoparticles

v 4

Structural-directing Materials
(MWCNTs)

Figure 17.
Growth mechanism of hybrid ZnO nanorods in the presence of MWCNTS.

Figure 18.
SEM images of hybrid ZnO/ MWCNTS nanocomposites. Reproduced with permission [9] 2019, Springer Nature.
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6. Zinc-oxidene, double layer thin film and expected applications

We suggested the controlling of nanosheets thickness to few nanometers by
controlling the reaction conditions like temperature, sonication power and concen-
tration. This will help us to engineer the quantum nanosheets (few/one-atoms thick
layer) of hybrid ZnO, which was nominated as hybrid zinc-oxidene [9, 49, 50]. By
similar or different methods metal-oxidene can be prepared for a variety of MO. Pure
ZnO nanosheets can be produced by chemical etching of MoOy deposited layers on
ZnO nanosheets as shown in Figure 19a [9]. Hybrid and pure Zn-oxidene is expected
to have extraordinary physico-chemical properties similar to that of graphene and
silicone [51]. Fabrication of double layers or hybrid ZnO thin film is conceivable
by soaking up of ZnO thin film in POM solution under specific conditions. This
will lead to the polarity inducing of top surface, then the deposition of MoOy layer
epitaxially over ZnO substrate as shown in Figure 19b [9]. Hybrid and pure 1D, 2D
and 3D nanomaterials that are engineered by Abdelmohsen et al. theories (ATMTE,
ATMESC, and AHEMNS) are expected to have potential applications in different
field if science likes solar cells that strongly depend on thickness [52]. Expected high
piezoelectricity of ultra-thin ZnO nanosheets/nanoplatelets will make it an excellent
candidate for nanosensors and nanoactuators [53]. ZnO is a promising anode mate-
rial for alkali metal-ion batteries like lithium-ion battery, sodium-ion batteries and
potassium-ion batteries, because it is not expensive, environmentally friendly, and
biocompatible [54]. Pure ZnO has a high theoretical capacity (978 mAh g™') and can
be used in its pure form as anode or doped with other oxides like transition metal
oxides such as CoO (715 mAh g’l), NiO (718 mAh g'l) and CuO (674 mAh g'l). Pure
and doped ZnO nanostructures are also used as an electrode in supercapacitors [55].
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(a) Schematic illustration for developing thin sheet of ZnO (Zn-oxidene) by chemical etching of MoO,, and (b)
developing thin film of MoO,/ZnO top-down layers. Reproduced with permission [9] 2019, Springer Nature.
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Other applications for pure ZnO are rubber industry, ceramic industry, medicine,
food additive, pigment, UV absorber, coatings, corrosion prevention in nuclear reac-

tors, methane reforming, and electronics [56].

7. Conclusion

These theories are expected to be the basis for reliable engineering of hybrid
nanostructures with different dimensions and their functionality. This approach
is expected to be the basis of a competitive fabrication approach to 1D, 2D and 3D
hybrid nanostructures. These hybrid nanomaterials have potential use for energy,
catalysis, biomedical and other applications. Additional experimental evidences are
required to support these theories. Further work is required to manipulate the thick-
ness of nanoplatelets/nanosheets, study catalytic properties of hybrid materials, and
study morphology transition in the presence of carbonaceous materials (Graphene,
CNTs, and CNPs) and their applications to alkali metal-ion batteries. In addition,
more computational studies and experimental evidences are required to support our
suggested mechanisms, theories, and the rules. Finally, we have intention to synthesis
other ployoxometalates (POMs) and check their ability to engineer morphology
transition of zinc oxides and other metal oxides or solid compounds to hybrid
nanostructures.
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Abstract

Mesoporous Silica Nanoparticles (MSNs) are nano-sized particles with a porous
structure that offers unique advantages for drug delivery systems. The chapter begins
with an introduction to MSNs, providing a definition of these nanoparticles along
with a brief historical overview. The distinctive properties of MSNs, such as high sur-
face area, tunable pore size, and excellent biocompatibility, are discussed, highlight-
ing their potential in drug delivery applications. The synthesis methods for MSNs are
presented, including template-assisted synthesis, sol-gel method, co-condensation
method, and other approaches. The chapter also covers the characterization tech-
niques used for evaluating MSNs, including morphological, structural, and chemical
characterization, which are crucial for assessing their quality and functionality.

The surface modification of MSNs is explored, focusing on the functionalization of
surface groups, attachment of targeting ligands, and surface charge modification to
enhance their interactions with specific cells or tissues. The chapter then delves into
the diverse applications of MSNs, with a particular focus on drug delivery. The use
of MSNs in cancer theranostics, drug delivery, imaging, biosensing, and catalysis is
discussed, emphasizing their potential to revolutionize these areas. Furthermore, the
toxicity and biocompatibility of MSNs are addressed, covering both in vitro and in
vivo studies that evaluate their safety and efficacy.

Keywords: mesoporous silica nanoparticles, surface modification, cancer theranostics,
template-assisted synthesis, Co-condensation, biosensing

1. Introduction

1.1 Definition of mesoporous silica nanoparticles (MSNs)

Mesoporous silica nanoparticles (MSNs) are nano-sized particles composed of
silica (SiO,) with a unique porous structure. They possess a regular arrangement
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of mesopores, which are cylindrical channels or voids within the particle structure
[1]. These mesopores typically range in size from 2 to 50 nm, offering a large surface
area for drug loading and delivery [2].

The term “mesoporous” refers to the intermediate pore size between micropores
(Iess than 2 nm) and macropores (greater than 50 nm). This mesoporous structure
allows for the efficient encapsulation, storage, and controlled release of therapeutic
agents, making MSNs highly desirable for drug delivery applications [3].

MSNs can be fabricated with precise control over their size, shape, and pore char-
acteristics, enabling tailored drug delivery systems. The synthesis of MSNs involves
the use of various templating agents or surfactants that serve as a template around
which the silica precursor is deposited, followed by the removal of the template to
create the desired pore structure [4].

The unique properties of MSNs make them versatile platforms for drug delivery.
Their large surface area facilitates high drug-loading capacity, while the tunable pore
size allows for the selective encapsulation of different types of drugs, including small
molecules, proteins, nucleic acids, and even imaging agents. Additionally, the sur-
face of MSNs can be functionalized with targeting ligands, making them capable of
targeted drug delivery to specific cells or tissues [5].

1.2 Brief history of MSNs

The development and exploration of mesoporous silica nanoparticles (MSNs) as
versatile materials for drug delivery applications have evolved over several decades.
The following provides a detailed overview of the historical milestones and key
contributions in the field of MSNs [6, 7].

1.2.1 Discovery of mesoporous materials

The study of mesoporous materials traces its origins to the late 1960s and early
1970s when researchers discovered the existence of ordered porous structures in vari-
ous materials. Initial investigations focused on mesoporous materials like MCM-41
and SBA-15, which laid the foundation for the development of MSNs [8].

1.2.2 Introduction of MSNs

The concept of mesoporous silica nanoparticles (MSNs) emerged in the early
1990s when researchers introduced a template-assisted synthesis method to create
highly ordered porous structures within silica nanoparticles. This breakthrough led to
the realization of MSNs as promising candidates for drug delivery systems due to their
unique properties [9].

1.2.3 Pioneering synthesis methods

In the late 1990s and early 2000s, researchers developed and refined various syn-
thesis methods for MSNs. The sol-gel method and co-condensation method gained
significant attention as effective approaches to fabricate MSNs with controlled pore
size and surface properties. These methods allowed for the synthesis of MSNs with
tailored characteristics suitable for drug delivery applications [10].
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1.2.4 Advancements in surface modification

During the 2000s, considerable progress was made in surface modification
techniques for MSNs. Researchers explored different strategies to functionalize the
surface of MSNs with organic groups, polymers, or targeting ligands. These modifica-
tions enabled the introduction of specific functionalities, such as controlled drug
release, enhanced stability, and targeted drug delivery [11].

1.3 Unique properties of MSNs

Mesoporous silica nanoparticles (MSNs) possess several distinct properties that
make them highly desirable for drug delivery applications. Understanding these
unique characteristics is crucial for harnessing the full potential of MSNs in the field
of drug delivery [12-15]. The following provides a detailed exploration of the key
properties of MSNs:

1.3.1 High surface area

MSNs have an exceptionally high surface area due to their porous structure. The
presence of mesopores enables a large surface area-to-volume ratio, providing ample
space for drug loading and adsorption. The high surface area allows for efficient
interaction with drugs, leading to improved encapsulation efficiency and enhanced
drug loading capacity.

1.3.2 Tunable pore size and volume

MSNss offer the advantage of tunable pore size and volume, enabling customiza-
tion based on specific drug delivery requirements. The pore size can be precisely
controlled during the synthesis process, allowing for the selective encapsulation of
different types of drugs, including small molecules, macromolecules, and even imag-
ing agents. This tunability facilitates the optimization of drug release kinetics and
enhances therapeutic efficacy.

1.3.3 Controlled drug release

MSNs exhibit controlled drug release behavior, which is critical for achieving sus-
tained and targeted drug delivery. The porous structure of MSNs provides a reservoir-
like effect, allowing for controlled release of encapsulated drugs over an extended
period. The release kinetics can be further modulated through surface modifications,
such as the introduction of stimuli-responsive systems or functional groups that
respond to specific environmental cues.

1.3.4 Excellent biocompatibility

MSNs demonstrate excellent biocompatibility, ensuring their compatibility with
biological systems and minimizing adverse effects. The silica material used in MSNs
is generally considered biologically inert, reducing the likelihood of cytotoxicity and
immunogenicity. Furthermore, MSNs can be surface-modified with biocompatible
polymers or targeting ligands to enhance their biocompatibility and reduce potential
toxicity concerns.
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1.3.5 Surface functionalization

The surface of MSNs can be easily functionalized, allowing for the introduction of
specific functionalities to facilitate targeted drug delivery. Functional groups, poly-
mers, or targeting ligands can be attached to the surface of MSNs, enabling selective
interactions with specific cells, tissues, or biological molecules. Surface functionaliza-
tion also enables the incorporation of imaging agents for real-time monitoring or
diagnostic purposes.

1.3.6 Stability and ease of fabrication

MSNs exhibit good stability, making them suitable for long-term storage and
transportation. The synthesis methods for MSNs are well-established and relatively
straightforward, offering reproducibility and scalability. This ease of fabrication
facilitates their translation from the laboratory to industrial-scale production for
practical applications.

MSNs hold significant potential for the development of advanced drug delivery
systems. Their high surface area, tunable pore size, controlled drug release behavior,
excellent biocompatibility, surface functionalization capabilities, and stability make
them versatile platforms for efficient and targeted drug delivery, ultimately improv-
ing therapeutic outcomes [16-20].

2. Synthesis of MSNs

The synthesis of mesoporous silica nanoparticles (MSNs) involves various meth-
ods that allow for the controlled fabrication of their unique porous structure [21-23].
The following describes the key synthesis methods commonly employed for the
production of MSNs:

2.1 Template-assisted synthesis

Template-assisted synthesis is a widely employed method for fabricating meso-
porous silica nanoparticles (MSNs) with precise control over their porous structure
[24-26]. This approach involves the use of a sacrificial template or surfactant, around
which the silica precursor is deposited and subsequently removed, leaving behind the
desired porous architecture within the nanoparticles. The template provides a frame-
work that determines the size, shape, and arrangement of the mesopores, allowing for
tailored drug loading and release properties. The following steps outline the template-
assisted synthesis process:

2.1.1 Template selection

The choice of template plays a crucial role in determining the characteristics of
the resulting MSNs. Commonly used templates include organic surfactants, such
as cetyltrimethylammonium bromide (CTAB) or Pluronic block copolymers, and
inorganic templates like colloidal silica or polymer micelles. The template’s struc-
ture and size dictate the dimensions and arrangement of the mesopores within the
silica network.
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2.1.2 Silica precursor deposition

The silica precursor, often tetraethyl orthosilicate (TEOS) or other alkoxysilanes,
is added to a solution containing the template. Under appropriate conditions, hydro-
lysis and condensation reactions occur, leading to the formation of silica species.

2.1.3 Template removal

After the deposition of the silica precursor, the template is selectively removed
to generate the porous structure within the nanoparticles. The template removal
can be achieved through either calcination or extraction processes. Calcination
involves heating the MSNs to high temperatures, typically above 400°C, to burn off
the organic template. On the other hand, extraction involves dissolving the template
using solvents that are selective for the template material. This step leaves behind an
interconnected network of mesopores within the MSN.

2.1.4 Post-synthesis treatment

To further refine the MSNSs’ properties, post-synthesis treatments can be per-
formed. These treatments may include washing with solvents to remove residual
impurities, surface functionalization to introduce specific functionalities or targeting
ligands, or modification of the pore surface to alter the release kinetics or enhance
biocompatibility.

Template-assisted synthesis offers several advantages for MSN fabrication. It
allows precise control over the pore size, distribution, and connectivity, enabling the
customization of drug loading and release profiles. The use of different templates and
adjustments in synthesis conditions enable the creation of MSNs with specific proper-
ties tailored for various drug delivery applications. Additionally, template-assisted
synthesis is a relatively straightforward and scalable method, making it suitable for
large-scale production of MSNs.

By utilizing template-assisted synthesis, researchers can create MSNs with a
well-defined mesoporous structure, offering improved drug encapsulation capacity,
controlled release behavior, and enhanced therapeutic efficacy. This synthesis approach
contributes to the development of advanced drug delivery systems with precise control
over drug release kinetics and targeted delivery to specific tissues or cells (Figure 1).

2.2 Sol-gel method

The sol-gel method is a widely used approach for the synthesis of mesoporous
silica nanoparticles (MSNs) [27-31]. This method involves the hydrolysis and con-
densation of silica precursors in a solution, leading to the formation of silica nanopar-
ticles with a porous structure. The sol-gel process allows for the precise control of
reaction parameters to tailor the size, shape, and pore characteristics of the resulting
MSNs. The following steps outline the sol-gel method for MSN synthesis:

2.2.1 Selection of silica precursors

The sol-gel method typically utilizes alkoxysilane precursors, such as tetraethyl
orthosilicate (TEOS) or tetramethyl orthosilicate (TMOS). These precursors undergo
hydrolysis and subsequent condensation reactions to form the silica network. The
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Figure 1.
Template assisted synthesis of mesoporous silica nanoparticles.

choice of precursor depends on factors such as reactivity, availability, and desired
properties of the MSN.

2.2.2 Hydprolysis

The silica precursor is hydrolyzed by adding a controlled amount of water or a
hydrolyzing agent, such as an acid or base, to initiate the hydrolysis reaction. This step
involves the breaking of the alkoxide groups in the precursor, resulting in the forma-
tion of silanol groups (Si-OH) on the silica precursor.

2.2.3 Condensation

The hydrolyzed silica precursor undergoes a condensation reaction, where the
silanol groups react with each other to form siloxane bonds (Si-O-Si) and release
water molecules as byproducts. The condensation reaction can be controlled by
adjusting reaction parameters such as pH, temperature, and concentration of precur-
sors. The condensation leads to the formation of a three-dimensional silica network.

2.2.4 Pore formation

During the hydrolysis and condensation reactions, the addition of a structure-
directing agent or a surfactant can lead to the formation of mesopores within the
silica network. The surfactant molecules self-assemble and organize themselves to
create micelles, which act as templates for the pore formation. The surfactant can be
removed later to generate the mesopores within the MSNs.

2.2.5 Aging and drying

The synthesized MSNs are subjected to aging and drying processes to pro-
mote further condensation and solidification. Aging refers to the continuation of

64



Fabrication of Mesoporous Silica Nanoparticles and Its Applications in Drug Delivery
DOI: http://dx.doi.org/10.5772/intechopen.112428

the condensation reaction over an extended period, allowing the particles to grow and
the pore structure to develop. Drying involves the removal of solvent and water from the
MSNG, typically through evaporation or freeze-drying.

The sol-gel method offers several advantages for MSN synthesis. It allows precise con-
trol over the particle size, pore size, and pore structure of the MSNs by adjusting reaction
parameters. The process is relatively simple, scalable, and compatible with the incorpora-
tion of various functional groups or additives for tailored drug delivery applications.

By employing the sol-gel method, researchers can produce MSNs with well-
defined mesopores, high surface area, and customizable properties. These MSNs offer
advantages for drug delivery, including high drug loading capacity, controlled release
profiles, and the potential for targeted delivery to specific tissues or cells. The sol-gel
method contributes to the development of efficient and precise drug delivery systems
using MSNs as carriers (Figure 2).

2.3 Co-condensation method

The co-condensation method is a commonly used technique for the synthesis of
mesoporous silica nanoparticles (MSNs) [32-37]. This method involves the simul-
taneous hydrolysis and condensation of two or more silica precursors, resulting
in the formation of MSNs with enhanced structural and chemical properties. The
co-condensation method offers advantages such as improved control over pore size,
surface functionality, and composition of the MSNs. The following steps outline the
co-condensation method for MSN synthesis:

2.3.1 Selection of silica precursors

The co-condensation method utilizes two or more silica precursors, typically
alkoxysilanes, such as tetraethyl orthosilicate (TEOS), tetramethyl orthosilicate
(TMOS), or organosilanes. The choice of precursors depends on the desired proper-
ties and functionalities of the resulting MSNs.

Hyvdrolysis Condensation
: Polymerization
4
Precursor Sol formed by Gel formed by aging
hvdrolysis

Drving or
By filtering & Calcmation

washed dried | of the Gel
phase

Product

Figure 2.
Sol-gel method for synthesis of mesoporous silica nanoparticles.

65



Nanofabrication Techniques — Principles, Processes and Applications

2.3.2 Hydrolysis

The selected silica precursors are hydrolyzed by adding water or a hydrolyzing
agent, such as an acid or base, to initiate the hydrolysis reaction. Hydrolysis breaks the
alkoxide groups in the precursors, leading to the formation of silanol groups (Si-OH)
on the silica precursors.

2.3.3 Co-condensation

The hydrolyzed silica precursors undergo co-condensation, where the silanol
groups from different precursors react with each other to form siloxane bonds
(Si-O-Si). This simultaneous condensation results in the formation of a hybrid silica
network containing different types of siloxane linkages.

2.3.4 Pore formation

Similar to other synthesis methods, the addition of structure-directing agents or
surfactants can be incorporated during the co-condensation process to induce the
formation of mesopores within the silica network. These agents self-assemble and
organize themselves to create micelles, which act as templates for pore formation.
The subsequent removal of the template generates the desired mesoporous structure
within the MSN.

2.3.5 Aging and drying

The synthesized MSNs undergo aging and drying processes to promote further con-
densation and solidification. Aging allows the particles to grow and the pore structure
to develop over time. Drying involves the removal of solvent and water from the MSN,
typically through evaporation or freeze-drying, resulting in the formation of solid MSNs.

The co-condensation method provides enhanced control over the composition and
properties of the MSNs by combining different silica precursors. This method allows the
incorporation of organic groups, such as functional molecules or polymers, into the silica
network, enabling the introduction of specific functionalities or surface modifications.
The resulting MSNs exhibit improved stability, enhanced drug loading capacity, and
tailored release profiles, making them suitable for various drug delivery applications.

By utilizing the co-condensation method, researchers can design and synthesize
MSNs with specific pore structures, tailored surface functionalities, and controlled
drug delivery properties. These MSNs offer advantages in terms of targeted drug
delivery, increased stability, and improved therapeutic efficacy. The co-condensation
method contributes to the advancement of MSNs as versatile carriers in drug delivery
systems (Figure 3).

2.4 Other synthesis methods
In addition to template-assisted synthesis and the sol-gel method, there are several
other methods available for the synthesis of mesoporous silica nanoparticles (MSNs).

These methods offer alternative approaches to tailor the size, shape, and pore charac-
teristics of the MSNs. Here are some of the commonly employed methods:
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Figure 3.
Co-condensation method for synthesis of mesoporous silica nanoparticles.

2.4.1 Stober method

The Stober method, also known as the classical silica nanoparticle synthesis
method, involves the hydrolysis and condensation of silica precursors in the presence
of a stabilizing agent, such as ammonia or ethanol. The resulting silica nanoparticles
can be further etched to generate mesopores, or surfactants can be added during the
synthesis process to induce pore formation [38-40].

2.4.2 Microemulsion method

The microemulsion method utilizes water-in-oil or oil-in-water microemulsions
as reaction media for the synthesis of MSNs. In this method, silica precursors are
dispersed within the microemulsion, and the hydrolysis and condensation reactions
take place within the confined nanodroplets. The microemulsion method allows for
precise control over the size and morphology of the resulting MSNs [41-44].

2.4.3 Emulsion-droplet coalescence method

The emulsion-droplet coalescence method involves the formation of water-in-oil
emulsions containing silica precursors and a hydrophilic solvent. Subsequently, the
emulsion droplets are subjected to coalescence, leading to the formation of silica
nanoparticles. The resulting nanoparticles can be further treated to introduce meso-
porous structures [45-49].

2.4.4 Aerosol-assisted synthesis

The aerosol-assisted synthesis method involves the generation of aerosol droplets
containing silica precursors, which are then passed through a high-temperature
furnace or reactor. The high temperature promotes the hydrolysis and condensation
reactions, resulting in the formation of MSNs. This method allows for the production
of MSNs with controlled particle size and narrow size distribution [50, 51].
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2.4.5 Solvothermal method

The solvothermal method involves the synthesis of MSNs in a high-pressure,
high-temperature environment using organic solvents as reaction media. This
method allows for the formation of MSNs with unique structures and properties. The
solvothermal conditions facilitate the control of particle size, surface area, and pore
characteristics of the MSNs [52].

Each of these alternative methods offers specific advantages in terms of control-
ling the size, morphology, and pore structure of the resulting MSNs. Researchers can
choose the most suitable method based on the desired properties and applications of
the nanoparticles. The flexibility and versatility provided by these various synthesis
methods contribute to the advancement of MSNs as promising drug delivery systems,
enabling tailored approaches to meet specific therapeutic needs.

3. Characterization of MSNs
3.1 Morphological characterization of mesoporous silica nanoparticles
3.1.1 Particle size

Surfactant, which may be charge or neutral, is utilized in aqueous solution to
generate mesoporous silica nanoparticles. Surfactant polymerizes silicates, an ester of
orthosilicic acid.

The following factors can affect how big and how shaped mesoporous silica
nanoparticles are:

* Hydrolysis rate.
* How well the constructed template interacts with the silica polymer.

¢ Source condensation of silica.

We can modify all of these variables by adjusting the pH and utilizing various
templates and co-solvents. Using a high concentration of template and hydrophobic
auxiliaries, Stucky et al. created hard mesoporous silica spheres with sizes rang-
ing from hundreds of microns to millimeters at the oil-water interface. The pace of
stirring is crucial in determining the particle size of MSNs; if the rate is slow, lengthy
fibers are produced, whereas when the rate is fast, one powder is created. Impact of
pH on the morphology of MSNs shows that spherical mesoporous particles with a size
range of 1-10 m develop in mildly acidic conditions [29].

Although dynamic light scattering is currently favored, electron microscopy was
once utilized to measure the particle size of MSNs. MSNs are frequently employed
in the biomedical field because, while being smaller than eukaryotic cells, they can
function at the subcellular level. MSN interacts with living things like plants, animals,
and bacterial cells at both the extracellular and intracellular levels. Spherical MSNs are
less likely to be taken up by cancer and non-cancer cells than tubular ones on spheri-
cal and tubular MSNs on cancer and non-cancer cells [53].
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3.1.2 Pore size

The following variables are employed to regulate the pore shape of MSNs:
* Amount of surfactant and silica source.

* The surfactant’s capacity for packing.

