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Abstract

Nanotechnology and nanomaterials have attracted considerable interest and are
predicted to revolutionize many materials and technologies that we use in everyday life.
In the past few years, significant research has focused on one dimensional metal oxide
nanostructures due to their unique properties and potential applications in various fields
from nanoelectronics to energy. However, controlled synthesis of these nanostructures is
still a challenge.

The objective of this thesis is to synthesize metal oxide nanowires by chemical
vapour deposition directly on various substrates. The nanostructures include (i) silicon
oxide nanostructures on silicon substrate, (ii) manganese oxide nanostructures on silicon
substrate, and (iii) manganese oxide nanostructures on carbon paper substrate.

Firstly, silicon oxide nanowires were synthesized on silicon substrate by a VO,
assisted chemical vapor deposition. Networked features of silicon oxide nanowires were
found. Systematic study on the nanowire growth has indicated that morphology and
composition of the final products are considerably sensitive to the catalyst components,
reaction atmosphere and temperature. These results will help in better understanding the
growth process of silicon oxide nanowires.

Secondly, manganese oxide nanostructures were synthesized on silicon substrate
by chemical vapor deposition method. It was found that MnO nanowires are high density
and single crystalline with average diameter of 150 nm. These nanowires were
characterized using FESEM, EDX, TEM and XRD. The synthesis process and effects of
growth parameters such as temperature, heating rate and source/substrate distance on the
morphology, composition and structure of the products were systematically studied.

Finally, manganese oxide nanostructures were synthesized on carbon paper
substrate by chemical vapor deposition method. It was revealed that manganese oxide
nanowires and nanobelts can be selectively grown on carbon paper substrate by using a
catalyst (gold) assisted or catalyst free thermal evaporation of manganese powder under
an argon gas atmosphere. Various effects of growth parameters such as temperature, |
catalyst and buffered substrate on the growth product weré also systematically
investigated by using SEM, TEM and XPS.

Keywords: Silicon oxide, manganese monoxide, nanowire, nanobelt, chemical vapor
deposition, growth mechanism
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Chapter One: Introduction to One-Dimensional Nanomaterials
1. Nanotechnology
1.1. Introduction

In 1965, Intel co-founder Gordon E. Moore stated that

“The complexity for minimum component cost has increased at a rate of roughly a factor
of two per year ... Over longer term, the rate of increase is a bit more uncertain although

there is no reason to believe that will not remain nearly constant for at least 10 years”[1]

Later he altered his projection to a doubling every two years, and this statement has been

empirically proven since 1970s as shown in figure 1. This means that every 24 months the

density of transistors on integrated circuits doubles.
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Figurel. “Moore’s law” plot of transistor size versus year. The trend line illustrates that the

transistor size has decreased by a factor of 2 every 18 months (diagram copied from
Intel website)



It is obvious that using conventional microchip technologies, electronic industry
would reach its limit of transistor density on a single wafer. In order to be able to follow
Moore’s prediction, new technologies such as nanotechnology are needed to develop to
give electronic industries access to move from micrometer scale to smaller scales such as
nanoscale.

Nanotechnology, a term coined in the 1970s refers to the development of and use of
techniques to study physical phenomena and construct structures as well as incorporation
of these structures into applications. This technology deals with small sized materials.
The typical dimension spans from subnanometer to several hundred nanometers [2].
Although size is a convenient way of defining the area, it alone is not enough to
distinguish the nanoscale material from microscopic material. For example there is no
line of demarcation that separates structures at 120 nm from that of 100 nm. In practice
nanotechnology has more to do with the investigation of novel properties that manifest
themselves at that size scale, and of the ability to manipulate and artificially construct
structures at that scale [3].

Nanotechnology might be new, but the use of nanosized material and research on
nanometer scale is not