Surfactant aggregation in solutions is influenced by pH and solution concentra-
tion. Different pore shapes are used to synthesize MSNs at both acidic and basic
pH levels. For instance, hexagonal structures are formed at basic pH, but lamellar
mesophases are synthesized at high pH (>12). By converting cylindrical channels
in an ionic liquid containing MSNs to twisted channels. During or after synthesis,
hydrothermal treatment is employed to modify the pore width. In order to produce
the required pore size, it is crucial to use a surfactant with varying hydrophobic chain
lengths or to use mesitylene as a swelling agent. Since additives have the ability to alter
the hydrophobic-hydrophilic equilibrium, further tuning is necessary for pore expan-
sion when applying them during synthesis. Mesitylene is utilized to increase the pore
size of MSNs from 3 to 5 nm without changing the particle size, and these MSNs with
larger pores are then used as a delivery system for proteins that are membrane imper-
meable to cancer cells [54]. To enhance pore size without altering the morphology of
pre-formed particles, a freshly synthesized material is subjected to autogenic pressure
during post-synthesis at temperatures between 373 K and 423 K with or without
additions. By combining a fluorocarbon-based and polymer-based surfactant. X-ray
diffraction and transmission electron microscopy (TEM) are used to measure the
pore structure of MSNs, and nitrogen sorption is used to calculate the pore diameter.
The lamellar p2 (MCM-50), the 3D cubic Ia3d, and the 2D hexagonal p6m (MCM-
41) are the three most prevalent mesophases in silicas with pore sizes between 2 and
5 nm, respectively. This is comparable to the discovery of large pore size 6-20 nm
MSNs with 2D hexagonal p6m [55].

3.1.3 Surface arvea

The number of medicinal drugs absorbed depends primarily on the surface area
of the MSNs. Two distinct methods are utilized to adjust the amount of medication
integrated into the matrix: raising or reducing the surface area and changing the
surface drug affinity. This shows that the relationship between surface area and drug
absorption is direct. Surface area (SBET value) 1157 m” g~* and SBA-15 with surface
area value 719 m? g ' are used to create MCM-41. When alendronate is loaded in MSNs
under the identical circumstances, MCM-41 and SBA-15 each receive 139 mg g of
the medication. It suggests that the relationship between surface area and maximum
drug loading is strong [56].

3.1.4 Pove volume
When the surface area is around 1000 > g™ and the pore size is smaller than 15 nm,
the pore volume is typically in the range of 2 cm” g™". Poor drug-drug interactions

can cause pore illness while drug interactions with mesopores are a surface phe-
nomenon. The pore volume can be used to calculate the amount of drug adsorbed.
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Drug-intermolecular interactions inside the pore width are amplified when drugs are
repeatedly loaded into mesopores in ordered mesoporous material. It suggests that the
relationship between pore volume and the amount of drug loaded is linear.

Based on the size of their pores, mesoporous materials fall within the category of
porous materials. Micro, meso, and microporous are the three categories that can be
used to classify the three types of pores. Mesoporous materials typically have pores
with a diameter between 2 and 50 nm. Usually, silica is formed around template
micelle assemblies to manufacture these materials, and then the templates are removed
by calcination. Mesoporous materials’ use as drug delivery vehicles has now been
expanded due to their distinct pore size, large surface area, and high pore volume. By
employing several types of templates and altering the reaction parameters, the pore
size of the mesoporous material for such an application can be adjusted. Mesoporous
silica nanoparticles (MSN) are stable and expanded mesopores produced by organized
mesoporous materials based on silicates produced by sol-gel and hydrothermal synthe-
sis. MSNs are renowned for having excellent characteristics like uniformly shaped
pores with well-defined diameters. In addition, altering the template molecule’s
length can change the pore size of MSNs. By altering the silica sources, surfactants,
or reaction parameters, such as temperature, aging time, mole ratio of reactants, and
medium pH, a new mesoporous system can also be created [57]. Tetraethyl orthosili-
cate (TEOS), a precursor to silica, is soluble in alcohol but not in water, hence ethanol
is typically used as a homogenizing agent in the reaction. Tetrakis(2-hydroxyethyl)
orthosilicate (THEOS), a novel silica precursor with ethylene glycol as a water-soluble
residue, was developed to address this problem [58]. THEOS is hydrolyzed into glycol
and silicic acid when dissolved in water, and these two substances eventually condense
to form silica. The advantage of using THEOS for structured silica fabrication is
that it is an environmentally benign technique because the produced silica is readily
hydrolyzed and polymerized at neutral pH conditions and can go through jellification
at room temperature [59, 60]. Additionally, THEOS as a precursor for silica synthesis
only releases glycol rather than alcohols, making it more biocompatible [61].

3.2 Structural characterization of mesoporous silica nanoparticles

Mesoporous nanoparticles have a sizable framework, a porous structure, and a
sizable quantity of surface area that allow for the attachment of numerous functional
groups for targeting the drug moiety. Chemically, MSNs have a structure resembling a
honeycomb and an active surface.

Mesoporous silica nanoparticles (MSNs) combine the benefits of nanomaterials
with mesoporous silica materials. This class of materials is characterized by large sur-
face areas, controllable pore size, and ordered pore structures. Particle size, morphol-
ogy, pore size, and mesostructured can all be controlled through study; a new class of
stimuli-responsive aminated MSNs with shape-shifting behavior is introduced. MSNs
can change shape by being vacuum-dried from water-rich solvents, being evaporated
at high humidity for MSN suspensions in ethanol, or being exposed to water vapor
in solid form for 24 h. With the loss of mesostructured long-range hexagonal order,

a decrease in surface area and mesopore volume, an increase in micropore volume,
and further condensation of the silica matrix, animated MSNs’ cross-sectional shapes
can change from hexagonal to six-angle stars under these conditions. Finally, a class
of quasicrystalline MSNs’ synthesis and thorough characterization are addressed.
Dodecagonal (12-fold) symmetry is present in these MSNs, which have particles
smaller than 100 nm [62].
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High surface area, huge pore volume, and consistent and controllable pore size
are characteristics of mesoporous silica materials. Because silica is safe, has chemical
stability, and can be combined with other materials, it has attracted interest from a
variety of fields, including biorelated ones. Nano-sized ordered mesoporous silica
particles are one such example.

It has taken a lot of work to create mesoporous silica particles with various shapes,
functions, and sizes. On the other hand, the creation mechanism of these particles has
received relatively little attention in investigations to date.

The production and characterization of ordered mesoporous silica nanoparticles
with and without incorporated magnetic nanoparticles are covered in the first
section. By recording particle production at various times during the synthesis, the
formation mechanism of silica nano composites is examined. To describe the struc-
ture evolution of the resultant materials, transmission electron microscopy (TEM)
and small angle x-ray scattering (SAXS) are combined. Ordered mesoporous silica
nanoparticles are given additional functionalities by the addition of organic moieties
to the silica matrix. However, it frequently results in pore blockage or an unorganized
pore structure.

X-ray diffraction (XRD-Pan Analytical X’Pert Pro) was used to determine the
crystalline structure, and Fourier transform infrared (FTIR-Thermo Scientific Nicolet
IS10) was used to assess the chemical bonding. Microscop electron (SEM-FEI Inspect
S50 and TEM) microstructure examination was conducted. Using a Quantochrome
surface analyzer and the Brunauer Emmett-Teller (BET) Nitrogen adsorption-

desorption method, the specific surface area, pore size, and pore distribution were
calculated [63].

4. Surface modification of MSNs
4.1 Functionalization of mesoporous silica nanomaterials

Surface changes have been made for the silica nanoparticles expansion in the
bio-domain. By doing so, it is possible to improve biocompatibility, avoid non-specific
adsorption, and supply functional groups for future biomolecule conjugation activi-
ties. Layer by layer self-assembly (LSA) and chemical surface functionalization are
the two most popular surface modifications. The integration of the mesoporous
silica nanoparticles during the manufacture of metal or metal oxide nanocrystals can
functionalize them. To produce a metal-functionalized silica, a surfactant solution
(such as hexadecyltrimethylmonium bromide) must be mixed with a heterogeneous
mixture made up of the surfactant-coated metal nanocrystals in an organic solvent.
As a result, gold, silver, and iron oxide are embedded into the mesoporoussilica. Next,
a silicate source is added to the mixture to enhance the condensation reaction. These
functionalized systems can exhibit a variety of bio-activities, such as antibacterial
activity, which is guaranteed by the presence of dissolved metallic ions [64].

Research has been made to create colloidal core-shell mesoporous silica with vari-
ous linear PEG (polyethylene glycol) modifications in order to assess the significant
impact of various functionalization techniques. Because the PEG matrix is present on
the surface of the nanomaterial, silica functionalization can reduce the degradation
rate compared to unfunctionalized ones. PEG is hydrophilic, which prevents proteins
from adhering to it and minimizes undesirable interactions between the physiological
environment and Nano silica. In other studies, silica surface functionalization with
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hydroxyl, carboxyl, and PEG groups was highlighted. The nanomaterials were largely
removed by the renal pathway according to in vivo optical measurements from the
urinary bladder, demonstrating that these alterations are independent of the renal
clearance. In contrast to the hydroxyl and carboxyl derivates, PEG showed longer
blood circulation and reduced liver absorption [65].

The silica functionalization of SBA-15 was the subject of numerous studies. Kim
et al. investigated the biodegradation of functionalized SBA-15, modified with hydroxyl,
amine, and carboxyl moieties on the surface, in order to assess the impact of surface
functionalization onto deterioration behavior. The least amount of degradation was pres-
ent in the carboxyl functionalized silica. According to these studies, the SBA-15 surface
functionalization reduces the degradation rate compared to neat silica, highlighting
the possibility that the functionalization may affect silica shell corrosion by interacting
with the cations in biological media and thereby slowing the SBA-15 clearance rate. The
therapy is typically digested through adsorption, and the mesoporous silica nanopar-
ticles are typically charged by immersion in the active component solution. When the
silica surface is functionalized, the cargo can be released in a controlled manner only at
the specific damaged tissue; there is no evidence of a premature release into the blood-
stream, which minimizes any unwanted side effects and boosts therapeutic effectiveness.
The functionalization of SBA-15 mesoporous silica with amino groups from organic
amines (aminopropyl triethoxysilane) for the transport of bioactive coordination
complexes. The hydrophobic contact with the hydrophobic active principle improved
as a result of a linkage between the functional groups from the coordination compound
and the amino groups from the silica surface. The rate of medication release will increase
once sialylation has been reduced via amination [66].

5. Applications of mesoporous silica nanoparticles (MSNs)
5.1 Drug delivery

Different therapeutic agents, including chemotherapy drugs, small interfering
RNA (siRNA), or photo-thermal agents, can be loaded into MSNs. The high drug
loading capacity and controlled release made possible by the mesoporous structure
increase the efficacy of cancer treatment. Additionally, targeting delivery to particu-
lar cancer cells is made possible by functionalizing the MSNs’ surface, which mini-
mizes off-target effects [67].

5.2 Imaging

Imaging agents, such as fluorescent dyes, magnetic nanoparticles, or radioactive
isotopes, can be added to MSNs. This enables non-invasive imaging of tumor sites,
tracking of nanoparticle dispersion, and tracking of therapeutic response. The large
surface area of MSNs also enables multi-modal imaging, which combines various
imaging modalities for improved diagnostic precision [68].

5.3 Photothermal therapy

MSNs can be used for photothermal therapy by incorporating photothermal
agents, such as gold or carbon nano-materials, into them. The photothermal agents
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produce heat when exposed to near-infrared (NIR) light, selectively ablating cancer
cells while sparing healthy tissue. MSNs’ mesoporous structure makes it easier to load
and deliver photothermal agents to tumor sites effectively [69].

5.4 Combination therapy

MSNs may be made to carry several different therapeutic agents, allowing for the
use of combination therapy strategies. Combinations of chemotherapeutic drugs,
photothermal agents, immunotherapeutic agents, or gene therapy agents may be
used in this. By focusing on multiple pathways involved in cancer progression, these
combination therapies have the potential to increase treatment efficacy [70].

5.5 Biosensing and early detection

Functionalized MSNs may be used in biosensing applications to identify particular
cancer biomarkers or abnormal cellular processes. These nanoparticles have the abil-
ity to bind to target molecules with preference, producing a discernible signal. Early
cancer biomarker detection can help with prompt diagnosis and enhance treatment
outcomes [71].

5.6 Theranostic nanoplatforms

By combining various functionalities, MSNs can act as adaptable theranostic
nanoplatforms. For instance, a single MSN system can be designed to combine photo-
thermal therapy, imaging, and drug delivery capabilities, enabling individualized and
accurate cancer treatment.

Although MSNs show great promise in cancer theranostics, more research is still
needed to improve their design, increase the effectiveness of their targeting, improve
biocompatibility, and guarantee long-term safety. In the coming years, it is antici-
pated that the clinical translation of MSN-based theranostics will advance as a result
of ongoing research in this field [72].

5.7 Catalysis

Mesoporous silica nanoparticles (MSNs) have demonstrated great potential as
catalysts in a number of catalytic reactions, including reaction number seven. MSNs
are appealing for catalytic applications due to their distinctive structural characteris-
tics, such as their high surface area, large pore volume, and tunable pore size [73-76].
The following are some significant uses of MSNs in catalysis:

5.7.1 Heterogeneous catalysis

To catalyze a variety of reactions, MSNs can be functionalized with different
catalytic species, such as metal nanoparticles or metal complexes. Mesoporous
channels in MSNs enable effective mass transport of reactants and products,
and their large surface area and pore structure provide a sufficient number of
active sites for catalytic reactions. In reactions like oxidation, hydrogenation, and
selective organic transformations, heterogeneous catalysis using MSNs has been
investigated.
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5.7.2 Engyme immobilization

MSNs can effectively support the immobilization of enzymes, enabling the cre-
ation of enzyme-based catalysts. Improved stability, reusability, and ease of separa-
tion from the reaction mixture are all displayed by enzymes immobilized on MSNs.
This makes it possible for enzymatic catalysis in a variety of bio-catalytic processes,
such as enzyme-mediated transformations and the creation of biofuels.

5.7.3 Chiral catalysis

To make enantioselective catalysts, MSNs can be functionalized with chiral
ligands or chiral metal complexes. These catalysts allow for asymmetric catalysis,
which allows for the selective production of particular enantiomers of a compound.
Enantiomer separation and effective chiral transformations are made possible by the
immobilization of chiral catalysts on MSNs.

5.7.4 Photo-catalysis

To enable photo-catalytic reactions, MSNs can be modified with photo-catalytic spe-
cies, such as semiconductor nanoparticles (such as TiO2, and ZnO). MSNs’ mesoporous
structure facilitates the interaction of photo-catalysts and reactants and enables effective
light harvesting. For uses like water splitting, pollutant degradation, and organic synthe-
sis when exposed to light, photo-catalytic MSNs have been investigated.

5.7.5 Acid-base catalysis

By modifying the surface chemistry of MSNs, acid or base sites can be added,
enabling acid-base catalysis. Bronsted or Lewis acid-base sites can be created on the
surface of MSNs by grafting functional groups like -SO3H or -NH2. Aldol condensa-
tion, trans-esterification, and other reactions have all used MSNs with acid-base
functionalities.

The use of MSNs in catalysis offers several advantages, including high catalytic
activity, improved selectivity, and recyclability. However, challenges still exist, such
as optimizing the catalyst loading, stability under reaction conditions, and mass
transfer limitations. Further research is focused on the development of novel MSN-
based catalysts and their integration into practical catalytic processes.

6. Toxicity and biocompatibility
6.1 Toxicity

Before using mesoporous silica nanoparticles (MSN) in biomedical applications, it
is essential to assess their toxicity [77-79]. MSN's toxicity can change depending on the
biological system being studied as well as factors like particle size, surface characteristics,
shape, and surface charge. Here are some key points regarding the toxicity of MSN:

6.1.1 Physicochemical characteristics

MSN’s toxicity can be greatly influenced by its physicochemical characteristics,
such as particle size, surface charge, and surface functionalization. Due to their
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improved interactions with cellular components, smaller particles and particles with
larger surfaces may manifest increased toxicity.

6.1.2 Inflammatory vesponse

MSN may cause the release of pro-inflammatory cytokines like interleukin-6
(IL-6) or tumor necrosis factor-alpha (TNF-alpha), which are indicative of an inflam-
matory response in cells or tissues. Long-lasting or excessive inflammation can have
cytotoxic effects and damaged tissue.

6.1.3 Effects that are dose-dependent

Like many other nanoparticles, MSN’s toxicity frequently shows a dose-dependent
relationship. MSN may have negligible or no negative effects at low concentrations,
but at higher concentrations, its toxicity may increase.

6.1.4 Cell type specificity

Depending on the cell type, exposure to MSN may have different effects. For
instance, some studies have indicated that compared to normal cells, some cancer cell
lines may be more vulnerable to the toxic effects of MSN. Thus, the toxicity of MSN
may vary depending on the type of cell being exposed.

6.1.5 Cellular uptake and internalization

MSN can enter cells via a number of different processes, including passive diffu-
sion or endocytosis. The extent of cellular uptake can influence the toxicity of MSN,
as internalized nanoparticles may interact with cellular components and induce
specific responses.

6.1.6 Reactive oxygen species (ROS) generation

MSN can produce ROS that can cause oxidative stress in cells, such as hydrogen
peroxide or superoxide radicals. Increased ROS levels have the potential to be cyto-
toxic by damaging cellular components like proteins, lipids, and DNA.

6.1.7 Biodistribution and systemic effects

MSN can interact with different organs and tissues while dispersing throughout
the body when taken systemically. When evaluating MSN's toxicity and potential
long-term effects on various organ systems, the biodistribution of MSN is a crucial
factor to consider.

6.2 Biocompatibility
6.2.1 IN-VIVO studies

Due to their potential use in drug delivery, imaging, and diagnostics, mesopo-
rous silica nanoparticles (MSN) have drawn a lot of interest in biomedical research.
Before MSN is put to use in clinical settings, biocompatibility studies are essential for
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determining its safety and effectiveness. MSN interactions with living organisms are
examined in vivo studies, particularly in terms of biocompatibility, bio-distribution
and potential toxicity [80-83].

Animal models like mice, rats, or non-human primates are frequently given these
nanoparticles in biocompatibility studies of MSN. Depending on the intended use,
the nanoparticles can be given through a variety of routes, such as intravenous injec-
tion, oral administration, or inhalation. The animals are then observed for a predeter-
mined amount of time to evaluate any negative effects or biological reactions.

To evaluate the biocompatibility of MSN, several aspects are typically investigated:

6.2.1.1 Acute and chronic toxicity

Animals are watched closely for any indications of acute toxicity, such as modifica-
tions in behavior, body weight, or organ function. Studies on chronic toxicity examine
the long-term consequences of MSN exposure, such as possible organ accumulation,
inflammation, or organ dysfunction.

6.2.1.2 Bio-distribution

To comprehend the uptake, localization, and clearance mechanisms of MSN, the
distribution of MSN in various organs and tissues is examined. The distribution of
nanoparticles can be seen and measured using methods like fluorescence imaging,
electron microscopy, and radiolabeling.

6.2.1.3 Immunological response

To determine any potential immune toxicity, the immune response induced by
MSN is examined. To ascertain whether MSN causes an inflammatory response or
immune cell activation, immune cells, cytokine levels, and histological analysis of
immune-related organs are examined.

6.2.1.4 Organ-specific effects

To assess any potential harm or dysfunction brought on by MSN, specific organ
systems, such as the liver, kidneys, lungs, and spleen, are carefully examined. It is
common practice to evaluate tissue morphology and spot any anomalies through
histopathological analysis.

6.2.1.5 Metabolism and excretion

To comprehend the biotransformation and excretion pathways of MSN, the
metabolic fate of the substance is investigated. To determine their potential toxicity,
metabolites and degradation products are examined.

6.2.2 IN-VITRO studies

For mesoporous silica nanoparticles (MSN), in-vitro studies are a crucial part of
biocompatibility evaluations. Insights into their potential toxicity, cellular uptake
mechanisms, and biological responses can be gained from these studies by analyzing
the interactions between MSN and various biological components at the cellular and
molecular levels [84-89].

76



Fabrication of Mesoporous Silica Nanoparticles and Its Applications in Drug Delivery
DOI: http://dx.doi.org/10.5772/intechopen.112428

Here are a few typical in vitro techniques for evaluating MSN’s biocompatibility:

Tests for cytotoxicity and cell viability: These tests examine the viability, prolifera-
tion, and metabolic activity of cultured cells after they have been exposed to MSN.
The MTT assay, the Cell Counting Kit-8 (CCK-8) assay, or the lactate dehydrogenase
(LDH) release assay are examples of frequently used assays. Potential side effects may
be indicated by any appreciable decrease in cell viability or rise in cytotoxicity when
compared to control groups.

6.2.2.1 Cellular uptake and internalization

In vitro studies investigate the interactions between MSN and cells, including
the internalization processes and intracellular fate of MSN. To see and measure the
uptake of MSN by cells, techniques like fluorescence microscopy, flow cytometry, or
electron microscopy can be used.

6.2.2.2 Inflammatory response

The ability of MSN to cause an inflammatory response is determined by monitor-
ing the release of pro-inflammatory cytokines by immune cells or other pertinent cell
types, such as interleukin-6 (IL-6) or tumor necrosis factor-alpha (TNF-alpha). To
measure the expression of cytokines, real-time PCR or enzyme-linked immunosor-
bent assays (ELISA) are frequently used.

6.2.2.3 Oxidative stress assessment

MSN may produce reactive oxygen species (ROS) inside of cells, which causes
oxidative stress. Studies conducted in vitro measure oxidative stress markers like lipid
peroxidation, superoxide dismutase activity, intracellular ROS levels, and other anti-
oxidant enzyme activities. These analyses aid in assessing the possibility of oxidative
damage brought on by MSN.

6.2.2.4 Genotoxicity and DNA damage

In vitro genotoxicity assays, such as the micronucleus assay or the comet assay,
assess the likelihood that MSN will result in genomic instability or DNA damage in
cells. The results of these tests shed light on the potential long-term consequences of
MSN exposure.

6.2.2.5 Cell-specific assays

Additional cell-specific assays may be carried out depending on the intended use
of MSN. Studies may assess the release of encapsulated drugs, therapeutic efficacy,
or particular cellular reactions to the delivered cargo, for instance, if MSN is intended
for drug delivery.

7. Conclusions

MSNs offer unique properties that make them highly attractive for drug delivery
systems. Their high surface area, tunable pore size, and excellent biocompatibility
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make them suitable for efficient encapsulation, controlled release, and targeted
delivery of therapeutic agents.

The chapter discusses various synthesis methods for MSN, including template-
assisted synthesis, sol-gel method, co-condensation method, and other approaches.
Each method offers specific advantages and allows for the customization of MSNs
with desired characteristics. The characterization techniques for evaluating MSNss,
such as morphological, structural, and chemical characterization, are also presented,
emphasizing the importance of assessing the quality and functionality of these
nanoparticles.

Surface modification of MSNs is explored, highlighting the strategies for func-
tionalizing surface groups, attaching targeting ligands, and modifying surface charge.
These modifications enable improved interactions with specific cells or tissues,
enhancing the efficacy and specificity of drug delivery.

The chapter further discusses the diverse applications of MSNs, focusing on can-
cer theranostics, drug delivery, imaging, biosensing, and catalysis. MSNs show great
potential in revolutionizing these areas by enabling precise drug delivery, multimodal
imaging, sensitive biosensing, and efficient catalytic reactions.

Toxicity and biocompatibility of MSNs are addressed, covering in vitro and in vivo
studies that evaluate the safety and efficacy of these nanoparticles. The understand-
ing of their biocompatibility is essential for their successful translation into clinical
applications.

Finally, the chapter concludes by highlighting future research directions in the
field of MSNs. Ongoing research aims to improve the design and fabrication of MSNss,
enhance their drug loading and release capabilities, explore new applications, and
address any potential challenges related to toxicity and biocompatibility. The signifi-
cant potential of MSNs in advancing drug delivery systems is underscored, emphasiz-
ing their role in the development of innovative and targeted therapeutic strategies.
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Abstract

Zinc oxide (ZnO) nanofibers have gained significant attention due to their unique
properties and potential applications in various fields, including electronics, opto-
electronics, sensors, energy storage, and biomedical devices. This chapter presents
an overview of different fabrication techniques employed for the synthesis of ZnO
nanofibers. It discusses both template-based and template-free methods, highlighting
their advantages, limitations, and the resulting morphological and structural charac-
teristics of the fabricated nanofibers. Electrospinning is a crucial nanofiber fabrica-
tion technique utilized in electronics design and software to create high-performance
materials with tailored properties for applications such as sensors, energy storage
devices, and electronic components. Furthermore, the chapter provides insights into
the influence of process parameters on the growth mechanism and properties of ZnO
nanofibers. The goal is to provide readers with a comprehensive understanding of
the various techniques available for fabricating ZnO nanofibers and to guide them in
selecting an appropriate method for their specific applications.

Keywords: ZnO nanofibers, fabrication techniques, template-based methods,
template-free methods, growth mechanism, properties

1. Introduction
1.1 Overview of ZnO nanofibers

“There’s plenty of room at the bottom”, said Richard Feynman in 1959. The
fabrication and characterization of such rooms (nano structures) have imbibed in the
mind of each and every researchers today. Nanotechnology has emerged as an excit-
ing research field in the last decade. Recently, nanostructures have attracted extensive
research interests because of their unique properties. They have made innovations
in nanotechnology, particularly nano sensor devices. Nano structures include nano
particles, nano films, nano ribbon, nano flower, nano cluster, nanofibers, etc., all
of them are frontier materials and gain dominant importance in nanotechnology.
Figure 1 shows the various nano and microscale illustrations.

Currently, nanofibers occupy a prominent position in the realm of nanotechnol-
ogy due to their exceptional attributes encompassing reduced density, exceedingly
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Nano-micro scale illustrations.

high surface area in relation to weight, significant pore volume, and adjustable pore
size. These distinctive characteristics render nonwoven nanofibers highly suitable
for a wide array of applications. Moreover, these nanofibers exhibit the ability to
imitate the structure, chemical composition, and other properties of fiber matrices.
Consequently, nanofibers play a pivotal role in various fields such as biomedicine,
skin tissue engineering, bone regeneration, wound healing, vascular grafts, and drug
delivery systems.

Metal oxide nanofibers are attractive components for nanometer scale electronic
devices like LED, Photodiodes, varistors, solar cells, etc., the metal oxides ZnO, SnO,
and CuO have exceptional blend of interesting properties such as non-toxicity, good
electrical properties, high luminous transmittance, excellent substrate adherence,
hardness, optical and piezoelectric behaviors, stability in atmosphere and it low cost.

Electrospinning emerges as the most promising technique in the realm of nano-
technology, primarily owing to its simplicity, cost-effectiveness, high productivity,
reproducibility, and potential for industrial scalability. This method involves applying
a high voltage electric field to extract ultra-thin fibers from a stream of polymeric fluid
(solution or melt) delivered through a nozzle measuring in millimeters [1]. The electro-
spinning process relies on several processing parameters, including solution properties
(such as viscosity, surface tension, and conductivity) and other factors (like electric field
strength, solution flow rate, needle diameter, and distance between the needle tip and
grounded collector). Consequently, modifying any or all of these parameters directly
affects the size, shape, and morphology of the resulting nanofibers. By exerting control
over these parameters, it becomes possible to produce precisely defined fibers tailored for
specific applications. Additionally, ensuring control over the structural characteristics of
electrospun fibers—such as fiber diameter, porosity, volume ratio, surface morphology,
and mechanical properties—is crucial for biomedical applications.

1.2 Significance of fabrication techniques

The fabrication technique used to produce nanofibers plays a crucial role in deter-
mining their properties and functionality. The significance of nanofiber fabrication
techniques can be summarized as follows:
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Control over Morphology: Nanofiber fabrication techniques allow precise control
over the morphology of the resulting fibers, including diameter, length, and surface
area. This control is essential for tailoring the physical, chemical, and mechanical
properties of nanofibers to meet specific application requirements.

High Aspect Ratio: Nanofibers possess an extremely high aspect ratio, with lengths
several orders of magnitude greater than their diameters. Fabrication techniques
enable the production of nanofibers with uniform diameters and lengths, resulting in
a high aspect ratio, which is advantageous for various applications such as filtration,
tissue engineering scaffolds, and reinforcement in composite materials.

Large Surface Area: Nanofibers have an inherently large surface area-to-volume
ratio due to their small size and high porosity. Fabrication techniques can further
enhance the surface area by creating specific morphologies such as porous, hol-
low, or structured nanofibers. The increased surface area provides more active
sites for chemical reactions, adsorption, and interaction with the surrounding
environment, making nanofibers suitable for sensing, catalysis, and energy storage
applications.

Tunable Properties: Nanofiber fabrication techniques offer the ability to tune the
properties of nanofibers by incorporating dopants, additives, or functional materials
during the synthesis process. This allows tailoring of the optical, electrical, magnetic,
and mechanical properties of nanofibers for specific applications such as optoelec-
tronics, sensors, and energy devices.

Integration and Hybridization: Nanofiber fabrication techniques enable the
integration of different materials and the formation of hybrid structures. By incor-
porating multiple components into nanofibers, it is possible to create multifunctional
materials with enhanced properties and synergistic effects. This opens up opportuni-
ties for developing advanced devices, such as flexible electronics, wearable sensors,
and drug delivery systems.

Scalability and Reproducibility: Fabrication techniques for nanofibers can be
scaled up to produce large quantities of fibers with consistent quality and reproduc-
ibility. This is crucial for commercial applications where batch-to-batch consistency
and production scalability are essential.

Versatility: Nanofiber fabrication techniques are versatile and can be adapted to
various materials, including polymers, metals, oxides, and carbon-based materials.
This versatility allows the fabrication of nanofibers with diverse compositions and
structures, expanding their application potential across different fields.

2. Template-based fabrication techniques
2.1 Electrospinning
2.1.1 Introduction to the electrospinning method

Electrospinning is a simple, proficient and versatile method to produce polymer
based nanofibers for numerous applications. In recent times, this method has gar-
nered considerable interest across various domains, despite its invention dating back
to 1934 by Anton [1]. Typically, a fundamental electrospinning configuration consists
of a high voltage power supply, a syringe needle connected to the power supply, and a
counter-electrode collector, as depicted in the schematic diagram shown in Figure 2.
In the process of electrospinning, a significantly high electrostatic voltage is applied
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Schematic diagram of electro-spin coating unit.

to the polymer solution, leading to a substantial electrification of the solution droplet
located at the tip of the needle [2, 3]. As aresult, the solution droplet at the needle tip
receives electric forces, drawing itself towards the opposite collector electrode, thus
forming into a conical shape known as “Taylor cone” [4].

When the electric force surpasses the surface tension of the polymer solution,
the solution is released from the tip of the “Taylor cone” and forms a polymer jet.
This charged jet is then stretched into a fine filament by the strong electric force.
By evaporating the solvent within the filament, dry fibers are deposited onto the
collector electrode. The electrospinning process and the properties of the fibers are
influenced by numerous factors, including the characteristics of the polymer materi-
als (such as polymer structure, molecular weight, and solubility), the properties of
the solvent (such as boiling point and dielectric properties), solution properties (such
as viscosity, concentration, conductivity, and surface tension), operating conditions
(such as applied voltage, collecting distance, and flow rate), and the surrounding
environment (such as temperature, gas environment, and humidity). Electrospun
nanofibers possess several unique traits, including a high surface-to-mass ratio, excel-
lent interconnectivity of pores within a high porosity structure, flexibility combined
with reasonable strength, a wide selection of polymer materials to choose from, the
capability to incorporate other materials (such as chemicals, polymers, biomateri-
als, and nanoparticles) into the nanofibers through electrospinning, and the ability
to control secondary structures of the nanofibers to create core/sheath structures,
side-by-side structures, hollow nanofibers, and nanofibers with porous structures [5].
These characteristics make electrospun nanofibers suitable for various applications,
including filtration, affinity membranes, metal ion recovery, tissue engineering scaf-
folds, controlled release systems, catalyst and enzyme carriers, sensors, and energy
storage [6].

2.2 Software design for nanofiber fabrication

The role of software design is crucial in the development of a software system, as it
enables developers to create various models that serve as blueprints for the implemen-
tation solution. These models can be thoroughly analyzed and evaluated to determine
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their ability to meet the specified requirements. Additionally, alternative solutions
and trade-offs can be explored and assessed. Ultimately, these models are used to plan
subsequent development activities and serve as the foundation for coding and testing
processes.

As per the definition provided by the Institute of Electrical and Electronics
Engineers (IEEE), design encompasses two aspects: it is both the process of defining
the system or component’s architecture, components, interfaces, and other charac-
teristics, as well as the outcome of this process. When viewed as a process, software
design is the activity within the software development cycle where software require-
ments are carefully analyzed to generate a description of the internal structure and
organization of the system. This description serves as the basis for constructing the
system. Specifically, the software design result should outline the system’s architec-
ture, including how it is decomposed and organized into components, and it should
define the interfaces between these components. Furthermore, it should provide
sufficient detail about these components to facilitate their construction.

Software design encompasses two activities that occur between software require-
ments analysis and software coding and testing. The first activity is software archi-
tectural design, also known as top-level design, which involves describing the overall
structure and organization of the system and identifying its various components.

The second activity is software detailed design, where each component is sufficiently
described to enable coding.

The software design process typically follows a series of steps that begin with
stating the basic program requirements and gradually adding more detail. This
progression typically involves the following stages where it starts with gathering the
requirements and specifications. The program’ desired operation is initially described
at a general level and then in more detail. The next step is gathering the flow of steps,
decisions, and loops which is planned, often using diagrams, to indicate dependencies
between different subtasks. This stage defines the sequence of operations and the
data communication requirements. Next the format of variable types for passing data
between functions is determined to design function interfaces. The program’s struc-
ture and components are designed in a top-down and/or bottom-up design. These
two design paradigms help organize the overall structure and individual modules,
respectively. Once a plan for the program’ appearance has been established, the focus
shifts to implementation. The coding process often reveals flaws in the original design
or suggests improvements and additional features. Therefore, design and implemen-
tation tend to be iterative rather than a linear progression. The final stage involves
testing and debugging. Non-trivial programs inevitably contain errors when initially
written, so thorough testing is necessary before implementing them in real-time
applications. Debugging is performed to identify and rectify any issues.

2.2.1 Mechanism of nanofibers fabrication

The electrospinning technique utilizes a high electric field to generate extremely
fine polymeric fibers, ranging in diameter from a few nanometers to a few microm-
eters. The mechanism behind electrospinning nanofibers is based on the intricate
electro-physical interactions between the polymer solution and electrostatic forces.
In this process, a high-voltage electric field is established between the injection
needle and the collecting screen, facilitated by a power supply and electrodes. As the
polymer solution is slowly extruded from the syringe, a semi-spherical droplet of the
solution forms at the needle’s tip. With the increasing voltage, the charged polymer
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droplet elongates into a cone shape, accumulating surface charge over time. Once the
surface charge surpasses the surface tension of the polymer droplet, a polymer jet is
initiated. The solvent within the polymer jet carries the material as it travels towards
the collecting screen, further increasing the surface charge on the jet [7]. This rise in
surface charge induces instability in the polymer jet as it interacts with the electric
field. To counteract this instability, the polymer jet undergoes geometric division,
initially forming two jets and subsequently splitting into numerous additional jets as
the process continues. The spinning force generated by the electrostatic force on the
continuously dividing polymer droplets ultimately leads to the formation of nanofi-
bers. These nanofibers are deposited layer-by-layer on a metal target plate, creating a
non-woven nanofibrous mat [8].

Throughout the electrospinning process, both extrinsic and intrinsic parameters
are known to impact the structural morphology of the nanofibers [9]. Extrinsic
parameters, including environmental humidity, temperature, as well as intrinsic
parameters such as applied voltage, working distance, conductivity, and viscosity of
the polymer solution, must be optimized to achieve uniform nanofiber production.
Within the resulting nanofibrous mat, two main structures are commonly observed:
a uniform, continuous fibrous structure or a structure containing beads. The relative
abundance of these two structures depends on the contributions of various param-
eters during the electrospinning process.

2.2.2 Block diagram of nanofibers generator

For the past few decades several researchers have developed electrospinning
nanofibers generator with larger unit size and least automation techniques. The
design introduced microcontroller for the design of high voltage power supply as well
as electrospinning spinneret unit. These new design brought cost reduction, unit
portability and automation techniques. This technique has many advantages such as
ease of operation and controlling the fiber diameter also functionalizing nanofibers
through adding functional agents to the electrospinning solution. Hardware and
software designs are required to develop the effective automation.

Figure 3 illustrates a block diagram presenting the configuration of an electros-
pinning nanofibers generator. This custom-designed generator comprises three main
modules: (1) High voltage power supply unit, (2) Spinneret or Plunger unit, and (3)
Nanofibers collector unit. The high voltage power supply unit, assisted by a microcon-
troller, is designed and constructed to provide a variable direct current (DC) source
necessary for the production of nanofibers. The spinneret-solution feeding unit is
composed of a syringe with a stainless steel needle ranging in size from 0.1 mm to
0.3 mm. It is fitted with a syringe holder and connected to a stepper motor. The step-
per motor, controlled by a microcontroller unit, generates precise forward and reverse
mechanical forces to move the syringe piston accordingly. This motion facilitates
the formation of the Taylor cone, from which aligned nanofibers are fabricated and
deposited onto the substrate, securely placed in the metal collector holder. Two types
of collectors are employed: flat and drum types.

2.2.3 Design and construction of nanofibers generator modules

The nanofibers generator consists of three modules as shown in Figure 3. The
first module comprises of DC power supply unit, microcontrollerl6F877A unit, and
stepper motor driver unit. It helps to supply necessary and controlled (Programmed

92



ZnO Nanofiber Fabrication Technique
DOI: http://dx.doi.org/10.5772/intechopen.112477

| MODULE 1

MODULE 3

DC power DC power
supp ly unit supply unit
¥ v
Microconire lle Microcontrolle
rl6F877A rl6F877A
L] 2
Stepper motor Flyhack
dxiver unit LA iransformer
¥ | v
| Syringe holder Ll Stainless steel 1
Stepper motor unit needle Nanofibers
]
Figure 3.

Block diagram of electrospinning nanofibers generator.

pulses) to the fixed stepper motor and hence the forward and backward movements
(in appropriate steps) of the piston connected to the syringe in the next module. The
second module consists of syringe holder fitted with syringe and stainless steel needle
connected to positive potential of high voltage power supply from module (3). The
third module consists of DC power supply unit, microcontrollerl6F877A unit, stepper
motor driver unit, flyback transformer and collector unit which is used to produce
0-30 kV variable DC power. This power is applied across stainless steel needle and
collector unit.

2.3 Modulel
2.3.1 DC input power source for microcontroller

The first module of the nanofibers generator consists of DC power supply unit. It
provides the supply voltage of 5 V DC power to the microcontroller unit. It consists of
0-6 V step down transformer 250 mA, bridge rectifier and voltage regulator (IC-
7805). The performance of the unit was checked using Digital Multi Meter (DMM)
and Cathode Ray Oscilloscope (CRO). It gives a steady 5 V DC for the load resistance
of 5-10,000 Q. The waveform of generated DC output was studied using storage
oscilloscope. The generated AC input waveform and bridge rectifier DC output
waveforms are shown in Figure 4 [10].

2.3.2 Microcontroller 16F877A controlled circuit for spinneret unit

In this research PIC 16F877A is used to move the piston in desired direction and
steps to inject the high viscous precursor polymer Sol-Gel for nanofibers fabrication.
It is very difficult with high pressure to inject the high viscous polymer through a
needle of very small diameter in the order of 0.1-0.3 mm. The unit is designed for the
forward and backward movement of piston in this syringe. The microcontroller unit
was fitted with three push button switches to stop and control forward and backward
movement of the stepper motor. For this requirement, appropriate algorithms were
written and the corresponding “C” program is written and compiled to the machine
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(a) AC input waveform and (b) DC output waveform of DC power supply.

language and uploaded in the PIC 16F877A using PIC programmer [11]. Figure 5
depicts the circuit diagram of PIC 16F877A. The developed software program for this
operation is attached in the Appendix-B.

2.3.3 Stepper motor driver unit

In order to control the motion of the stepper motor, a driving unit consists of
stepper motor driver L 298 is used and the circuit diagram and cooling fan design is as
shown in Figure 6. It is not possible to operate the stepper motor without the stepper
driver circuit. Figure 7 describes the circuit diagram of stepper motor driver unit.

Necessary voltage for the rpm of stepper motor with high starting pulse can be
obtained only using stepper driver unit. For each step movement of the signal is
obtained from the microcontroller through this driver unit. L 298 plays a vital role
in generating high voltage and high current output for the stepper motor operation.
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Circuit diagram of PIC microcontroller 16F877A.
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Figure 6.
Circuit diagram of stepper driver photograph.

A micro controller or stepper motor controller can be used to activate the drive
transistors in the right order, and this will ease of operation making unipolar motors
popular with hobbyists; this is the cheapest way to get precise angular movements.
The L 298 driver circuit can control concurrently up to two stepping motors. Only
one stepper motor was used towards this motor driver circuits. It can handle maxi-
mum of 4 A, i.e., two amps per motor, however to get the maximum current make
sure to add a heat sink on the top of the body [12]. The L 298 has a large cooling brim
with a hole in it, making it easy to attach a metal heat sink to it. The motor driver unit
system primarily comprises of three significant components namely stepper driver,
indexer, and user interface as shown in stepper driver circuit diagram (Figure 7).
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Figure 7.
Stepper driver circuit diagram.
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In this research work 23LM C355-20 stepper motor and L 298 stepper motor driver is
produced by automation process. The L 298 is a 15—pin multi watt and high power
monolithic integrated circuit. This dual full-bridge driver is specifically designed to
accommodate TTL logic levels and effectively drive inductive loads like relays and
stepping motors, offering both high voltage and high current capabilities. The device
includes two enable inputs, which allow for independent enabling or disabling of the
driver, regardless of the input signals.

The stepper motor leads were connected in series for a higher inductance and
therefore attained higher performance with lower speed. The motor driver will
be efficiently able to control and drive a four phase unipolar stepper motor with
continuous output current ratings to 1.5 A per phase and 1.5 Q [13]. The schematic
diagram shows a basic connection diagram for controlling motors using the L 298
motor bridge IC. There are three input pins for each motor: Inputl, Input2, and
Enablel controls Motorl. Input3, Input4, and Enable2 controls Motor2. Table 1
describes the input and basic functions of designed stepper driver circuit. In order
to activate the motor, the enablel line must be high. To control the motor and its
direction by applying a LOW or HIGH signal to the Inputl and Input2 lines, as
shown in Table 1.

2.3.4 Stepper motor

Stepper motors are a type of brushless synchronous motors that complete a full
rotation cycle in a predetermined number of steps. These motors are specifically
designed to be driven by applying excitation pulses to the phase windings, as they
cannot be operated simply by connecting the positive and negative leads of a power
supply. Instead, they require a stepping sequence generated by a microcontroller
to drive their movement. The motor advances in discrete steps according to this
sequence. Stepper motors can be classified based on their construction type.

* Variable Reluctance (VR) stepper motor.
* Permanent Magnet (PM) stepper motor.

* Hybrid stepper motor

Enable Input-I Input-II Function
Low Low Low Off
Low High Low Off
Low Low High Off
Low High High Off
High Low Low Motor break
High High Low Motor run forward
High Low High Motor run backward
High High High Motor break
Table 1.

Stepper driver input and function.
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Variable reluctance stepper motors are characterized by having a rotor composed
of ferromagnetic materials. When the stator is energized, it becomes an electromag-
net, exerting a pull on the rotor in that direction. The ferromagnetic material natu-
rally seeks to align itself along the path of minimum reluctance. By energizing the
coils, a magnetic field is generated, and the airgap reluctance is adjusted, hence the
name “variable reluctance stepper motor.” In this type of motor, the motor’s direction
is independent of the direction of the current flowing in the windings [14].

On the other hand, the rotor of a Permanent Magnet (PM) stepper motor is
permanently magnetized. Therefore, the motor’s movement is determined by the
attraction and repulsion forces between the magnetic poles of the stator and rotor. In
this motor, the direction of the motor depends on the direction of the current flowing
in the windings since the magnetic poles are reversed by changing the current flow
through the rotor. The hybrid stepper motor, as the name suggests, combines the
advantages of both the permanent magnet stepper motor and the variable reluctance
stepper motor to provide improved efficiency [15]. These two types of stepper motors
are the most commonly used. The main distinction lies in the fact that the rotor of the
variable reluctance stepper motor is made of a ferromagnetic material, whereas the
rotor of the permanent magnet stepper motor is permanently magnetized. The full
view and cut view of the original stepper motor are depicted in Figure 8a and b.

2.4 ModuleII
2.4.1 Syringe holder unit or spinneret unit

Syringe pumps, also known as spinnerets, are small pumps precisely operated
by stepper motors. Microcontroller 16F877A drives the stepper motor using stepper
driver to generate necessary mechanical force [16]. The generated mechanical force
is used to move the syringe tap on either direction. During forward motion, the
mechanical force moves the plunger of the syringe in the forward direction resulting
in pushing the Sol-Gel to the syringe needle tip, where as in the reverse direction the
mechanical force generated by the stepper motor brings the plunger of the syringe to

Figure 8.
(a) Stepper motor full view and (b) cut view.
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Figure 9.
Block diagram of a syringe holder unit/spinneret unit.

its initial position for refilling. The microcontrollerl6F877A is programmed using “C”
language to generate a controlled forward and reverse mechanical force. This software
enabled microcontroller accurately generates controlled mechanical forces in forward
duration and reverse duration. By varying software code in the microcontroller the
mechanical force duration can be varied. A screw rod is connected in between the
stepper motor and syringe needle, due to this set up, the system requires a high power
DC supply. The 5 Amps 12 Volt DC source is used to energize the stepper motor via
stepper driver circuit. Cooling fans are installed to dissipate the enormous amount

of heat generated during the generation of mechanical force to move the plunger of
the syringe and to keep the driver unit at optimal temperature. Figure 9 describes the
block diagram of spinneret unit.

3. Conclusion

* Hardware and software design of DC power supply unit, microcontroller unit,
MOSFET switching circuit, high voltage power supply unit and spinneret unit
design has been completed.

* Electronic components and circuit boards needed in the proposed research have
been systematically identified and incorporated in this research.

* Microcontroller based high voltage power supply and syringe holder unit has
been designed by using PIC16F877A. A variable frequency from 250 Hz to 25 kHz
can be generated for the high voltage. Inbuilt PWM generator has been used to
generate pulse of high voltage with a variable frequency.

* The “C” language software works as expected. High DC voltage output can be
configured from PIC16F877A interface software via serial communication.
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The observed output voltages were varied from 0-30 kV with the help of
variable potentiometer and its accurate results were displayed on liquid crystal
display screen (LCD).

* Two different metal collectors were initially designed and studied, both collec-
tors yield best results. It provides uniform fibers on the metal collector plate with
good morphological characteristics. It is also observed that there is no bead like
structure found in the fiber obtained with both type of collectors.

* Polymer flow rate can be configured from microcontroller interface software via
control circuits in the main board.

* The overall results show that voltage, frequency and duty cycle are controlled
by the resistance of the switching circuit, and the output voltage proportionally
changes by changing the resistance.

* The electrospinning generator design has been optimized and formulated.

* This improvised microcontroller controlled nanofibers generator has a number

of advantages over conventional techniques: Simple, cost effective, portable and
able to fabricate continuous nanofibers with small scale production.
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Chapter 5

Fabrication of Variable
Morphologies on Argon Sputtered
PMMA Surfaces

Divya Gupta, Rimpi Kumari, Amena Salim, Rahul Singhal
and Sanjeev Aggarwal

Abstract

Ion beam induced patterning and fabrication of various topographies over poly-
meric surfaces has drawn strong interest due to latent applications in photonics,
magnetic devices, optical devices and photovoltaics etc. In this work, we report the
controlled surface structuring and evolution of different morphologies in Poly(methyl
methacrylate) polymer using Ar* ion beam fabrication technique. Morphological and
structural analysis has been performed by ex situ Atomic Force Microscopy (AFM)
and X-ray Diffraction. The effect of oblique incidences on argon sputtered films was
evaluated by various surface topography and texture parameters, such as Fast Fourier
Transforms, surface roughness, skewness, kurtosis. AFM study demonstrates fabrica-
tion of transient morphologies over argon sputtered surfaces. One dimensional (1D)
cross section scans of surface profiles are determined and morphological features are
investigated. The results showed halo peaks in the XRD patterns, which indicate the
amorphous nature of this type of polymer. The formation of these surface structures is
attributed to the different degree of sputtering yield at different off-normal inci-
dences and preferential sputtering of hydrogen in comparison to carbon in ion
sputtered surfaces.

Keywords: PMMA, argon ion irradiation, atomic force microscopy, X-ray diffraction,
sputtering

1. Introduction

Surface structuring and patterning of polymers by ion irradiation is a technique
that involves exposing a polymer surface to ion beam to selectively modify its struc-
tural and chemical properties. This technique allows the creation of complex patterns
with high resolution and precision, making it highly valuable in a range of fields, such
as microelectronics, sensors, and biomedical applications [1-10].

During the process of ion irradiation, the incident ions penetrate the polymer
surface and cause a series of physical and chemical changes, such as chain scission,
cross-linking, and the formation of new chemical groups. These changes can be
controlled by adjusting the beam parameters such as ion energy, ion dose, and angle of
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incidence, allowing the creation of a range of patterns with different geometries and
varying depths.

One of the key advantages of ion irradiation induced structuring and patterning is
its ability to create highly uniform patterns over a large area, making it ideal for
large-scale manufacturing. Furthermore, this technique can be applied to a range of
polymers, including those that are difficult to pattern using conventional lithography
techniques [1-11].

Ion beam induced patterning and structuring in materials is a rapidly evolving field
with a wide range of applications, including micro- and nanofabrication, surface
modification, and materials engineering. Reports are available in the existing litera-
ture describing the use of this versatile technique for creation of diverse morphologies
over different classes of materials [12-23].

Vazquez et al. [12] have given an up-dated account of the progress reached when
surface composition plays a relevant role, with a main focus on ion beam irradiation
surface patterning with simultaneous co-deposition of foreign atoms. Further, they
have reviewed the advances in ion beam irradiation of compound surfaces as well as
ion beam irradiation systems where the ion employed is not a noble gas species.
Additionally, they have explained the main theoretical models aimed at describing
these nanopattern formation processes. Lastly, they have addressed two main special
features of the patterns induced by this ion beam irradiation technique, namely the
enhanced pattern ordering and the possibility to produce both morphological and
chemical patterns.

Cuerno et al. [13] have presented a perspective investigation on the main develop-
ments that have led to the current understanding of nanoscale pattern formation at
surfaces by ion-beam irradiation, from the points of view of experiments, applica-
tions, and theory, and offer an outlook on future steps that may eventually facilitate
full harnessing of such a versatile avenue to materials nanostructuring.

They have started with a brief survey on the key issues which have been dealt with
up to the recent past with respect to both experiments and applications and theoretical
aspects of IBS surface nanopatterning. Then, they have assessed the current status of
open problems which we consider important, again providing perspectives on these
from the points of view of experiments and applications and also from the theoretical
and computational viewpoints. For definiteness, they have restricted the discussion to
the patterns formed by low energy ( E;;;,$10 keV), broad ion beams, albeit with
occasional mention of results at higher energies.

Valbusa et al. [14] have studied that the surface etching by ion sputtering can be
used to pattern surfaces. Recent studies using the high-spatial-resolution capability of
the scanning tunneling microscope revealed in fact that ion bombardment produces
repetitive structures at nanometer scale, creating peculiar surface morphologies rang-
ing from self-affine patterns to fingerprint-like and even regular structures, for
instance waves (ripples), chequerboards or pyramids. The phenomenon is related to
the interplay between ion erosion and diffusion of adatoms (vacancies), which
induces surface re-organization. Their paper reviews the use of sputter etching to
modify ‘in situ’ surfaces and thin films, producing substrates with well-defined
vertical roughness, lateral periodicity and controlled step size and orientation.

Li et al. [15] have studied the recent Applications of Ion Beam Techniques on
Nanomaterial Surface Modification and hence design of Nanostructures and Energy
Harvesting. According to them, ion beam techniques have extensively been applied
for modulating the performance of various nanomaterials. In addition, ion beam
techniques have also been used to fabricate nanomaterials, including 2D materials,
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nanoparticles, and nanowires. In addition, ion beam techniques exhibit high control-
lability and repeatability. The recent progress in ion beam techniques for nanomaterial
surface modification is systematically summarized and existing challenges and poten-
tial solutions are presented.

Gupta et al. [16] have studied the controlled surface modification and nanodots
structures over Si(111) surfaces produced by oblique angle sputter deposition of
80 keV Ar + beam. Temporal parameters such as self-assemble, tunability of size and
density of fabricated nano-dots exhibited distinct fluence dependence. Crystalline to
amorphous (c/a) phase transition for sputter deposited Si(111) surfaces has been
observed. RBS/C reveals the non-linear response of damage distribution with argon
ion fluence. The underlying self-organization mechanism relied on ion beam
sputtering induced erosion and re-deposition of Si atoms thereby leading to mass
transport inside the created amorphous layers.

They have [17] also studied the controlled surface structuring of amorphous silicon
carbide (a-SiC) thin films as grown on silicon substrates Si(111) by Radio Frequency
(RF) sputtering and irradiation of obliquely incident 80 keV Ar* ion beam has been
investigated. Sub-wavelength ripple patterns with wave-vector parallel to the ion
beam projection are found to evolve on argon sputtered surfaces. Studies reveal that
the temporal parameters such as ripple wavelength and amplitude, ordering and
homogeneity of these patterns vary non-linearly with argon ion fluence. The forma-
tion of such surface structures is attributed to the preferential sputtering of silicon in
comparison to carbon.

Goyal et al. [19, 20] have studied the temporal variations in nano-scale surface
morphology generated on Polypropylene (PP) substrates by 40 keV argon ion
sputtering. Formation of ripple patterns and its transition to dot morphology has been
realized. Switching of smoothing mechanism from ballistic drift to ion enhanced
surface diffusion is the most probable cause for such morphological transition.

Kumari et al. [21] have investigated the patterning of HDPE surfaces by oblique
argon ion irradiation. Formation of ripple patterns and its transition to sideways bars
& valleys has been observed. Further, transition from parallel to perpendicular mode
patterns has been seen. Curvature dependent sputtering and role of various smoothing
processes describes the observed surface patterning.

Overall, these studies demonstrate the diverse and exciting potential applications
of ion beam-induced patterning and structuring in materials, and highlight the ongo-
ing development of new techniques and mechanisms to control and manipulate these
structures.

Hence, motivated by the universality of this IBS technique and pivotal applications
of patterned polymeric surfaces, here, we have made an attempt in present endeavor
to explore the controlled patterning of poly(methyl methacrylate) PMMA surface by
obliquely incident Ar* beam erosion with optimized ion beam parameters.

2. Materials and methods

The PMMA studied, was procured from Goodfellow Ltd. (UK). The samples used
were flat rectangular wafers of 1 mm thickness.

These specimens were then sputtered with 30 keV Ar” ions at an oblique incidence
of 0°, 15°, 30°, 40°, 50°, 75° with respect to sample surface. The ion beam sputtering
experiments were carried out at room temperature using 200 kV Ion Accelerator [24],
which is available in Ion Beam Centre, KUK. The beam current density of 0.5 pA/(:m2
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was used to sputter the samples. The argon fluence was kept constant at 2x10"°
ions/cm”.

The morphological evolution of these sputtered surfaces has been examined by
Atomic Force Microscopy (AFM) utilizing Bruker HR Multimode-8 instrument. The
surfaces were scanned in scan-asyst tapping mode with Antimony(n) doped Si canti-
lever tip. Different types of scans were obtained at random places on the sample
surface. The scanned areas (10 x10 pm”) were sampled at 256 equidistant points at low
scan rate of 1 Hz. The scanned images were examined using NanoScope 1.8 software.
The observed surface features were evaluated using section analysis and Fast Fourier
Transformations (FFTs) of corresponding AFM images.

Structural analysis has been performed employing Bruker AXS D8 Advance X-ray
diffractometer using Cu Ko X-ray (A = 1.5406 A).

3. Results and discussion
3.1 Morphological analysis

Figure 1a—g presents the two dimensional (2D) topography image of the un-
irradiated and 30 keV Ar" sputtered PMMA surface at various incident angles of 75° to
15° keeping ion fluence fixed at 2x10™® Ar* cm 2. The scanned size for these images is
10x10 pm”. The consequent FFT (Fast Fourier Transform) of micrographs has also
been illustrated in 2D AFM images. The qualitative analysis of these AFM images in
terms of temporal parameters (obtained through section analysis of respective AFM
images) have been calculated using Nanoscope 1.8 software and are presented in
Table 1.

It is clear from Figure 1a that the surface is smooth in nature. Corresponding Fast
Fourier Transform (FFT) reveals the smoothness of the un-treated PMMA polymer
surface.

Prominent changes in surface morphology can be easily trailed from the compari-
son of AFM micrograph of Figure 1a with Figure 1b-g.

After argon ion irradiation at an off-normal incidence of 90°, the rough surface
transform into pits with irregular hills. The corresponding FFT image depicts the
increase in ordering and homogeneity of the evolved surface features.

With a subsequent decrease in angle of incidence to 75°, the hill morphology
becomes prominent with simultaneous occurrence of pits (Figure 1c). The enhanced
ordering of the evolved hill morphology can be easily deduced from the respective
FFT image as shown in inset.

Fascinatingly, with further decrease in angle of incidence to 50°, irregular wavy
features in place of pits on the surface can be easily seen in Figure 1d. Also, change in
the preferred orientation of the surface features can be inferred from the inset image.

As the sputtering proceeds and angle of incidence decreases to 40°, the ripple
morphology becomes prominent and pit morphology disappears. These wavy features
have orientation parallel to the ion beam direction. The increase in ordering of ripple
morphology can be easily observed from the inset images.

With prolonged decrease in angle of incidence to 30°, similar behavior has been
observed. Here, also early stages of ripple formation can be clearly seen from the AFM
image as shown in Figure 1f. This ripple morphology has wave-vectorial orientation
parallel to the ion beam direction. Enhanced ordering among the evolved surface
structures can be easily deduced from the respective FFT image.
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Figure 1.

2D AFM micrographs of for (a) untreated PMMA and irradiated with 30 keV argon ions to a fluence of 2 x10*
ions/cm® at oblique incidences of (b) 90°, (c) 75° (d) 60°, (e) 50° (f) 40° (g) 15° with respect to sample
surface.

6
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Similar behavior of surface morphology can be observed at lowest oblique inci-
dence of 15°. Presence of wavy patterns over the sample surface can be easily seen
from the AFM image as shown in Figure 1g. corresponding FFT image reveals the
ordering of the surface features.

Figure 2 presents the one-dimensional line scans of AFM micrographs for PMMA
irradiated with 30 keV argon ions to a fluence of 2x10® ions/cm? at oblique inci-
dences of (a) 90°, (b) 75°, (c) 60°, (d) 50°, (e) 40°, (f) 15° with respect to sample
surface.

It is clear from Figure 2 that for normal incidence of argon ions, the surface
morphology is majorly dominated by pits. Thereafter, gradual switching to wavelike
morphology can be easily inferred from the line scans.

3.2 Qualitative description

Surface RMS roughness is a common parameter used to quantify the surface
roughness of a sample in Atomic Force Microscopy (AFM) images. It is a statistical
measure that describes the average deviation of the height of the sample surface from
its mean value over a given area [1-7]. Hence, keeping this in mind, we have calcu-
lated the RMS roughness by Nanoscope 1.8 software. The surface roughness for these
sputtered surfaces is summarized in Table 1.

Moreover, skewness is a statistical measure that describes the degree of asymmetry
in a distribution of data. In general, a positive skewness value indicates that the height
distribution is skewed to the right, meaning that there are more high points on the
surface than low points. A negative skewness value indicates that the height distribu-
tion is skewed to the left, meaning that there are more low points on the surface than
high points. A skewness value of zero indicates that the height distribution is
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Time evolution of the line scans with the ion incident angle.
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S.No. PMMA sputtered with oblique incidence of RMS Roughness (nm) Skewness Kurtosis

1. Untreated 03+ 0.20 0.11 3.04
2. 90° 10.5+1.20 0.23 3.25
3. 75° 13.1+1.40 0.25 3.18
4. 60° 24.32 £ 3.20 0.26 3.08
5. 50° 15.8 +£2.30 0.42 3.36
6. 40° 12.61 + 1.80 0.44 3.34
7. 15° 11 £+ 1.60 0.48 3.38
Table 1.

Values of RMS roughness, skewness and kurtosis as a function of angle of incidence.

symmetric, meaning that there are equal numbers of high and low points on the
surface [1-5].

Kurtosis is a statistical measure that characterizes the shape, or “peakedness,” of
a distribution. In the context of Atomic Force Microscopy (AFM) images, kurtosis
can be used to analyze the surface roughness and topography of the sample being
imaged [2-6].

Specifically, the kurtosis of an AFM image quantifies the degree to which the
height distribution of the image deviates from a normal or Gaussian distribution. A
high kurtosis value indicates that the height distribution has a sharp peak and heavy
tails, while a low kurtosis value indicates a flatter distribution with less pronounced
tails [1-7].

By analyzing skewness, kurtosis along with RMS roughness, a more complete
picture of the surface morphology has been obtained and these parameters as a
function of angle of incidence are listed in Table 1.

Table 1 clearly reveals that the surface roughness varies non-linearly with the
angle of incidence of argon ions. The surface roughness for untreated PMMA surface
is found to be 03 + 0.20 nm which again confirms the smoothness over the sample
surface. Interestingly, with sputtering at normal incidence, the surface roughness
increases abruptly. This in turn reveals the roughening of the initial smooth surface.
RMS roughness increases continuously with decrease in ion incidence to 60°. This
clearly point towards the roughening of the PMMA sample surface. Thereafter, the
surface roughness decreases leading to smoothening of the surface.

Moreover, positive value of skewness reveals the presence of hill morphology or
ripple morphology above the sample surface. Furthermore, value of nearly 3 for kurto-
sis indicates the peakedness of the observed morphology over the sample surface.

3.3 Structural analysis

The X-ray diffraction patterns of untreated and 30 keV argon ion irradiated
PMMA specimens with a fluence of 2x10" ions/cm? at oblique incidences of 90°, 75°,
60°, 50°, 40°, 15° with respect to sample surface are shown in Figure 3.

The diffraction pattern of un-treated PMMA specimen shows a broad and intense
peak centered at 14.24° with one lower intensity signal centered at 29.70°. The presence
of later signal is attributed to the diffuse scattering of amorphous PMMA specimen.

The shape of the first main signal indicates the ordered packing of the polymer
chains. The intensity and shape of the second signal are attributed to the effect
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Figure 3.
X-ray diffraction pattern for untreated PMMA and irradiated with 30 keV argon ions to a fluence of 2 x10*°
ions/cm® at oblique incidences of 90°, 75°, 60°, 50° 40°, 15° with respect to sample surface.

occurring inside the main chains in the polymeric matrix. The observed broad humps
in the XRD spectrum indicate the presence of crystallites of very low dimensions.
Further, the absence of prominent peaks in this XRD analysis indicates the amorphous
nature of the PMMA polymer [25, 26].

The XRD pattern for PMMA samples sputtered with 30 keV argon ions shows no
appreciable change in the peak position and Intensity.

For complete insights into the structural behavior, the crystallite size (a) has been
determined using Scherrer’s formula [25].

4 0.941
~ PcosO

1)
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Where g is the full width at half maxima (FWHM), A is the wavelength of the x-ray
beam and 6 is the diffraction angle.

Values of crystallite size have been summarized in Table 2.

Table 2 reveals that the crystallite size varies non-linearly with angle of incidence
of argon ions. Crystallite size is always smaller pointing towards the amorphous nature
of the surface region.

3.4 TRIM simulations

TRIM (Transport and Range of Ions in Matter), simulation code, is widely used to
study the effect of energetic ion bombardment on the different properties of mate-
rials, such as surface erosion, sputtering, and implantation [27].

In the present work, we have performed these TRIM simulations to calculate the
projected range of incident argon ions at different ion incidences with respect to
surface normal and sputtering yield of different components of target matrix.

Figure 4 presents the variation in energy transferred to recoiling atoms for differ-
ent jon incidences of argon.

It is clear from Figure 4 that with decrease in angle of incidence, the energy
transferred to recoiling atoms increases. This clearly point towards more surface
disordering with decrease in angle of incidence.

It can be inferred from Table 3 that for normal incidence, the incoming argon ions
penetrate deep into the polymeric matrix. The projected range is maximum for nor-
mal incidence of argon ions. As the angle of incidence of incoming ions decreases, the
projected range decreases. For lowest oblique incidence, projected range is found to be
the lowest. Interestingly, the sputtering yield increases with decrease in angle of
incidence of the argon ions. Sputtering yield is found to be maximum for lowest
oblique incidence under present case.

The observed morphological and structural behavior can be explained in terms of
sputtering yield, energy to recoils and projected range variations with angle of inci-
dence. Basically, two phenomena occur upon energetic ion irradiation of polymeric
matrix: one is the scissioning of polymeric chains which results in bond breaking and
shortening of chains predominantly occur as a result of nuclear energy loss process
and the other is cross-linking and conjugation mainly due to electronic energy loss
process [1]. Both these processes correspond to the roughening and smoothing of
polymeric surface which consequences in spontaneous pattern formation triggered by
surface instability.

Angle of incidence 20 (°) FWHM (°) a (nm)

Untreated 14.24 7.13 1.17 £ 0.01
90° 14.25 7.07 1.18 + 0.02
75° 14.24 7.38 113+ 0.01
60° 14.23 7.30 1.15 £ 0.02
50° 14.14 7.20 1.16 + 0.01
40° 14.13 7.16 1.17 £ 0.02
15° 14.13 7.10 118 £ 0.03

Table 2.

Values of Bragg angle, FWHM and crystallite size as a function of angle of incidence.
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Figure 4.
Energy transferred to vecoiling atoms for different argon ion incidences.

PMMA sputtered at Projected  Sputtering yield of  Sputtering yield of Sputtering yield of

ion incidence of range (nm) hydrogen (atom/ion) carbon (atom/ion) oxygen (atom/ion)
90° 51.4 +14.3 1.06 0.22 0.24
75° 49.6 £14.2 1.18 0.26 0.27
60° 44.4 £13.6 1.80 0.46 0.45
50° 39.3+13.1 2.55 0.69 0.64
40° 33.0 +12.4 3.86 111 0.96
15° 16.2 + 08.8 14.34 4.58 3.74
Table 3.

Values of projected range, sputtering yield of hydrogen, carbon and oxygen as a function of angle of incidence.

For normally incident argon ions, the projected range is more and energy
transferred to recoiling atoms is less. This results in more structural damage of the
polymeric matrix leading to the formation of pit morphology. Interestingly, lower
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sputtering yields of carbon, hydrogen and oxygen further adds to the formation of pits
inside the surface due to more disordering induced inside the surface.

With decrease in angle of incidence to 75°, the projected range decreases and
energy to recoils increases. This further produces pit morphology but with less pro-
nounced effect. The increase in sputtering yield of carbon, hydrogen and oxygen
causes more surface disordering leading to the formation of pit morphology but
majorly in the surface region.

With further decrease in oblique incidence, the projected range deceases gradually
and energy transferred to recoiling atoms increases significantly. The increase in
sputtering yield of carbon, hydrogen and oxygen has been observed. All these factors
result in more surface disordering leading to wave like patterns in place of pit
morphology.

At lowest oblique incidence, projected range decreases while energy transferred to
recoils increases. Further, sputtering yield increases abruptly leading to only alter-
ations in surface region. Hence, prominent wavy patterns are observed at this stage
under present experimental conditions.

4, Conclusions

In summary, we report the controlled surface structuring and evolution of
different morphologies in Poly(methyl methacrylate) (PMMA) polymer using Ar* ion
beam fabrication technique. Morphological and structural analysis has been
performed by ex situ Atomic Force Microscopy (AFM) and X-ray Diffraction. The
effect of oblique incidences on argon sputtered films was evaluated by various surface
topography and texture parameters, such as Fast Fourier Transforms, surface rough-
ness, skewness, kurtosis. AFM study demonstrates fabrication of transient morphol-
ogies over argon sputtered surfaces. One dimensional (1D) cross section scans of
surface profiles are determined and morphological features are investigated. The
results showed halo peaks in the XRD patterns, which indicate the amorphous
nature of this type of polymer. The formation of these surface structures is
attributed to the different degree of sputtering yield at different off-normal inci-
dences and preferential sputtering of hydrogen in comparison to carbon in ion
sputtered surfaces.
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Chapter 6

Mechanical Self-Assembly
Technology for 2D Materials

Kai-Ming Hu and Wen-Ming Zhang

Abstract

Self-assembled mechanical instabilities can offer a new technology roadmap for
micro/nanopatterns of two-dimensional (2D) materials, which depends on the deter-
ministic regulation of mechanical instability-induced self-assemblies. However, due to
atomic thinness and ultra-low bending stiffness, different types of non-designable and
non-deterministic multimode coupling mechanical instabilities, such as multimode-
coupled crumpling, chaotic thermal-fluctuation-induced rippling, and unpredictable
wrinkling, are extremely easy to be triggered in 2D materials. The above mode-coupled
instabilities make it exceedingly difficult to controllably self-assemble 2D nanocrystals
into designed morphologies. In this chapters, we will introduce a novel micro/
nanopatterning technology of 2D materials based on mechanical self-assemblies. Firstly,
a post-curing transfer strategy is proposed to fabricate multiscale conformal wrinkle
micro/nanostructures of 2D materials. Secondly, we report a deterministic self-
assembly for programmable micro/nanopatterning technology of atomically thin 2D
materials via constructing novel 2D materials/IML/substrate trilayer systems. Finally,
based on the micro/nanopatterning technology of 2D materials, we proposed a new
fabrication method for the flexible micro/nano-electronics of deterministically self-
assembled 2D materials including three-dimensional (3D) tactile and gesture sensors.
We fundamentally overcome the key problem of self-assembly manipulation from
randomness to determinism mode by decoupling mono-mode mechanical instability,
providing new opportunities for programmable micro/nanopatterns of 2D materials.
Moreover, mechanical instability-driven micro/nanopatterning technology enables
simpler fabrication methods of self-assembled electronics based on 2D materials.

Keywords: 2D nanomaterials, self-assembly, mechanical instability, nanopatterning,
self-assembled electronics

1. Introduction

Mechanical self-assemblies in two-dimensional (2D) materials have aroused great
scientific interest due to their significant promotion of basic understanding of special
physical and chemical phenomena, spanning selective chemical reactivity, abnormal
thickness fluctuations, fusion-fission behaviors, and anisotropic friction [1-7], as well
as exciting applications such as strain sensors, photodetectors, anticounterfeiting, and
energy storage [8-13]. Compared to three-dimensional (3D) bulk materials, the
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atomically thin and inherently planar 2D materials are more susceptible to being self-
assembled into complex 3D architectures via rolling [14, 15], folding [16, 17],
kirigami/origami [18-20], and rippling [21-23].

As an interesting self-assembly behavior, mechanical instability is expected to
develop a micro/nanopatterning technology driven by deterministic mechanical self-
assembly. However, 2D materials are very sensitive to external stimuli external stimuli
due to the ultrathin thickness and exceptionally low-bending rigidity nature, such as
thermal vibration [24, 25], high-temperature growth-induced lattice mismatch
[26, 27], built-in tension [28, 29], van der Waals interactions [30], and compressive
stress [31-33]. Therefore, it is very challenging to controllably assemble 2D materials
into designed 3D morphologies, which often results in unavoidable restacking and
aggregation. 2D materials are randomly corrugated in 3D via intrinsic rippling
induced by thermal vibrations [34]. The abnormal mechanical, electronic, and ther-
mal performances of ideal 2D materials can be greatly weakened, which tremendously
increase the difficulty of manufacturing and transferring 2D nanomaterials and
reduces the quality of materials [26]. In order to overcome the above shortcomings,
extensive research has been conducted on the formation mechanism and suppression
methods of spontaneous mechanical instabilities and non-deterministic and
uncontrolled self-assemblies, resulting in ultra-flat or even strictly 2D materials
[24, 26, 27, 35-38]. However, it is still very challenging but interesting to implement
deterministic mechanical self-assemblies and allow better control over the self-
assembly-driven micro/nanopatterns of 2D materials.

Mechanical instabilities in 2D materials can be utilized to introduce non-invasively
tunable out-of-plane 3D topological deformations [39-41], further adjust charge trans-
fer and carrier scattering [42, 43], and even create flat bands in 2D materials [44]. The
key point to realizing deterministic self-assembly technology is to make mechanical
instabilities in 2D materials controllable. Nevertheless, complex coupled multimodal
mechanical instabilities, such as crumpling, rippling, wrinkling, folding, and buckling-
induced delamination, can easily be triggered at the same time [27]. They result in the
corresponding self-assembled morphologies suffer poor designability. The ripples
caused by thermal fluctuations [24, 25] and the inherent random wrinkles generated
during the growth and transfer process [26, 27] are random behaviors, making it
difficult to predict and control the instability modes, scales, and directions of self-
assembly morphologies [26]. Uniaxial strain can trigger quasi one-dimensional (1D)
ordered self-assembled structures, but they are still uncontrollable multidirectional
structures [31-33]. In addition, by coupling folding mode instabilities with wrinkle
mode instabilities at an uncertain rate, crumpling is easily formed in 2D materials,
which can lead to multidirectional and multiscale 3D self-assembly morphologies
[31, 33]. The chaotic self-assembled structures induced by multimode coupling
mechanical instabilities with uncontrollable scales and directions cannot precisely adjust
the deformation of 3D structures in any way, which largely restrict the potential appli-
cations of self-assembled 2D materials. Consequently, decoupling multimode coupling
mechanical instabilities and obtaining deterministic self-assembly with controlled
structural configurations in 2D materials are crucial, but highly challenging.

2. Deterministic mode mechanical self-assembly

A complementary metal oxide semiconductor-compatible programmable tuning
strategy has been developed to decouple uncontrollable multimode-coupled
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mechanical instabilities into controllable mode-decoupled mechanical instability, and
to achieve deterministic mode self-assembly of 2D materials (Figure 1A). As shown in
Figure 1A, II, the key point that realizes mode decoupling of mechanical instability in
2D nanosheets is to introduce designable intermediate multifunctional layers (IMLs)
into bilayer systems. IMLs, including hydrogen silsesquioxane (HSQ) and poly
(methyl methacrylate) (PMMA), play a variety of roles in generating and controlling
deterministic self-assemblies driven by mono-mode mechanical instability, including
deterministic mode, direction, and scale self-assemblies. First, IMLs work as carrier
materials to avoid unwanted mode mechanical instability that triggers deterministic
mode self-assembly in 2D materials during transfer. Second, IMLs work as a structural
layer to enhance the effective bending stiffness of 2D materials/IML structures for
self-assembly with deterministic dimensions. Third, IMLs also work as a functional
layer and protective layer to manufacture programmable deterministic directional
self-assembly patterns of 2D materials.

A I 1]
Decoupling W
Wrinkiing Dl e Foldi Collapsed fold Winking
delamination i . ing ng
L J
Y
Multi-mode coupling mechanical instabilities Mono-mode mechanical instability

100 um
iem——

w(pm)
(=]

() 20 40 60
Distance (pm)

Figure 1.

Deterministic mode mechanical self-assembly in 2D materials driven by mode-decoupled mechanical instability.
(A) Diagrammatic sketch of mechanical instabilities in tri-layered systems: (I) uncontrollable multimode-coupled
mechanical instabilities in bilayer systems; (II) mode-decoupled mechanical instability triggered in 2D materials/
IMLs/substrate three-layer systems with programmable IMLs. Microscopic morphologies of self-assembled MoS,
induced by mono-mode instability: (B) microscopic image of mono-mode self-assembled morphologies with

deterministic wavelength; (C, D) 3D and cross-sectional topology curves of laser scanning confocal microscopy
(LSCM) images of self-assembled MoS,.
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Decoupled mono-mode instability and corresponding self-assembled patterns with
deterministic wavelength of MoS, are observed in the designed three-layer systems in
Figure 1B and C. Further, Figure 1D indicates that the deterministic self-assembly
morphologies driven by mono-mode instability are mono-scale wrinkles with ampli-
tude of 1.544 pm and wavelength of 16.392 pm. In stark contrast to the uncertain
multiscale and multimode coupling instability, completely different decoupled single-
mode instability and the resulting deterministic modes, namely single-scale self-
assembly morphology, were observed in 2D materials. The decoupled mono-mode
instabilities and the resulting deterministic mode, mono-scale self-assembly morphol-
ogies of 2D materials observed in Figure 1B and C are completely different from the
non-deterministic multiscale and multimode coupling instabilities [21, 22, 39-41].
This is crucial for the success of self-assembly-based micro/nano-patterning technol-
ogy in 2D nanocrystals. The more deterministic mode self-assembly morphologies of
other 2D materials, including graphene, boron nitride (BN), tungsten disulfide (WS,),
and tungsten diselenide (WSe,), are also uniform with highly deterministic mono-
scale (Figures 2-4).

The results indicate that the mode-decoupled mechanical instability of 2D mate-
rials is achieved by constraining unwanted multimode instability (folding, collapsed
folding, and buckling induced delamination in Figure 1A, I) to mono-mode instability

L s s 10 15 20 28
X ()
Figure 2.

Mono-mode instability-driven deterministic mode self-assembled MoS, in MoS,/IML/beGr-PDMS trilayer
systems: (A) microimages of large avea, high-quality deterministic mode self-assembled structuves of MoS, with 4%
PMMA layer spin-coated at the speed of 6000 rpm; (B) the enlarged view of (A); (C) the 3D laser scanning
confocal microscope (LSCM) images of the self-assembled structures of MoS,; (D) 2D topological curves of the
mono-mode instability-induced deterministic scale self-assembled structures at three different positions, which

show the A = 8.470 £ 0.130 pum, 2A = 0.790 % 0.058 um for 4% PMMA under 6000 rpm.
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A

Figure 3.

Mono-mode instability-driven deterministic mode self-assembled WSe, in WSe,/IML/beGr-PDMS trilayer
systems: (A) microimages of transferred single-layer WSe, prepared by the low-temperature post-curing transfer
method without the heat treatment triggering mono-mode instability; (B, C) the 2D topological curves of the
deterministic mode self-assembled structures of WSe, under different thickness 4% PMMA layer controlled by
different spin coating speeds 6000 rpm and 3000 rpm, respectively, where A = 7.770 + 0.400 ym,2A = 0.760 £
0.040 pm for 4% PMMA at 6000 rpm, A = 15.500 + 0.550 um,2A = 1.200 + 0.060 pum for 4% PMMA at
3000 rpm; (D, E) 3D LCSM images of the self-assembled WSe, under different thickness 4% PMMA layer
controlled by different spin coating speeds 6000 rpm and 3000 rpm, respectively.

(wrinkling in Figure 1A, II). As shown in Figure 5, the wavelength and amplitude of
the self-assembly morphologies induced by mono-mode instability in three-layer sys-
tems can be given by

2 = 2mhy (B /3E,) " (1)
A:hf\/eo/sc—l (2)

where Efand hy = hyp + hyyy, are the effective flexural modulus and thickness of
2D materials/IMLs surface films, respectively; ¢, is the critical strain that triggers the
wrinkling mechanical instability. The feature parameters of orientation, amplitude,
wavelength, and dynamic behaviors of the deterministic mechanical self-assembly
patterns can be well adjusted, which is a key factor driving the progress of micro/
nanopatterning technology based on mechanical self-assembly.

A new low-temperature post-curing transfer strategy is developed to achieve
desirable and controllable mode decoupling mechanical instability in atomic thin 2D
materials. The transfer strategy has three key points. It is extremely difficult to
decouple and control the multimode-coupled mechanical instability of single-layer or
even few layer 2D materials due to the extremely low bending stiffness [27, 39, 45].
Firstly, the well-designed IMLs we introduced to build 2D material/IML/substrate
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Figure 4.

Mono-mode instability-driven deterministic mode self-assembled WS, and BN in 2D materials/
IML/beGr-PDMS trilayer systems: (A, D) microimages of transferved single-layer WS, and BN prepared by the
low-temperature post-curing transfer method without the heat treatment triggering mono-mode instability; (B, E)
3D LCSM images of the deterministic mode self-assembled structures of WS, and BN under 4% PMMA layer
controlled by spin-coating speed 3000 rpm; (C, F) 2D topological curves of the mono-mode instability-driven
self-assembled structures of WS, and BN under 4% PMMA layer at spin-coating speeds 3000 rpm, respectively.
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Figure 5.

Mg:;mniml modeling for conformally self-assembled 2D materials in 2D matevials/IML/beGr-PDMS trilayer
system: (A) the trilayer systems with stiff surface film including 2D materials and IML, and photothermal-
responsive soft brGr-PDMS substrate, where the thickness and Young’s modulus of 2D nanosheets are h,p and E,p,
the thickness and Young’s modulus of IML are hyny, and Eqpvy, the thickness and Young’s modulus of compliant
substrates are h and E,, vespectively; (B) the modified core-shell model of surface elasticity of the effective surface
film in the trilayer system, where the effective thickness hy = hap + himy, and the effective Young’s modulus of
surface film Eg (C) the self-assembled state of the trilayer system, where 1 and A are the wavelength and
amplitude of self-assembled structures, e, is the initial strain; (D) schematic diagram of the maximum and
minimum strains occurring at the valleys and cvests of the structures.
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Figure 6.

Schematic diagrams of the low-temperature post-curing transfer process of graphene onto the PDMS: (A, B) a IML
is spin-coated onto CVD-grown graphene/Ge surface, note that the IML layer works as a carrier material to
prevent the unnecessary suvface instabilities or fractuves of graphene during transfer; (C) beGr-PDMS fabricated
by mixing the uncured PDMS with bubble-exfoliated graphene (beGr) sheets; (D) the IML/graphene-Ge laminate
is placed onto the bottom of container C, and the uncured beGr-PDMS is slowly poured onto the surface of the
IML/graphene/substrate laminate, which is cured at low temperature (30°C) for 48 h to make beGr-PDMS fully
cured; (E) the residual cured beGr-PDMS on the surface of Ge is peeled off; (F, G) the Ge layer is etched with HF:
H,0,:H,0 solution for 4 h and the samples are rinsed with deionized water and dry on the heating plate to fully
flatten graphene/IML film; (H) the mono-mode instability of graphene is triggerved by the heating treatment (110°
C) of the graphene/IML/beGr-PDMS system.

three-layer systems instead of two-layer 2D material/substrate systems to tackle the
problem of extremely low flexural stiffness of 2D materials (Figures 6, 7, and 8A-E).
However, it also presents a new challenge that the interface strength among 2D
materials, IMLs, and substrate is too low. The interfacial liquid introduced during the
pre-curing transfer significantly lowers the interfacial adhesion energy between the
pre-curing substrate and the 2D material, which cannot transfer stress (Figure 9).
Note that the low-temperature post-curing transfer process of CVD-grown h-BN on
Cu foil is similar to that of the CVD-grown graphene, the only difference is the grown
substrate etching, in which the etchant is replaced by FeCl; solution. Unlike the
conventional wet transfer methods of 2D materials [45], the carrier material in the
graphene/IML laminate is not removed after they are transferred onto substrates,
which is used as a structure layer to increase the bending stiffness of surface film.
Therefore, producing sufficient interfacial adhesion energy after transfer is the
second key point, which can make the interface enable to subject to critical strain to
generate the wanted mode mechanical instabilities. To improve interfacial strength
between the 2D material and the substrate, we propose a post-curing transfer method
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Figure 7.

Schematic diagrams of the low-temperature post-curing transfer process of 2D transition metal dichalcogenides
(TMDs) materials, such as MoS,, WS,, and WSe,, onto the PDMS: (A, B) the carrier material IML is
spin-coated onto CVD-grown TMDg/sapphire surface; (C) beGr-PDMS fabricated by mixing the uncured PDMS
with bubble-exfoliated graphene(beGr) sheets; (D) the IML-TMDs/sapphire composite layer is placed onto the
bottom of container C, and the uncurved beGr-PDMS is slowly poured onto the surface of IML-TMDs/sapphire
laminate, which is cured at low temperature (30°C) for 48 h to make beGr-PDMS fully cured; (E) the residual
cured beGr-PDMS on the surface of sapphire is peeled off; (F, G) the sapphire layer is slightly etched with KOH
solution for 4 h and the samples are rinsed with deionized water and dry on the heating plate to fully flatten
TMDs/IML film; (H) the mono-mode instability of 2D TMDs materials is triggeved by the heating treatment
(110°C) of the 2D TMDs/IML/beGr-PDMS trilayer system.
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Figure 8.

Raman characterizations of graphene membranes transferred onto the PMMA-PDMS substrates: (A) D, G, 2D
Raman, and other Raman spectva of graphene and PMMA in the samples; (B) 2D Raman results of I, p/I¢ for the
samples after transfer.
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2D Interfacial Gradient
. materials . IML PDMS liquid interface

Figure 9.

Schematic diagrams of different interface conditions in film-substrate systems after 2D material transfer with
different transfer methods: (A) the cross-sectional diagram of 2D materials/IML-substrate trilayer systems
prepaved by the pre-curing transfer method in [45], where interfacial liquid is trapped at the interface between
IML and PDMS; (B) the cross-sectional diagram of 2D materials/IML-substrate trilayer systems prepared by the
high temperature (70°C) post-curing transfer method, where no interfacial liquid is trapped at the interface
between IML and PDMS, but high-temperature post-curing of PDMS can cause an gradient interface between
IML and PDMS and multiscale self-assembled morphologies; (C) the cross-sectional diagram of 2D
materials/IML-substrate trilayer systems prepared by the low-temperature (30°C) post-curing transfer method,
where no interfacial liquid and gradient interface is existing at the interface between IML and PDMS, and mono-
mode instability-induced deterministic scale self-assembled morphologies can be triggered.

for 2D materials, where the uncured beGr-PDMS is directly poured and then cured on
the upper surface of IMLs (Figure 10B and C). However, the accelerated diffusion of
uncured PDMS polymers by high temperatures can introduce an inevitable gradient
interface between beGr-PDMS and IMLs during the post-curing process, which can
lead to uncontrollable multiscale self-assemblies of 2D material in the three-layer
system (Figure 11).

Therefore, the third point is avoiding the formation of diffusion-induced gradient
interfaces between IMLs and beGr-PDMS substrate. To reduce polymer diffusion
caused by Brownian motion, we cured the beGr-PDMS at low temperature
(Figure 10C). To confirm this, we conducted cross-sectional characterization, which
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Figure 10.

Post-curing transfer strategy of 2D materials at low temperature: (A) different types of 2D materials grown by
chemical vapor deposition (CVD); (B) IMLs spin-coating; (C) beGr-PDMS low-temperature curing;

(D) substrate removal; (E) decoupled mono-mode mechanical instability and deterministic mode self-assembly
triggered in trilayer systems with surface films (2D-materials and IMLs) and beGr-PDMS substrates. The
mechanisms of interfacial strength enhancement caused by the post-curing transfer: (F, G) micro-mechanical
interlocking in polymer networks; (H) liquid-free interfaces.
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Figure 11.

(A) The optical micro-image of the cross sections of the samples prepared by the low-temperature posting-curing
method, note that an obvious interface is observed in the sample and the ved-dashed box is the PMMA IML;

(B) 3D LSCM image of the cross sections of the 2D materials/PMMA-PDMS layered samples, where the thickness
of 10% PMMA spin-coated by 1000 rmp is 2.582 pm. (C, D) 3D LSCM image of the top view and height profile
in the 2D materials/PMMA-PDMS layered samples, where an obvious step with 2.542 pm is observed in the
sample by peeling off 2D materials/PMMA surface films. Note that the height (hy = 2.582 um) of cross-sectional
characterization is almost equal to the height (hy = 2.542 um) of top-view morphology characterization,

which indicates that the obvious interface observed in cross-sectional characterization in (A, B) is the interface
observed in (C, D).

indicates that a sharp interface between IMLs and beGr-PDMS substrate was observed
instead of a gradient interface in the samples prepared by the low-temperature
post-curing transfer method (Figure 9). In additions, Raman characterizations
indicate that high-quality 2D materials with low defects are well transferred to target
substrates (Figures 8-14). The results indicate that the low-temperature post-curing
process can not only generate sufficient interface adhesion strength to withstand the
critical interfacial stresses triggering mode-coupled mechanical instabilities, but also
effectively avoid gradient interfaces induced by high temperatures-accelerated PDMS
polymer diffusion.

We revealed the potential mechanism of the post-curing transfer-induced
interfacial strength enhancement effect after solidification (Figure 10F-H). The
enhanced interfacial strength between 2D materials and IMLs is caused by the thermal
evaporation-driven topological entanglement of IMLs polymer chains during the
high-temperature baking process (Figure 10F). Similarly, the interface strength
enhancement between beGr-PDMS and IMLs is benefited by the topological entan-
glement between the IML and beGr-PDMS polymer network during the post-curing
process (Figure 10G). The results indicate that the micro-mechanical interlocking
induced by topological entanglement is the micro-mechanism of the interface strength
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Figure 12.

Raman characterizations of single-layer MoS, (A, B) on SiO,/Si substrates before transfer, and (C, D) on
PMMA-PDMS substrates after transfer.
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Figure 13.
Raman characterizations of single-layer WSe, (A, B) on sapphire substrates before transfer, and (C, D) on
PMMA-PDMS substrates after transfer.

enhancement [46]. Furthermore, a sharp decrease in interface strength during
substrate etching is effectively prevented due to the liquid-free interfaces between
beGr-PDMS, IML, and 2D materials (Figure 10D and H).
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Figure 14.

Raman characterizations of single-layer WS, (A, B) on sapphire substrates before transfer, and (C, D) on
PMMA-PDMS substrates after transfer. Note that Raman vesults in Figures S6-S8 indicate transferred
single-layer 2D materials ave highly uniform and of high quality.
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Figure 15.

Deterministic mode self-assembled MoS, in MoS,/IML/beGr-PDMS trilayer systems: (A) microimages of large
area, high-quality deterministic mode self-assembled structures of MoS, with 4% PMMA layer spin-coated at the
speed of 6000 rpm; (B) the enlarged view of (A); (C) the 3D laser scanning confocal microscope (LSCM) images
of the self-assembled structures of MoS,; (D) 2D topological curves of the mono-mode instability-induced
deterministic scale self-assembled structures at three different positions, which show the A = 8.470 +

0.130 pm,2A = 0.790 £ 0.058 pm for 4% PMMA under 6000 rpm.
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Figure 16.
Deterministic mode self-assembled WSe, in WSe,/IML/beGr-PDMS trilayer systems: (A) microimages of

transferred single-layer WSe, prepared by the low-temperature post-curing transfer method without the heat
treatment triggering mono-mode instability; (B, C) the 2D topological curves of the deterministic mode self-
assembled structures of WSe, under different thickness 4% PMMA layer controlled by different spin coating speeds
6000 rpm and 3000 rpm, vespectively, where A = 7.770 + 0.400 pym,2A = 0.760 + 0.040 um for 4% PMMA at
6000 rpm, A = 15.500 £ 0.550 um,2A = 1.200 + 0.060 um for 4% PMMA at 3000 rpm; (D, E) 3D LCSM
images of the self-assembled WSe, under different thickness 4% PMMA layer controlled by different spin coating
speeds 6000 rpm and 3000 rpm, respectively.
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Deterministic mode self-assembled WS, and BN in 2D materials/IML/beGr-PDMS trilayer systems: (A, D)
microimages of transferved single-layer WS, and BN prepared by the low-temperature post-curing transfer method
without the heat treatment triggering mono-mode instability; (B, E) 3D LCSM images of the deterministic mode
self-assembled structures of WS, and BN under 4% PMMA layer controlled by spin-coating speed 3000 rpm;

(C, F) 2D topological curves of the mono-mode instability-driven self-assembled structures of WS, and BN under
4% PMMA layer at spin-coating speeds 3000 rpm, respectively.
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Moreover, more types of 2D materials grown by CVD, including insulator
(h-BN), semi-conductors (2H-WS,) and semi-metals (graphene, 1 T-WSe;,
1 T-MoS,), were transferred to prove the versatility of the transfer strategy
(Figure 10A). As shown in Figures 15-17, the experimental data indicate that our
transfer strategy has good universality and can be extended to other diverse 2D
materials.

3. Cross-scale mechanical self-assembly

In order to achieve cross-scale self-assembly of 2D materials, IML was introduced
as a structural layer to control the scale of deterministic mode self-assembly morpho-
logical features.

The IMLs are introduced to work as structural layers to control the characteristic
scale of deterministic mode self-assembled patterns and achieve cross-scale self-
assembly of 2D materials. The amplitude and wavelength of self-assembled micro/
nanostructures in 2D materials can be controlled by the thickness of IMLs, judging
from Egs. (1)-(3). Furthermore, the thickness of IMLs can be programmatically
regulated by spin-coating speedswsy;,and IMLs concentrations ¢z As shown in
Figure 18A, when the PMMA IMLs changes from 0.5% at 6000rmp to 10% at
1000rmp, the amplitude of self-assembled wrinkles increases from 8.5 & 4.0nm to
5.203 + 0.605pm. The wavelength has increased from 456 + 46nm to 159.960 +
8.500pum. The experimental results indicate that wavelength and amplitude can be
effectively tuned by changing c;ry;, and @yin, and the tuning range is up to three orders
of magnitude (Tables 1 and 2; Figures 19 and 20). Judging from the mechanical
optoelectronic coupling physical model of self-assembly in 2D materials/IMLs/sub-
strate three-layer systems, cross-scale self-assembly is crucial for the micro/nano
patterning technology based on self-assembly of 2D materials.

Figure 18.

Mode-coupled instability-induced cross-scale and directed self-assemblies of 2D materials in three-layer systems.
(A) the amplitude and wavelength of micro/nanowrinkles in self-assembled 2D materials under different
thickness IMLs, and the insets show the LSCM images of different scale self-assembled patterns in 2D materials.
(B-D) 2D directed self-assemblies of 2D materials: (B) divected self-assembly of graphene with “gr”-shape; (C)
EBL-defined mirrored “MoS,” pattern before transfer; (D) 2D directed self-assembly of MoS, with “MoS,” shape,
in which the partial enlavged views are highly ordered MoS, with the structure crest orientations perpendicular to
EBL-defined boundaries.
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PMMA 0.5%, 6kr 1%, 6kr 2%, 6kr 4%, 6kr 6%, 6kr 10%, 6kr

A (pm) 0.456 +0.046 0.760+0.048 3.5304+0.380 8.125+0.775 16.08£0.775 59.97 £2.125

2A (pm) 0.017+£0.008 0.0514+0.007 0.215+0.021 0.765+ 0.045 1.867 +0.085 2.163 + 0.132

Table 1.

The tunable wavelength and amplitude of mono-mode instability-induced conformal self-assembled structures of
2D materials at spin-coating 6000 rpm with different IML concentrations.

PMMA 0.5%, 3kr 1%, 3kr 2%, 3kr 4%, 3kr 6%, 3kr 10%, 3kr 10%, 1kr

A (pm) 0.566 +0.067 1.261+0.266 5.700+0.740 14.3004+1.850 25.220+3.786 81.340 £5.560 159.960 =+ 8.500

2A (pm) 0.026 +0.005 0.085+0.011 0.402+0.042 1.020+0.085 1.985+0.136 2.866+0.204 10.405+1.210

Table 2.

The tunable wavelength and amplitude of mono-mode instability-induced conformal self-assembled structures of
2D materials at spin-coating 3000 rpm and 1000 rmp with different IML concentrations.
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Figure 19.

Morphological characterizations of self-assembled nanostructures in the samples with IML thickness under 0.5%
PMMA at spin-coating 3000 rpm: (A) LCSM images, (B) 2D topological curves of the mono-mode instability-
induced self-assembled nano-structures. (C) Thickness charvacterization of IML under 0.5% PMMA at spin-
coating 3000 rpm.

The wavelength and amplitude of mono-mode instability-induced conformal
self-assembled 2D materials can be tuned by selecting different IML
concentrations ¢z, and spin-coating speeds wsy;,. The thickness of spin-coated IML
layer can be given by

_ no—y
hir = kML Oy (3)

where &y, 7, and y are the coefficients depended on the IML type, viscosity
value, and solvent vaporizability rate. As shown in Eq. (3), the thickness of IML /p;,
can be tuned by the concentrations ¢;u;, and spin-coating speeds wsy;, of IML.
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A10, 2kr

Figure 20.

LCSM morphological characterization of self-assembled structuves in the samples with different thickness IMLs:
(A) under 2% PMMA A2 at spin-coating 6000 rpm and 3000 rpm; (B) under 4% PMMA A4 at spin-coating
6000 rpm and 3000 rpm, (C) under 6% PMMA A6 at spin-coating 6000 and 3000 rpm; (D) under 10%
PMMA A1o0 at spin-coating 6000 and 3000 rpm.

4. Directed mechanical self-assembly

As shown in Egs. (1) and (2), the deformation orientation, anisotropic structural
stiffness, and functionalization of 2D materials in three-layer systems of 2D materials/
IMLs/substrate can be adjusted through directed self-assembly. Therefore, it is
important for the applications of deterministic self-assembly to transform
non-directed into directed self-assembly with designed directions, especially for
self-assembly-driven directed micro/nanopatterning technology and 2D materials-
based flexible devices. Via CMOS-compatible direct writing methods including elec-
tron beam lithography (EBL), the high-resolution designed mechanical boundaries in
2D material/IMLs/beGr-PDMS three-layer system are defined to realize directed self-
assembly of 2D materials. It is worth noting that IMLs play a functional and protective
role in directed self-assembly (Figure 21).

The above mechanical boundaries can be used to direct 2D materials self-assemble
into ordered structures. Figures 18B-D and 22-24 show directed self-assembly
morphologies of “M0S2” and “SJTU”-alphabetic-shaped MoS,, and “Gr”-alphabetic-
shaped graphene, in which IMLs, as electron beam resists, are used to programmati-
cally fabricate ordered patterns. In the 2D oriented self-assembled graphene and MoS,
nanosheets, the orientations of structural peaks are perpendicular to the EBL-defined
boundaries (Figure 18B and D). Note that the EBL-defined “Gr” letter pattern was
well transferred onto the target substrates by the low-temperature post-curing
method without quality degradation. Moreover, the stress concentration-induced
local self-assembly phenomenon can be harnessed to local strain engineering with
large strains on demand by designing different curvature corners to control stress
concentration and stress relaxation. We developed a revised shear-lag model reveals
the mechanical mechanism of directed self-assembly structures induced by finite
width soft constrained mechanical boundaries, indicating that mechanical
boundaries can lead to asymmetric stress relaxation and asymmetric in-plane stress
distribution.
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Figure 21.

IMLs-fueled programmable divected mechanical self-assembly of 2D materials: (A, B) photochemical reaction of
IMLs (electron beam photoresist: PMIMA and HSQ); (C-H) EBL-defined high-vesolution mechanical boundaries,
where (C, D) photochemical reaction of spin-coated IMLs is induced by the electron beam radiation, (E) the
exposed IMLs are dissolved by the developer solution MIBK (Methyl Isobutyl Ketone): 2-proponol (IPA), (F) the
2D materials are removed via reactive ion etching (RIE) and the IMLs work as the protective layer to protect the
2D materials covered by IMLs, (G, H) the post-curing of PDMS and the etching of the substrates.

Figure 22.

“Gr” letter-shaped 2D directed self-assembled morphologies of graphene in layered systems with the IML under the
condition of (4% PMMA, 3000 rmp): (A) mirroved “Gr” letters short for graphene before transfer, where the
EBL-defined pattern is obtained by selectively dissolving the exposure area by the developer solution MIBK (Methyl
Isobutyl Ketone): 2-proponol (IPA) for 45 s; (B) after transfer; (C) directed self-assembling structures of graphene
with PMMA layer after heat treatment, where the red elliptic dashed box areas show the stress concentration-
induced local mechanical instability with local increasing amplitudes around the inter corners (included

angle <180°), and the blue rectangle dashed box areas show the stress relaxation-induced local instability-free
patterns around the outer corners (included angle >180°).
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Figure 23.

“Ggr"l’ letter-shaped 2D divected self-assembled morphologies of graphene in layered systems with the IML under the
condition of (4% PMMA, 6000 rmp): (A) mirrored “Gr” letters before transfer; (B) after transfer; (C) optical
micro-images of directed self-assembling structuves of graphene after heat treatment, similar with Figure S21, the
stress concentration-induced local divected self-assembling structures around the inter corners and stress relaxation-
induced local instability-free patterns avound the outer corners are also observed.

1

A

Figure 24.

“Gr” letter-shaped 2D directed self-assembled morphologies of MoS, in layered systems: (A) EBL-defined mirrored
“SJTU” letters short for Shanghai Jiao Tong University before transfer and (B) LCSM images of 2D directed self-
assembling structures after transfer and heat treatment, where the partial enlargement maps show the detailed

directed self-assembling morphologies of “S” and “T” letters.
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5. Dynamic mechanical self-assembly

In addition to the quasi-static above-mentioned cross-scale and directed self-
assemblies, the dynamic self-assembly of 2D materials can be acquired through effec-
tive dynamic adjustment of mode-coupled instability. Via an interesting experimental
design, a non-contact dynamic adjustment strategy is proposed to achieve in situ, real-
time dynamic operation and synchronous self-assembly observation (Figure 25A).
Firstly, graphene/conjugated polymer composite (beGr-PDMS) is constructed by
mixing beGr [46] into PDMS. Rapid temperature changes and the resulting
photothermal forces can be generated by near-infrared (NIR) irradiation of the beGr-
PDMS substrate. Interestingly, we use multilayer 2D materials from the substrate to
dynamically tune the self-assembly of single-layer 2D materials in the surface films. In
addition, a reflector was designed to reflect and allow near-infrared light to enter the
sample from the back of the substrate and to improve the incidence rate (Figure 25A).

During the dynamic operation of different NIR ON/OFF switches, the wavelength
remains almost unchanged, indicating that the self-assembly morphology of 2D mate-
rials remains unchanged in the self-assembly mode and high mode-scale characteristics
(Figure 25B). As indicated in Figure 25B, the amplitude of the self-assembled patterns
can be dynamically adjusted by NIR light. Whent = 0's, 24 = 1.549 & 0.059 pm; when
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Figure 25.

Dynamic self-assembly of 2D materials in three-layer systems of 2D materials/IMLs/beGr-PDMS: (A) a platform
for in situ dynamic operation and real-time synchronous self-assembly morphology characterization; (B) when
NIR is turned off at 90s, the time-varying wavelength and amplitude of the self-assembled structures; (C) NIR-
controlled dynamic self-assembly.
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t =90s,2A = 0 pm. It is indicated that the self-assembled structures have been
completely erased (Figure 25C). After NIR is turned off at = 470s, wrinkles gradually
recover and 24 = 1.417 £ 0.070 pm. We developed a thermodynamic model to study
the dynamic manipulation mechanism and reveal the laws of dynamic self-assembly
evolution of 2D materials in three-layered systems as follows

kit + T, t <ty
AT() = (4)
2 Ty + (T — T,)e 20 0) 151,

_ Ef (as - af) AT(t)
(1-y)

A(t) = he/oo(t) /o, — 1 (6)

where k1, a1, @, are the constants related to photothermal energy conversion effi-
ciency; Ty, T = kit ™ + T are the room and highest temperatures; A(z) is the time-
varying amplitude of self-assembled structures; oo (t) and AT(t) are the photothermal
force and temperature difference controlling by NIR light; a;, ar are the thermal
expansion coefficients of substrate and stiff thin film, respectively.

As shown in Eqgs. (4)—(6) and Figures 26 and 27, the time-varying amplitude of
self-assembled structures can be tuned by the time-varying photothermal force and

oo(?) (5)

A e
Infrared NIR off {t=90s)

) . l thermography 450+ o Experimental T _
NIR light camera . — Theoretical T

Figure 26.

Phgoltlothermal effect of multilayer graphene/conjugated polymer composites beGr-PDMS. (A) Schematic
illustration of in situ surface temperature measuring platform of samples by using an infrared thermography
camera during NIR ON/OFF switch. (B) the variation curve of surface temperature with rvespect to irvadiation
time when NIR is off at 90 s, which can be depicted by piecewise function from Eq. (4) that well agrees with the
experimental date. (C) the corresponding temperatuve distribution nephograms when the sample is illuminated by
NIR light (808 nm, 2.0 W/cm?) for 90 s. note that the beGr-PDMS heats up rapidly upon NIR irradiation when
t <tofy, which indicates that the high surface-area-to-mass ratio of beGr can result in high photothermal energy
conversion of the beGr-PDMS.
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Figure 27.

Reversible dynamic evolution of self-assembled graphene when NIR is off at 90 s, where the IML (PMMA layer) is
prepared by spin-coating 4% PMMA at 3000 rmyp onto graphene surface and the power density of NIR is 2.0 W/
cm?. The amplitude of self-assembled structuves decreases after the NIR ON, and the self-assembled structures are
thoroughly erased (A = o) when t = 9o s (from I to V). The amplitude of self-assembled structures increases after
the NIR OFF and the self-assembled structures gradually reappear (from V to I).

temperature difference. The ratio of beGr, and power density and incidence rate of
NIR can be used to modulated the photothermal response speed of beGr-PDMS.

The photothermal performance of NIR-responsive beGr-PDMS can be well
described by Eq. (4) As shown in Figure 25, beGr-PDMS heats rapidly under near-
infrared radiation, indicating a high conversion rate of photothermal energy. After the
NIR is closed (¢ >t,y), the sample cools rapidly and tends to room temperature, which
meets Newton’s law of cooling (Figure 25B and C). The theoretical dynamic evolution
of self-assembled wrinkles estimated by Egs. (5) and (6) is very consistent with the
experimental data (Figure 25B). As indicated in Eq. (6), the dynamic adjustment of
strain and optoelectronic properties of 2D materials can be achieved by non-contact
dynamic self-assembly, which opens up a way for the development of programmable
micro/nano-patterning technology and dynamic tunable devices of 2D materials.

6. Self-assembled flexible devices

The deterministic self-assembled structures can bring some new unique properties
into 2D materials, such as anisotropic piezoresistive, flexoelectric, piezoelectric, and
mechanical optoelectronic coupling effects of 2D directed self-assembled 2D materials
(Figure 18B-D). Moreover, the dynamic self-assembly can be used to realize the in
situ dynamically tunable optoelectronic characteristics (Figure 25). The above new
characteristics of controllable deterministic self-assembly can offer unprecedented
feasibility opportunities for the self-assembled electronic devices of 2D materials.

In this work, as shown in Figure 28, a novel concept is proposed to manufacture
deterministic self-assembled flexible electronic devices of 2D materials driven by
deterministic mono-mode instability. A single self-assembled structure can be consid-
ered as an independently adjustable self-assembled electronic component, such as a
transistor, a capacitor, a resistor, or a converter (Figure 28A). The independently
adjustable electronic component can be assembled into complex circuits and interact
with the external environment via self-assembled patterns of 2D materials. It is worth
noting that self-assembled electronic components can be post-programmed through a
determined mode circuit connection to form an adjustable self-assembled circuit

137



Nanofabrication Techniques — Principles, Processes and Applications

é
Y
£
2
.

= = -V
£ | -1
4 | T ‘ Tea®
i‘ | 4ms | Ims
g A |
‘J 4 60.26 51125114
tima(s) timne(s)
K,mt T U T E 1 JVI
> mmn
L_J.J_...L.__,.,_LJ_J
) W we 1

time{s)

¢ bmels)
<2

g
B } .',uﬁ'\.‘. iy

T
Touch perpendiou/ar o orest Toun aimn st

Figure 28.

Deterministically self-assembled flexible electronic devices: (A) schematics of self-assembled electronics; (B)
flexible and wearable self-assembled electronics for gesture detection; (C) 3D anisotropic tactile sensors for normal
and shear force discrimination.

network, such as resistors that can be linked in parallel, in series, or series
parallel (Figure 29). In stark contrast, the 2D disordered multiscale self-assembly
structures (Figure 29A) can lead to a non-deterministic connection network of
random resistors (Figure 29D). The key to the self-assembled electronics of 2D
materials driven by mono-mode instability is the deterministic self-assembly and
circuit connections between electronic components.

As shown in Figure 28B, an ultra-fast response wearable flexible sensor for gesture
detection was manufactured based on the deterministic self-assembly of 2D materials
in 2D material/IML/substrate three-layer systems. When the hand is in the initial
horizontal position, the sensor is connected to the arm near the wrist (Figure 28B).
The amplitude and wavelength of initial self-assembled wrinkles are 1 and A, and the
initial resistance of the corresponding self-assembled resistor is R, respectively. The
sensor is stretched when the wrist is rotated downward by 30 degrees, and the
amplitude of self-assembled wrinkles decreases by /\A, the resistance of the self-
assembled resistor also increases by /AR ., and the voltage of the sensor increases by
40 mV (Figure 28B, I-IV). Furthermore, the sensor is compressed when the wrist
rotates upward 30 degrees, resulting in a decrease in the amplitude of the self-
assembled structures /\A, in the voltage and resistance of the sensor 40 mV and
N/\R,,, where N is the number of the structures, respectively. The sensor has an
extremely fast response speed and also is sensitive to wrist movements, where the
response and recovery times T, = 4ms, T, = 3ms, respectively (Figure 30).

Moreover, by utilizing directed self-assembly of 2D materials in 2D material/IMLs/
substrate three-layer systems, we fabricated a new functional oriented flexible elec-
tronic device (Figure 28C) [47]. A 3D anisotropic tactile sensor with ultra-fast
response is presented by employing the 1D directed self-assembly of 2D materials to
effectively identify normal and shear forces. The 1D ordered self-assembled structure
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The new concept of deterministically self-assembled micro/nano-electronics fueled by mode-decoupled mechanical
instabilities in 2D materials. (A) Multimode coupling mechanical instabilities and 2D non-divected multiscale
self-assembling structuves; (B) multimode coupling mechanical instabilities and multiscale 1D directed self-
assembling structures; (C) decoupled mono-mode mechanical instability and single-scale 1D divected self-
assembling structuves. The self-assembled micro/nano-electronics: (D) non-deterministic self-assembled networks
of vesistors, where resistors with random vesistance values R;(i = 1, 2, 3, ... N) are connected in a random manner,
not deterministic sevies ov parallel manner because 2D non-directed multiscale self-assembling structures are
randomly aligned; (E) deterministic series self-assembled networks of resistors, where resistors with random
resistance values are connected in deterministic series because 1D directed multiscale self-assembling structures are
aligned in parallel; (F) deterministic series-parallel self-assembled networks of resistors, where resistors with
deterministic resistance values R are deterministically connected in series and then in parallel because three stripes
of 1D divected single-scale self-assembling structures ave aligned in parallel.
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Figure 30.

The test platform of deterministically self-assembled electronics: (A) a signal generator is used to generate a
constant current to drive electronic devices; (B) self-assembled electronics including a deterministically self-
assembled 2D-materials/IML/substrate trilayer system, patterned Au electrodes, and a PDMS protective layer;
(C) data acquisition device; (D) data analysis; and (E) fabricated sensors.

of 2D materials can work as sensing element, which is the key to the tactile sensing
function of the anisotropic 3D tactile sensor. Each 1D ordered self-assembly structure
can be equivalent to a resistor with the same resistance value, and the resistor is
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determined to be connected in parallel before being touched by fingers

(Figure 28C, II). As shown in Figure 28C, III-V, the tactile sensor has three touch
modes: normal force touch, x-direction shear force touch, and y-direction shear force
contact. As indicated in Figure 28C, VI, the self-assembled structures are locally
squeezed into a flat state, and the resistance (/AAR,) and voltage signal changes are
observed due to the local structural deformation and piezoresistive effect of 2D mate-
rials. Due to the ultra-fast response characteristics of the sensor, it can accurately
record the finger pressing time, where the response and recovery times T, = 4ms
and T,.. = 3ms, respectively (Figure 31).

Furthermore, the sensor can also sense the shear force caused by finger sliding
friction. Owing to 1D ordered self-assembly of 2D materials, the tactile sensors show
anisotropic sensing characteristics. The self-assembled structure with a symmetrical
sinusoidal shape undergoes significant deformation when the fingers slide along x
direction, forming an asymmetric structure (Figure 28C, IV), with significant
changes in resistance (/\R;) and sensing signal (Figure 28C, VII). However, the self-
assembled structure undergoes very small deformation when the fingers slide along y
direction (Figure 28C, V), without significant resistance changes (/AR «/\R) and
sensing signals (Figure 28C, VII). The reason for that is the effective shear stiffness in
x direction is much less than the stiffness in y direction of the 1D directed self-
assembled structures. It is indicated that the sensor can effectively separate different
direction shear forces. Moreover, the sensor can also distinguish between normal and
shear forces. As shown in Figures 31B and 32B, the V-T voltage signal curves of the
sensors under one press-release and finger sliding cycle remain unchanged when the
finger remains pressed. However, when the finger slides on the sensor, the voltage
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Figure 31.

Elegcl;m‘c characterization of the ultra-fast vesponsive 3D tactile sensors in vesponse to: (A) under finger press with
increasing dwell times (from 1 s to 10s); (B) the enlarged view of V-T curves of the sensors under one press-release
cycle; (C, D) V-T curves exhibiting ultra-fast vesponsive and recovery times, where the responsive time Ty, = 4ms
and the vecovery time T, = 3ms.
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Figure 32.

Electric characterization of the ultra-fast responsive tactile sensors in response to: (A) under finger sliding motion
with the shear force in x direction; (B) the enlarged view of V-T curves of the sensors under one finger sliding cycle;
(C, D) V-T curves exhibiting ultra-fast responsive and recovery times, where Ty, = 4ms and Ty, = 3ms.
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Figure 33.

The normal and sheay force discrimination mechanical mechanism of anisotropic 3D tactile sensors: (A) the
deformation mode and normal stress-sensitive sensing signals of the sensors under finger pressure; (B) the
deformation mode and normal stress-sensitive sensing signals of the sensors when the fingers slide along x direction
(the divection perpendicular to structural crest), where the sinusoidal self-assembled structure will rebound from
left to right after the shear force is removed; (C) the deformation mode and normal stress-insensitive sensing signals
of the sensors when the fingers slide along x direction (the direction parallel to structurval crest).

signal repeatedly jumps up and down. The mechanical mechanism is that the self-
assembled structures can repeatedly rebound after the shear force is eliminated
(Figure 33). Therefore, the 3D anisotropic tactile sensors can effectively recognize the
pressure and different direction shear forces from the fingers, owing to the directed
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self-assembled wrinkle-induced anisotropic piezoresistive effect of 2D materials. The
deterministic self-assembly technology driven by mono-mode instability can provide
a new and simpler manufacturing strategy for flexible electronic micro/nanodevices
with inspiring functions.

7. Conclusions

We have fundamentally overcome the key problem of mechanical instability mode
manipulation caused by the extremely low bending stiffness of atomically thin 2D
crystals to realize the highly designable decoupled mono-mode mechanical instability
and deterministic mode self-assembly of 2D materials. The key to decoupling
multimode-coupled mechanical instabilities in ultra-thin 2D materials is to construct
2D material/IMLs-substrate three-layer systems by introducing a universal, program-
mable IMLs and micro-mechanical interlocking bonding.

The decoupled mono-mode instability of atomic thin 2D materials opens up a new
opportunity for the determination of third-order cross-scale and directed self-
assemblies in 2D nanocrystals. Interestingly, a non-contact iz situ dynamic manipula-
tion strategy was proposed for the post-tunable dynamic self-assembly of 2D mate-
rials. In addition, the above-mentioned programmable deterministic self-assembly
endows 2D materials with new characteristics, such as anisotropic mechanical opto-
electronic coupling and piezoresistive effects. A new concept is presented to manu-
facture deterministically self-assembled micro/nano-electronic devices based on 2D
materials, such as ultra-fast response 3D anisotropic tactile sensors and wearable
gesture sensors by using the above deterministic self-assembly inducing properties.
The deterministic self-assembly driven by mono-mode instability can greatly promote
CMOS-compatible micro/nanopatterning technology for 2D materials and deformable
self-assembled electronic devices.
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Chapter7

Stretching the Horizon of
Nanosphere Lithography

Arnab Ganguly and Gobind Das

Abstract

Periodic nano-structured superlattice with symmetry breaking along the surface
as well as thickness is of high importance in plasmonic research due to its immense
potential in bio-medical and environmental sensor applications. The structures are rich
with electromagnetic hotspots and anisotropic optical properties contributing to the
sensitivity of the device. In nanotechnology, nanosphere lithography (NSL) is a promis-
ing lithography technique that is in the limelight of research for the last decade due to its
simplicity, scalability, and cost-effectiveness. Despite many advantages, the technique
is limited in its versatility when it comes to real application. Conventional NSL offers
less scope for structural variation with the most common six-fold symmetric structure
as the nanosphere mask self-assembles in a hexagonal close-pack fashion due to the very
nature of this process. Research efforts have been made to overcome the bottleneck.
The conventional NSL approach is modified in combination with other techniques. In
this chapter, we discuss the evolution of the NSL technique to achieve maturity. The
chapter emphasizes modern NSL formalism associated with techniques like multistep
shadow mask deposition and anisotropic etching to achieve 2D and 3D nanostructures
with controlled shape, size, inter-structural gap, aspect ratio, sharpness, and special
and vertical symmetry. The chapter will serve as an effective knowledge base for further
research development in plasmonics, magnonics, and spintronics.

Keywords: nanosphere lithography, shadow mask deposition, anisotropic etching,
hotspot, sensors

1. Introduction

Nanosphere lithography (NSL) is a popular and cost-effective technique used to
fabricate periodic patterns of nanoscale structures on a substrate using monodisperse
polystyrene nanospheres as mask. In this technique, one or more layers of nano-
spheres are deposited onto a substrate followed by a thin monolayer or multilayer
coating of target material such as metals and polymers. The material is deposited only
in the spaces between the nanospheres. Later, the nanospheres are removed, leaving a
periodic array of nanostructures on the substrate.

The NSL technique has been the research highlight for several decades due to
its unbeatable advantages over other lithography techniques. In nanotechnology,
conventional lithography (CL) is a popular tool used to fabricate various nanostruc-
tures [1-3]. However, in the case of photolithography, it is tricky to obtain nicely
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resolved structures in the sub-micron range. E-beam lithography has higher resolu-
tions, but the technique fails when it comes to large-area patterning. Moreover, CL
is not the right candidate for patterning 3D nanostructures (i.e., structures having
asymmetry along thickness). Such a 3D structure can be patterned using a focused
ion beam, but again it is limited to small-area patterning. In short, these techniques
are expensive, and sensitive to cleanroom conditioning, hence, not suitable for
large-scale industrial applications. On the contrary, NSL [4-8] is a package with all
the qualities in it. It offers a simple alternative to realize large-area patterning of 2D
and 3D nanostructures in a cost-effective manner and does not necessarily require
special cleanroom conditioning. In fact, the entire process can be carried out using
standard laboratory equipment and does not require much time to perform. NSL
can produce high-resolution patterns with feature sizes down to a few nanometers,
which is comparable to the electron beam lithography (EBL). It is a versatile tech-
nique and does not involve the use of harsh chemicals, making it a greener alterna-
tive compared to its peers.

Despite the advantages, the technique has some bottlenecks which are limiting the
realization of this technique in modern technology to its full potential. The unifor-
mity of nanosphere mask assembly is the key to successful patterning. However, the
self-assembly process is stochastic and sensitive to various environmental parameters
such as temperature, humidity, hydrophilicity, and pH, which can affect the quality
and reproducibility of the patterns. Defects and dislocations present in the nano-
sphere mask are carried forward to the patterned structure. NSL is typically limited
to flat substrates, such as glass or silicon wafers, which can be problematic for appli-
cations that require patterned features on non-planar or curved surfaces. Material
compatibility of the substrate for NSL is an also issue. Another concern to the NSL is
its limited control of structures. In other words, the technique cannot produce a wide
range of nanostructures. Most conventionally, it is used to create triangular crystals
with hexagonal symmetry as the technique is based on nanosphere masks which self
assembles in hexagonal close-packed (HCP) order [8, 9].

Research efforts have been made to overcome these challenges. Recently, signifi-
cant development has been made over the conventional NSL approach to achieve
complex 2D/3D nanostructures over a large area. For instance, a symmetry breaking
along the thickness through non-uniform etching has been observed by Darvill et al.
[10]. Myint et al. [11] observed crystal structures from three-fold azimuthal sym-
metry deposition. The development enhances the appeal and relevance of the NSL
technique in plasmonic sensors, magnonic memory, optoelectronics, and biomedical
applications. This futuristic evolution of the NSL technique is called “stretching the
horizon” in the title of this chapter. The chapter emphasizes modern NSL formalism
associated with techniques like multistep shadow mask deposition and anisotropic
etching in order to achieve 2D and 3D nanostructures with controlled shape, size,
inter-structural gap, aspect ratio, sharpness, and spacial and vertical symmetry.

2. History of nanosphere lithography

The journey of NSL started back in early 1983. Deckman and Dunsmuir [12] first
published the fundamental concept of NSL which they called “natural lithography”
by using monolayers of self-assembled ordered or random polystyrene spheres as a
mask for patterning a substrate with nanoscale features. Later in 1995, Hulteen and
Duyne [8] demonstrated the concept in detail for periodic arrays of particles creating
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triangular patterns with hexagonal symmetry connected or separated from each
other through vertical material deposition. From that time the technique is famously
known as “nanosphere lithography”. In 1996, Winzer et al. [9] applied this technique
to fabricate nano-dot and nano-ring arrays. The next year, periodic nanoholes with
tunable diameter were demonstrated by Haginoya et al. [13] using reactive ion etch-
ing (RIE) assisted reduction of nanosphere mask followed by material deposition.
Later in 1999, [14] size-tunable nanoparticles and nano-cluster arrays are created by
varying the size of the nanosphere and the thickness of the deposited material. The
concept of a bi-layer mask NSL is also introduced in this paper. In a venture to create
ultra-flat nanostructures through NSL, Frey et al. [15] combined this technique with
ultra-flat template stripping [16] in the year 2000. In this technique, a nanosphere
mask is deposited on an ultra-flat mica substrate followed by material deposition.
The nanosphere is removed leaving the bi-layer pattern on the mica similar to con-
ventional NSL. In the next step, the pattern was covered by the deposition of a thin
film adhesive layer and the subsequent application of epoxy on the top. Finally, mica
is stripped off from underneath exposing an ultra-flat material pattern embedded

in the matrix of the adhesive layer on the epoxy substrate. Further in the journey,
NSL has evolved and experimented in association with other techniques. In 2004,
more complex periodic structures are obtained using shadow NSL which is a union
of shadow mask deposition and NSL [17]. In this study, structures are created by the
controlled rotation of nanosphere shadow by tilting and rotating the substrate in the
collimated shower of depositing material atoms. In 2005 arrays of rings, dots, and
rods are demonstrated by shadow NSL with a deformed nanosphere mask obtained
through annealing treatment [18]. In 2006, high aspect ratio nanopillars are cre-

ated by NSL coupled with deep reactive ion etching (DRIE) [19]. The approach is
based on the reduction of the size of the nanosphere mask followed by the DRIE of
the substrate in the presence of the reduced mask. The technique is improvised and
extended to create 3D hierarchical nanostructures like arrays of hollow cylinders, and
step-like (solid or hollow) cylinders with decreasing diameter by performing mul-
tistep etching assisted NSL [20]. In 2007, Nano crescent [21] structures are created
using nano template lithography (NTL) a simple extension of NSL. In this technique,
instead of a large number of assembled nanospheres, individual nanospheres act as

a template for angled deposition. The technique is further investigated for antenna
application [22-24]. In 2015, a new variant of NSL called Moiré NSL (M-NSL) is
developed which introduced in-plane rotation of neighboring monolayers creating
meta-surfaces [25]. In the following years, the capability of M-NSL is expanded to
create various superlattices with different materials aimed at diverse applications
[26-29]. The concept of NSL is utilized to create ordered arrays of hollow nanospheri-
cal particle elements [30]. Self-assembled polystyrene nanospheres template is coated
with fluorinated tin-oxide solution by slow drop casting. The liquid is dried, and the
sample undergoes several steps of annealing to obtain the structure. One of the recent
works on NSL finds a technique to pattern bridge networks between nanostructured
arrays called nano-bridged NSL (NB-NSL) [31]. Further, step-wise formation of
patterns using shadow mask deposition-based NSL is developed to precisely control
the shape, size, gap between features, and overall symmetry of the complex 2D and
3D nanostructures [11, 32] using the azimuthal and polar angle of the shadow mask
as a control parameter. As further extension of this work angular acceleration of

a continuously rotating substrate has been introduced as functional control to the
vertically asymmetric unique 3D structure [32]. Darvill et al. [10] described a scheme
of etching-assisted NSL for structural symmetry breaking along the thickness.
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The concept is based on anisotropic etching induced by the temperature gradient in
the etching chamber.

The scope of NSL is not limited to the creation of a library of nanoarray struc-
tures. The knowledge base developed in this journey finds numerous opportunities
for application-oriented research in various fields including plasmonics [4, 33-36],
photonics [37], magnonics [38-42], optoelectronics [43], and biomedicine [44-48]
which will be discussed in the application section.

3. Methods

In the last section, we have seen that the NSL technique is employed in various
configurations in combination with several other techniques. In that sense, there is
no unique recipe for NSL. However, the most standard form of NSL involves mate-
rial deposition in the presence of a self-assembled nanosphere mask. Another form
of NSL involves the etching of the nanosphere mask and the substrate. The process
involves the following steps which are schematically presented in Figure 1.

In the first step, the substrate for instance Si(/SiO,) wafer is cleaned using acetone and
isopropyl alcohol (IPA) in an ultrasound bath, then washed with distilled water and dried
by N; gas flow. Then the wafer undergoes Ar/O, plasma cleaning to eliminate organic
impurities from the substrate and enhance its hydrophilicity. This treatment substantially
affects the mobility of nanoparticle mask units, enabling them to distribute uniformly
over the large surface of Si. In the second step, a solution of micro/nanobeads and ethanol
is drop-casted on the substrate and allowed to be self-assembled in an HCP structure.
Finally, the material is deposited usually by a sputterer or evaporator. Following the
deposition, the sample undergoes ultrasonication in IPA to lift off the nanosphere masks
and any material that has been deposited on them. The deposited material grains that can
penetrate the gaps of the nanosphere assembly are left on the substrate as a lithographic
structure as shown in the orange-shaded region of step 3 in Figure 1.

For etching-assisted NSL, the initial two steps remain unchanged. However, in the
third step, the sample undergoes a two-step etching process instead of deposition as
shown in the blue-shaded region of step 3 in Figure 1. Firstly, the nanospherical masks
are treated with oxygen plasma in the RIE chamber. The polystyrene is etched by the
oxygen plasma while the silicon substrate remains unaffected, causing the diameter of
the beads to decrease. The diameter of the beads and their separation are determined
by the etching duration. Subsequently, the exposed silicon is etched in the RIE/DRIE
chamber while the silicon masked by the polystyrene beads remains unetched, result-
ing in a periodic nanostructured surface profile. Finally, the loosely bound polystyrene
mask is removed from the substrate by immersing the sample in IPA and subjecting it
to ultrasonic vibrations for 5 min. Figure 1 displays a series of lithographed structures
produced with NSL that are identified as 1-6 in the bottom row.

The hexagonal symmetry is an intrinsic property of the conventional which origi-
nates from the close packing of the nanospheres. When the nanospheres are deposited
onto the substrate, they self-assemble into a HCP arrangement due to the minimiza-
tion of the free energy of the system. This arrangement provides the highest packing
density with the least amount of void space between the spheres. The self-assembly
process is driven by the intermolecular force factors between the nanospheres and
the interface, such as van der Waals force, Marangoni force (originating from the
surface tension difference at the interface), zeta potential () electrostatic interac-
tion forces. These forces cause the nanospheres to aggregate and form a well-defined
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Wet bench cleaning Plasma cleaning

Step 1

Figure 1.

Sc%ematic diagram of the standard and etching-assisted NSL process along with an example of nanosphere
lithographed structuves (labeled as 1-6) at the bottom row [10, 11, 20, 21, 32]. (Ref 10—Creative Commons
Attribution 3.0 Unported License, Ref 11—Creative Commons Attribution 4.0 license, Ref. 20, 21—Incorporated
with permission and Ref 32—license under CCBY 4.0).

pattern on the substrate [49, 50]. The dynamics of self-assembly is a stochastic process
having partial control over external parameters. Large area monolayer assembly of
nanosphere can be achieved by optimizing a few control parameters. For instance,

the temperature of the substrate can be optimized to control the evaporation rate

of the solution drop-casted on it. Further, a rotating substrate with suitable angular
speed applies centrifugal force on the nanospheres just sufficient for the close-pack
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monolayer formation. The self-assembly process is significantly influenced by the
molar ratio of the solvent and the substrate’s surface area. The solvent allows the micro/
nanobeads to move until it evaporates, after which the particles become stationary. To
ensure complete coverage of the surface with a monolayer particle mask, the volume of
the drop-casted solution and the surface area of the substrate are meticulously selected
to attain an appropriate particle density per unit square area. A higher concentration
of micro/nanobeads leads to the formation of multilayers, while a lower density results
in the creation of uncovered surface areas or islands. Apart from multilayer and island
formation self-assembled nanospheres exhibit various lattice defects. Line defect is one
of the most common defects which looks like a missing line in a matrix of nanospheres.
Domain formation is another common form of defect where small domains of hexago-
nal lattices are formed with relative angle to each other. Apart from that, point defects
(i.e., missing particles in a matrix array), random agglomeration, dislocations, and the
uneven gap between particles are also observed.

4. Shadow-mask deposition assisted NSL

The deposition of a shadow mask is a powerful method that allows for the creation
of alimitless range of structural patterns with distinct features such as size, shape,
inter-structural gaps, and symmetry. The deposition angle in relation to the mask is
a crucial factor in governing the direction and shape of the shadow, which ultimately
determines the resulting structural pattern. In this technique, both azimuthal (8) and
polar (¢) angles are used as control parameters. The scanning electron microscope
(SEM) image of a nanosphere mask arranged in HCP order is presented in Figure 2a,
with the inset displaying the image at a higher magnification. Figure 2b explains the
scheme of shadow mask deposition. The substrate on which the nanosphere is placed
has a slope @ with respect to the horizontal plane. The red line indicates normal to the
substrate and the vertical black line indicates the deposition vector. Hence, the red
and black lines make the same angle ¢ between each other indicating the polar rota-
tion of the substrate. Figure 2c illustrates the shadowing effect of a single nanosphere
where green corresponds to the deposition of the substrate whereas red corresponds
to the deposition of the nanosphere creating a shadow on the substrate.

The shadow structures can be simulated by various tools like Matlab or the light
tracing software, Pov-Ray (The Persistence of Vision Ray-tracer). In this chapter, we
use Matlab to simulate the structures. A program has been developed to solve equa-
tions related to straight lines and a group of spheres on a planar surface. The broken

Figure 2.

(a) SEM image of nanosphere mask placed on a Si substrate, with the scale bars of the image and inset measuring
10 and 2 um, respectively; (b) schematic diagram of the shadow mask deposition setup; and (c) Shadow of a
single nanosphere [32]. (Ref. license under CCBY 4.0).
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straight lines (Figure 2c) signify the shower of metal atoms with certain 6 and ¢,
whereas the spheres symbolize the micro or nanobeads mask unit, and the plane
corresponds to the substrate. When there is a real solution between a sphere and a
straight line, it means that the evaporated beam is hitting the nanosphere (red), while
an imaginary solution indicates that there is no contact between them (green). The
first scenario corresponds to shadowing, while the latter implies that deposition on
the substrate has occurred. In the latter case, the straight line and substrate plane are
further solved to determine the coordinates of the deposition.

4.1 Single-step NSL

Figure 3a shows a matrix of nanostructures with systematically varying 6 and ¢.
The largest pattern is observed for the column ¢ = 0 having surface exposure of 7.59%
of the substrate area. The patterns become smaller with increasing ¢ as we move from
the left to the right of the row for each value of 6. For instance, at ¢ = 40 degrees and
0 = 0 degree the exposure reduces to 0.62%. When the value of ¢ is increased, the
deposition vector becomes more slanted in relation to the substrate. As a result, a
greater portion of the substrate is shaded by the nanosphere, resulting in a smaller pat-
tern size. The curves in Figure 3b show the variation in the exposure % as a function
of @ for 0 = 0 and 90 degrees. The latter (0 = 90 degrees) has a larger exposure over the
range of @. The theoretical value of the minimum tilt angle for which the nanosphere
completely covers the substrate is defined as the extinction angle (¢). For the two
perpendicular 6 (=0 and 90 degrees) ¢. is calculated as 46 and 51 degrees respectively.
The importance of this parameter is that for shadow mask deposition-assisted NSL the
magnitude of ¢ must be lower than ¢.. The pattern is hexagonal symmetric for ¢ = 0
(i.e., normal incidence) as shown by the white lines in Figure 3. The pattern remains
exactly the same for any angle 6 meaning the configuration is azimuthally symmetric.
The symmetry breaks for a nonzero value of ¢. The elements are shifted such that
some neighboring structures get closer, and some get farther from each other giving
rise to a polarized pattern as indicated by the red arrows in Figure 3.

4.2 NSL with varying ¢

Here we show 3D nanostructures with step-like shapes that are achieved by varying
the angle ¢ while keeping 6 constant, as illustrated in panels 1 and 2 of Figure 4. The
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Figure 3.
(a) Simulated structure matrix with systematically varying 6 and ¢. (b) Exposured area (%) with varying ¢ at
0 = 0 degree and 0 = 90 degrees.
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Panel 1 Panel 2 Panel 3

Figure 4.

Thge deposition of shadows in four steps, with different values of ¢ (10, 15, 20, and 25 degrees), keeping 6 constant
at (a) 20 degrees, (b) o degree and (c) 45 degrees. The scale bars in the figure and in the insets in panel 1
correspond to 2 ym and 500 nm, respectively. Panel 2 and 3 show the simulation vesult for four steps of ¢ angle and
continuously varying ¢ angle deposition [32]. (Ref. license under CCBY 4.0).

inset in each figure shows a magnified image of the lattice. Panel 1 of Figure 4 displays
SEM images of the four steps of deposition, in which ¢ is varied as 10, 15, 20, and 25
degrees at constant 6 (Figure 4a 20 degrees, 4b 0 degree and 4c¢ 45 degrees). The
resulting structure consists of four curved arm triangles of different sizes and aspect
ratios, which are superposed with a gradual shift. Each deposition step serves as a build-
ing block to create a vertically asymmetric 3D nanostructure. Panel 2 of Figure 4 pres-
ents the simulated result, which agrees with the experimental observation. Different
colors are used to indicate the four depositions (D1-D4) in this figure. In contrast, when
the deposition is carried out by continuously varying ¢, rather than in steps, unique 3D
structures with smoothly varying surface topology are formed, as shown in panel 3 of
Figure 4. These structures were simulated for constant 8, with ¢ varying from 0 to 30
degrees in 1 degree steps at a constant angular velocity. A further variation of shape can
be obtained by introducing angular acceleration to the rotating substrate.

4.3 Two-step NSL with varying 0

Lattice structures obtained from two-fold azimuthal symmetry are shown in
Figure 5. Unlike the previous case, this configuration performs a two-step deposi-
tion with @ as constant and 6 varying as 6; and 0; + 180 degrees, where 6; stands
for the 0 of the first deposition. Panel 1 and 2 correspond to the experimental and
simulated results which are consistent with each other. The patterns break the
conventional hexagonal symmetry with the rearrangement of elements rather
explained by linear symmetry. The values of 6 and ¢ are mentioned for each figure.
Figure 5a shows pairs of triangles arranged in a zigzag pattern around regularly
spaced line gaps. In Figure 5b and c, the unit cell structures are made up of four
triangles combined. Figure 5d displays square structures that are intersected by line
gaps. Figure 5e exhibits a mixture of square and triangle shapes, while Figure 5f is
composed of a combination of star and triangular arrays.
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Figure 5.

Two-step deposition for varying 0 (6; and 0; + 180 degrees) at constant ¢. The ¢ value for figure (a—c) is 15
degrees, and for figure (d—f) is 25 degrees. Panels 1 and 2 show the SEM and simulation vesults respectively. In
panel 1, the scale bars displayed in the figures and insets are 2 ym and 500 nm, vespectively [32]. (Ref. license
under CCBY 4.0).

4.4 Complex structures with varying 6 and ¢

The possibilities for generating diverse lattices through shadow mask deposition-
aided NSL are practically endless. In this section, examples of some complex lattice
structures are shown with uncommon shapes and symmetry. In Figure 6a and b, the
nanostructures are produced with four-fold symmetry of 0. It is a quantitative addi-
tion of two times of two-fold symmetry perpendicular to each other configured as
6 =6i+ (0,90, 180, and 270 degrees). Figure 6a and b are the SEM images for two
different 6i (15 and 355 degrees respectively) at a constant @ of 25 degrees. A bunch of
eight triangles reorient and restructure themselves to form a unit cell as shown in the
insets. Further, the structure in Figure 6c is obtained with ¢ = 25 degreesand 6 = 0
and 90 degrees. The deposition is neither two-fold nor four-fold symmetric to 6 rather
can be termed as incomplete (or semi) four-fold symmetric. Figure 6d is obtained by a
four-step deposition of simultaneously varying 6 and ¢ as 6 = 130 degrees + (0, 90, 180,

ITe
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Figure 6.

(a-d) SEM images of complex lattice structures obtained by multistep deposition using various combinations
of 0 and . The scale bars in the figure and the insets correspond to 2 ym and 500 nm, respectively. Simulated
structures upon complete rotation of 0 for (e-g) constant ¢ and (h) continuously varying ¢ [32]. (Ref. license
under CCBY 4.0).
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Pillar width = 298 nm
Pillar height = 992 nm
Beads diameter = 417 nm

Pillar width = 263 nm
Pillar height = 938 nm
Beads diameter = 352 nm

Figure 7.

SEM images of the sample at different stages of etching-assisted NSL. (a) Top: nanospheres on Si substrate after
oxygen etching. Bottom: Magnified image of the red square marked region. White lines in the top and bottom
images correspond to 2 ym and 500 nm respectively. (b) Side view of nanopillars array with etched nanospheres
on the top of each pillar. The top and bottom images correspond to 4 and 5 min of oxygen etching respectively.
(c) Side and slanted view images of nanopillars array after removal of nanosphere mask. Scale bars in figures
(b) and (c) correspond to 1 ym [4]. (Ref. license under CCBY 4.0).

and 270 degrees) and ¢ = 15, 18, 22and 29 degrees. In Figure 6e-h, simulated structures
are obtained by integrating over the full rotation of 6. The simulation involves varying

0 from 0 to 359 degrees in increments of 1 degree. In Figure 6e-h, the value of ¢ is kept
constant at 15, 25, and 30 degrees respectively, while in Figure 6h, ¢ is continuously
increasing from 15 to 30 degrees at a constant angular velocity over the entire span of 0.
Figure 6e-h shows a series of unique 3D patterns that are interconnected in a hexagonal
framework. Among these patterns, the nano spiral shape illustrated in Figure 6h is
particularly important and could be employed in chiral spectroscopy.

5. Etching-assisted NSL

Figure 7 presents the summary of the SEM results obtained from etching-assisted
NSL [4]. The image at the top of Figure 7a displays a self-assembled nanosphere mask
following size reduction. Etching of the nanosphere mask is achieved using oxygen
plasma in the RIE chamber. This process reduces the diameter of the nanospheres and
evenly spaces them apart. The spacing between nanospheres increases as the size of
the nanospheres reduces with a longer exposure time to the oxygen plasma. The image
at the bottom offers a closer view of the region marked by the red rectangle. Figure 7b
showcases SEM side view images of a Si nanopillar array after undergoing Si etching
in the presence of a size-reduced nanosphere mask. In this process, the exposed Si is
etched from the top while the Si underneath the nanosphere beads remains protected,
resulting in a cylindrical nanopillar array pattern. The process involves inductively
coupled plasma reactive ion etching (ICP-RIE). Alternatively, the time-multiplexed
silicon etching, commonly referred to as “Bosch” can be employed in a Deep RIE
chamber to achieve high aspect ratio pillars with minimal etching of the side walls [19].
In this technique, Si is etched with SFs, followed by passivation with a C4Fg polymer in
repeated cycles. The top and bottom images of Figure 7b correspond to different time
exposure to oxygen plasma (4 and 5 min, respectively). The spherical particles seen on
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top of each pillar represent the nanosphere masks. Ideally, the diameter of the cylindri-
cal pillars should be the same as the size of the nanosphere. However, in this case, it
appears slightly smaller due to nonuniformity in the etching process. Comparing the
top and bottom figures, it is evident that the pillars are narrower in the bottom image
due to reduced beads size. Thus, the size of the nanopillars can be controlled by the
etching time. Finally, the top and bottom images of Figure 7c present side and slanted
view images of the pillars after the removal of the nanosphere beads.

The conventional etching-assisted NSL technique has been improved to create a
hollow cylindrical pillar array through multiple-patterning nanosphere lithography
(MP-NSL) [20], as shown in Figure 8a. The first three steps of MP-NSL are the
same as the standard etching-assisted NSL, where nanospheres on a Si substrate are
treated with oxygen plasma to reduce their diameter, followed by DRIE to create solid
cylindrical arrays. The diameter of the reduced nanosphere will be the same as the
outer diameter of the resulting hollow cylinder. In step 4, the nanospheres are treated
with oxygen plasma again, further reducing their diameter, which will become the
inner diameter of the cylinder. The reduction of diameter in this step determines the
thickness of the hollow cylinder. Next, Ni is deposited from the top, and the nano-
sphere is removed, leaving a ring-shaped mask at the top of the solid cylinder along
its outer diameter (steps 4 and 5). Finally, in steps 6 and 7, the inner hole is created
through DRIE, and the Ni ring is removed to obtain a hollow cylindrical array of Si.
In Figure 8b SEM images labeled 1-6 are shown corresponding to the lithography
steps. Label 1 shows closely packed monolayer nanospheres of diameter 1 pm on Si
substrate (top view). In label 2 nanospheres are shown with the first reduction of
diameter (top view). In label 3, a tilted view (tilt angle = 30 degrees) of solid pillars of
Si with nanospheres on top is shown. Label 4 shows the size of the nanosphere on top

_ Before etching

= »
f( \\,_.ﬁ i After etching

Figure 8.

(a) Schematic illustration of the MP-NSL process. (b) 1. Nanosphere mask on a Si wafer; 2. nanospheres after
the first size veduction; 3. nanospheres on top of Si nanopillar arrays; 4. second size veduction of nanospheres; 5.
Ni nanorings on top of nanopillars and 6. etching of the inner vegions by DRIE forming Si nanotubes. Scale bars
are 1 ym [20]. (c) Scheme of vertical temperature gradient induced anisotropic etching. (d) Morphology of nano
mushroom. (¢) SEM image of gold-coated nano mushroom arrays [10]. (Ref. 100—Creative Commons Attribution
3.0 Unported License, Ref. 20—Incorporated with permission).
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of Si pillars is reduced further (tilted view). The top view after Ni coating is shown
in label 5. Finally, in label 6 tilted views of hollow nanosphere are shown. In the tilted
view images, the tilt angle is kept at 30 degrees. The scale bars correspond to 1 pm.

In the previous discussion we have seen etching to be isotropic, however, con-
trolled anisotropy can be introduced in the etching process by creating a temperature
gradient inside the etching chamber, resulting in broken symmetry along the thick-
ness of a structure. The process of anisotropic plasma etching involves an isotropic
oxygen plasma etching along with a vertical temperature gradient that is applied from
the bottom to the top of the nanospheres. The rate of etching is dependent on the
chamber temperature, with higher temperatures resulting in a faster rate of etching. A
uniform change in chamber temperature does not change the shape of the structure,
only the speed of the etching process. By introducing the temperature gradient, the
etching rate can be engineered along the thickness, resulting in a highly anisotropic
etching process perpendicular to the substrate [10]. Figure 8c depicts the setup of
the etching chamber, while Figure 8c and d schematically illustrate how a nanosphere
transforms into a mushroom-shaped structure, with the lower hemisphere which is
in contact with the substrate eroding faster due to heat accumulation from the higher
temperature. Finally, Figure 8e shows a slanted view SEM image of the resulting nano
mushroom array coated with a thin film of gold.

6. Application

From the discussion above we found NSL to be a powerful tool to create ordered
arrays of nanoscale features with controlled size, shape, and spacing. Nanostructures
having nanodomains that extend down to a few nm are crucial for plasmonics, particu-
larly in applications such as surface-enhanced Raman spectroscopy (SERS), chiral spec-
troscopy, and biosensors. The applications rely on surface plasmons creating anisotropic
optical behavior to manipulate light at the nanoscale. These structures from NSL can
concentrate the electric field at an extremely small apex (radius of curvature < 10 nm) or
vertices, resulting in amplified optical signals. It is widely used to create SERS substrates,
which can enhance the Raman scattering of molecules from ultra-low concentration
with high sensitivity and specificity. SERS has applications in the detection of molecules,
proteins, and cells for chemical detection, environmental monitoring, and medical
diagnosis. For example, a recent report [51] in 2020, demonstrates early detection of liver
cancer (hepatocellular carcinoma) using the SERS technique. The study uses a special
bridged knobby nanostructured template fabricated by NSL for the detection of low-
concentration cancer bio-markers [52]. NSL patterning can be used for high-resolution
imaging of alive cell or a single molecule using the localized surface plasmon resonance
(LSPR) technique [53]. The research conducted centers around distinct metallic nano-
structures that possess varying symmetries, inter-structural gaps, and chirality. These
structures are studied in order to regulate electromagnetic hotspots and adjust optical
characteristics based on the alignment of their constituent elements [54-59]. Farther
more, the effectiveness of magnetic memory applications such as data storage, data
transfer, and logic devices are reliant on the regulated transmission of spin waves through
magnonic crystals via exchange interactions. Over the last decade, there has been
considerable research conducted in controlling the chiral magnetic domains [60, 61] as
well as spin wave properties like frequency modes and damping [62, 63] by modifying
the thickness and shape anisotropy of nanostructures [64, 65]. Hence, nanostructures,
rich in various spin-wave modes, are of high importance [66-70]. NSL has also been used
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to fabricate plasmonic color filters [71, 72], waveguides [73, 74], and antennas [74-76]
with high efficiency and tunability [71]. Moreover, smart window application employs a
lithographed pattern of thermochromic material by NSL to control the transmittance of
the window material [77]. NSL can be used to create periodic texture on the surface of
solar cells, which can increase light absorption and thereby improve the efficiency of the
solar cells [78, 79]. It can also be used for fabricating antibacterial surfaces [80]. Arrays of
nanoneedles fabricated by NSL are demonstrated for intracellular delivery of nanopar-
ticles with an attached microfluidic system for cellular immunotherapies [81].

7. Conclusion

To summarize, NSL is a micro/nanofabrication technique that is inexpensive and
straightforward, offering numerous benefits over other lithography techniques such
as scalability, versatility, time efficiency, and eco-friendliness. Consequently, it has
become a widely popular technique, with substantial research efforts invested over
the last few decades. As the technique has developed over time, it has progressed from
simple hexagonal patterns of triangular elements to more complex 2D/3D structure
fabrication with controlled shape, symmetry, and inter-structural spacing. To create
various nanostructures for different applications, the NSL method has been modi-
fied and associated with various other techniques. The NSL method can be broadly
categorized into two parts: deposition-assisted NSL and etching-assisted NSL. The
former involves depositing material on closely packed nanosphere masks to create
a shadow pattern on the substrate, while the latter involves patterning the substrate
by etching it through the gaps of the nanosphere. NSL can also be performed with a
complex rotation (either continuous or discrete) of the substrate, producing unique
patterns such as star and spiral patterns. Additionally, a vertical temperature gradient
during etching induces symmetry breaking along the thickness, which is required for
engineering 3D structures. The NSL technique finds significant applications in the
field of plasmonics, magnonics, and biomedicine.
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Chapter 8

Fabrication of Nanowire Arrays
Cu0-AL0;-TiO; as p-Insulator-n
Heterojunction for Photochemical
Water Splitting

Yu-Min Shen, Dipti Ranjan Sahu, Sheng-Chang Wang
and Jow-Lay Huang

Abstract

CuO@TiO; nanowires were prepared with the use of a porous alumina membrane
(PAM). The conventional thermal chemical vapor deposition (CVD) method was
used for the deposition of TiO, by decomposing titanium isopropoxide (Ti(OiPr),).
The multilayer heterojunction is tested for possible photochemical water splitting
application. The photo conversion properties of the CuO-ALO;-TiO, (p-insulator-n)
heterojunction along with the microstructures and composition were characterized
by Potentiostat, SEM and TEM, respectively. The shape of CuO nanowire arrays were
hexagonal honeycombs and size was about 90 nm which depends on the uniform pore
size of the PAM. The microstructural characterization showed that the nanosized
CuO-ALO5-TiO, is a p-insulator-n heterojunction. The maximum photoconversion
efficiency of 1.13 and 1.61% is obtained for CuO and CuO-Al,05-Ti0, nanowire arrays
junctions. An energy band diagram was introduced to explain the change in current
during water splitting due to electron tunneling through the insulating layer.

Keywords: nanowires, porous alumina membrane, TiO,, CuO and
photoelectrochemical, chemical vapour deposition (CVD)

1. Introduction

The use of TiO, for photoelectrochemical (PEC) water splitting applications has
been attracted a great deal attention from many research groups [1-8] since Fujishima
etal. [9, 10] discovered that the hydrolysis of water in oxygen and hydrogen could
be carried out by lighting anatase phase of titanium oxide (TiO,). This is because
TiO, has a wide band gap of ~3.2 eV, appropriate band-gap positions, strongly optical
adsorption, and high chemical stability. However, the conversion efficiency of TiO,
is usually limited, due to large band-gap energy, which means that UV irradiation
is need for photocatalytic activity to occur. Since UV light accounts for only 5% of
the sun’s energy compared to the 45% of visible, enhancing the photoconversion
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efficiency of TiO, has been a key objective of many research teams. H, has been used
to treat TiO, in order to modify its optical absorption responsive band gap from UV
to the visible wavelength [8, 11, 12], and narrow band gap semiconductor have also
been used to avoid the problem of rapid electron-hole recombination [13-17]. For
example, it is known that p-type copper oxide (CuO) can act as a hole conductor due
to its narrow bandgap of only 1.4 eV. The use of copper oxides heterojunctions with
TiO, have been reported for enhanced hydrogen generation, due to the resulting shift
in the adsorption light wavelength [18].

p-n heterojunctions with various structures have been developed for photocon-
version applications, resulting in high photocurrent efficiencies and H, generation
[19-27]. The interface layers between p-type and n-type heterojunction semicon-
ductors have significant effects on the resulting opto-electric properties, which are
enhanced when the electrons at the conduction band (CB) were rapidly move from
the n-type semiconductor to p-type semiconductor, or vice versa, which depends
on the semiconductor band edge position. The interfaces of p-n heterojunction have
recently been shown to have excellent photovoltaic properties, because the interme-
diate intrinsic layer prevents the injection of holes from the p-type semiconductor
[28, 29]. Tian et al. [30] also indicated that p-type/intrinsic/n-type coaxial silicon
nanowires have a high threshold voltage, as seen in the result of I-V characterization,
due to the contributions from tunneling and avalanche mechanisms [31]. However,
the influence of an insulator interface between p-n heterojunctions on the resulting
water splitting behavior has not been examined.

An insulator layer between p-type and n-type semiconductors was prepared
for this study by electrochemical deposition (ECD) and chemical vapor deposition
(CVD), for the fabrication of the heterojunction structure. In the ECD process, the
CuO/ALO; nanowire arrays were prepared with the use of template assistance process
[32, 33]. The TiO, particles were deposited by a thermal CVD process. An energy
band structural diagram is used to explain the I-V characteristics of the resulting,
CuO/ALO;/TiO, (p-insulator-n) heterojunction for water splitting applications.

2. Experimental methods
2.1 Preparation of porous alumina membranes (PAMs)

The porous alumina membranes (PAM) are prepared using high purity Al foils
(99.9995%) with two step anodization process [34, 35]. The Al foil was degreased in
ethanol, annealed in an argon, cleaned and electro-polished in a mixture of HCIO,-
C,HsOH (1:4 vol %) at 10°C, with a current density of 100 mA/cm? for 1 min. The
anodization was carried out in 0.3 sulfuric acid and 0.3 M oxalic acid at a constant
voltage of 60 V using Pt foil as a counter electrode. After 3-6 h of anodization, the
alumina film was selectively etched in a mixture of H;PO4-CrO;-H,0 (2 g-3.5 mL-100
mL) at 70°C for 40 min. Afterwards second anodization was done under the same
conditions for 18-24 h. The straight nano channel pore was obtained by dissolving the
barrier layer using 5% H3PO4 solution at 60°C for 20 min.

2.2 Preparation of CuO/PAMs nanowire arrays

Before the deposition of the nanowire arrays, layers of Ti (10 nm) and Pt (100 nm)
were coated onto one side of the membrane and stuck on the Cu substrate to serve as
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the working electrode (cathode). Pt foil (anode) and a saturated calomel electrode
(SCE, 0.241V/NHE) served as the counter and reference electrode, respectively, in a
three-electrode electrochemical deposition system. A potentiostat (263A, Princeton
Applied Research) was used for electrochemical system to provide the potential. The
PAMs/Ti/Pt/Cu were degassed using a mixture of 0.2 M CuSO, and 0.15 M H;BO;
solution with pH = 2 (controlled by H,SO,) and deposited at —0.18 V/SCE for 2 h.
After electrochemical deposition, the Cu/PAMs nanowires arrays were heated in air at
400°C for 12 h to obtain the CuO/PAMs nanowires arrays.

2.3 Preparation of CuO@TiO, heterojunction structure by CVD

Thermal chemical vapor deposition (CVD) was used to grow the TiO, coatings on
the CuO nanowires. Before the coating process, the CuO/PAMs compound was stuck
on the FTO glass using silver paste, and the PAM was removed by 1 M NaOH at 50°C
for 5 min. The CuO/PAMs sample was placed on the graphite holder in the quartz
tube under reduced pressure of 10° Torr. The growth parameter was set at 500°C for
15 min. The precursor, titanium isopropoxide (Ti(OiPr),) was introduced to decom-
pose the TiO, in the quartz tube at 35°C.

2.4 Characterization of the CuO/PAMs nanowires arrays and CuO@TiO,

The CuO/PAMs was immersed into the 1 M NaOH solution at 50°C for 5 min, and
then cleaned with deionized water several times before the SEM observation. The
TEM sample for CuO@TiO, was dispersed in ethanol and subjected to ultrasonica-
tion for 10 min, then dropped on the Ni grid. To examine the photochemical response
of CuO/PAM and CuO@TiO, p-insulator-n junction, sliver wire was stuck on the
substrates, and this was then covered with a non-transparent and non-conductive
epoxy-resin. The photochemical current-voltage was characterized using a potentio-
stat, while the counter and reference electrode were platinum and saturated calomel
(SCE, 0.242V) in 1 M NaOH solution. Sunlight was simulated using a 150 W xenon
arc lamp (1.5 AM filter, Oriel).

3. Results and discussion
3.1 Crystal structure and microstructure observation

Figure 1 presents the X-ray diffraction (XRD) spectra of the Cu/CuO nanowire
arrays obtained after 400°C heat treatment for 12 h. It clearly shows the CuO peaks
which correspond to the JCPDF card number 45-0937. The remaining Cu was due
to the alumina template covering the surface of the Cu. The alumina template made
it difficult for the oxygen to diffuse into it and to form CuO. Figure 2(A) presents
the ordered pore array of AAO with 90-100 nm pore size obtained using two step
anodination of Al foil under oxalic acid at 60 V [35]. The uniform shape of CuO
nanowires were synthesized with the use of porous alumina membranes. Figure 2(B)
shows the CuO nanowires after removing the PAM with NaOH solution. It is observed
that the CuO nanowires were agglomerated and collapsed on both sides of AAO due
to surface interaction. The SEM in Figure 2(C) represents the images of TiO, particles
attached to the CuO nanowire after the CVD process. Figure 2(D) indicates the clear
view of formation of nanosize CuO nanowires on PAM.
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Figure 1.
XRD pattern of Cu/CuO after 400°C heat treatment for 12 h.

(A) (B)

Figure 2.
SEM images of (A) porous alumina membranes, (B) CuO nanowire arrays, and (C) CuO@TiO, nanostructure,

(D) clear view of nanosize CuO nanowire arrays.
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Figure 3 shows the TEM, high-resolution TEM, and fast Fourier transformation
(FFT) images of a CuO@TiO, nanowire. Figure 3A and C show that the particles
cohered on the surface of nanowire. The d-spacings of the nanowire and particles
were calculated as 0.242 nm and 0.446 nm, which confirm that the compounds
were CuO (111) and TiO, (110), respectively. The high resolution TEM image shows
that the CuO nanowire was a single crystal, and that its growth direction was (111).

Figure 3.

TEM images of a CuO@TiO, nanowire (A) at low magnification, (B) EDS analysis of a CuO@TiO, nanowire,
(C) high vesolution, and fast Fourier transformation images, (D) CuO/PAMs, (E) CuO@TiO,, and (F) TiO,
particles produced by thermal CVD.
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In addition, the CuO nanowire, CuO@TiO, and TiO; particles are also shown in the
fast Fourier transformation images in Figure 3C-E. The impurity spots in Figure 3D
show that the CuO nanowire was covered with TiO, particles. However, some indis-
tinct regions can also be seen on the CuO nanowire in the HR-TEM and hollow ring in
FFT images (Figure 3C and D), and this was due to the amorphous porous alumina
membranes. Figure 3B shows the EDS analysis of a CuO@TiO, nanowire, which
indicates the presence of the ALLO; compound. This demonstrates that the insulator
layer, i.e., PAM, was not completely removed during etching by 1M NaOH solution.
The TEM and EDS results indicated that a p (CuO)-insulator (Al,0;3)-n (TiO,) junc-
tion was successfully fabricated.

3.2 Water splitting properties of CuO/Al,05/ TiO, p-insulator-n heterojunction

According to the water splitting theory, the optimum energy bandgap of the semi-
conductor should be in the range of 1.7-2.0 eV and, the band edges should be straddle
water potential of 1.23 V/NHE. However, the photon adsorption of CuO is 1.4 eV,
which do not provide enough energy to split water into hydrogen and oxygen. The wide
band gap of TiO, not only provides enough band edges to straddle the H,O reduction
potentials but forms the donor level in the forbidden band to enable electron transi-
tion [13]. The photoelectrochemical and photocurrent characterization of the CuO/
PAMs nanowire arrays and CuO@TiO, nanostructure by thermal CVD were carried
out based on their current density and voltage properties under dark and UV illumina-
tion. Figure 4(A) presents the current density measurement of nanowire arrays with
various applied potential under 150 W UV illumination. The CuO/PAMs nanowire
arrays indicates p-type semiconductor behavior due to the signature of negative current
in the figure. There is also a current density peak between 0.2 and 0.7 V/SCE due to the
oxidation of the remaining Cu to Cu”" as the potential increases to +1 V/SCE.

Figure 4(B) reveals the photochemical response of CuO@TiO, nanowire arrays
under 100 mW/cm? simulated solar illumination. The threshold voltages (Vy,) of the
CuO/PAMs and CuO@TiO, samples were 0.67 and 0.89 V/SCE, while the maximum
photocurrent densities were 1.12 and 1.83 mA/cm” respectively.

In order to examine the photoconversion efficiency (1) of each sample, the
efficiency equation is expressed as follow [36]:

T (1:23-
IO

‘/ﬂ}’}’

)} x100 1)

n(%)=

Where I, is the intensity of the incident light (100 mW/cm?, V,,, is the applied
potential, V., is the measured potential (obtained with a potentiostat, and V, is the
open circuit potential. Figure 5 presents the photo conversion efficiency of CuO/
PAMs and CuO@TiO, samples. The conversion efficiency of 1.61% at 0.8 V/SCE, was
observed for CuOs@TiO, heterojunction which is higher than that of 1.13 % at 0.67
V/SCE for CuO/PAMs.

3.3 Interface behavior of the CuO/Al,05/TiO, (p-insulator-n) heterojunction

Based on the photochemical properties outlined above, the results for the CuO@
TiO, sample show that it has better performance than the CuO/PAMs sample [37].
Bandara et al. [13] reported that in a CuO-TiO, water system the electrons and holes
are generated on the conduction band (CB) and valence band (VB) when the TiO; is
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Figure 4.
(A) Variation of current density versus applied potential measured using 150 W UV illuminations (AM 1.5 filter)
and (B) photocurrent density vs applied potential.

illuminated. The rapid electrons transfer from the CB of TiO, to the CB of CuO occurs
because the CB position of CuO is lower than that of TiO,. The threshold voltage (Vi)
of the ideal CuO-TiO; p-n junction should be set at 0 V/SCE. However, in our study,
the photo response of CuO@TiO, appeared at a relatively high Vi, (0.9 V/SCE). This
was due to the AL,O; insulation layer between the CuO and TiO; interlayers, which
formed the heterojunctions, as shown in Figure 6. The band gaps of CuO, ALLOs, and
TiO, are 1.4, 8.8, and 3.2 eV, respectively. In this heterojunction, insulator (AL,Os)

was used as an electron blocking layer. In order to balance Fermi level, (the interface
between the p- and n-type) insulators started to bend when applying a bias due to

the high band gap of this layer. This caused electrons to accumulate on the barrier
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Figure 6.
Energy band gap structural diagram of CuO-Al,0;-TiO, heterojunctions.

layer before the breakdown potential was reached. When the applied potential was
increased to the breakdown level, at ~0.6 V/SCE, the rapidly increasing current was
caused by electron tunneling.In this CuO-AL,05-Ti0; heterojunction, the conduction
band edge of CuO is more negative than TiO,. Upon illumination the photogenerated
electrons (e”) and holes (h*) are produced at the active sites of the CuO-TiO, pho-
tocatalyst. The electrons in p-type CuO easily flow to the conduction band of TiO,,
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whereas the photogenerated holes migrate in the opposite direction. CuO serves as
electron reservoir by receiving electrons from TiO,, which suppresses the recombina-
tion of e”/h" and transfers the received electron.

4. Application

CuO based photoelectrodes have great potential for applications in photo elec-
trochemical (PEC) water splitting which give useful information on factors that
affect the photo electrochemical capability. Modifying the CuO structure revealed a
significant influence on the enhancement of the photocurrent density and photosta-
bility. Further, copper containing TiO;, is cost-effective compared with noble metal
loaded TiO,, for the photocatalytic hydrogen production. The CuO-TiO, oxide system
have promising photoactive optical and photocatalytic properties, as compared with
TiO; or CuO alone. CuO and TiO; based junction have better charge mobility at the
proximity to the junction of the electrode/electrolyte within the nanostructure.
Cu0-ALO;-TiO, nanocomposites represent the synergy effect for hydrogen produc-
tion. This nanocomposites junction is very good for design of efficient catalyst for
selective alcohol conversion to other valuable chemicals. The p-i-n heterojunctions
with suitable band edge positions has the improved separation of the photogenerated
charge which improved the photocatalytic activity. This junction has application for
improved photocurrent behavior, the H, generation rate by water splitting in a full
PEC device (without application of a bias) and the solar-to-hydrogen efficiency.

5. Conclusions

CuO@TiO; nanostructures were fabricated by a template assisted (PAMs) nanow-
ires (CuO) growth and CVD process (TiO,). Observations of the microstructure show
that the CuO@TiO, nanostructure was composed of p-insulator-n heterojunctions.
The I-V characteristics of the CuO/PAMs and CuO@TiO, nanostructures show high
threshold voltages of 0.67 and 0.89 V/SCE, with photoconversion efficiencies of
1.13% and 1.61%, respectively. The energy band structure diagram indicates that the
rise in current during water splitting is due to electron tunneling through the insula-
tion layer (ALOs).
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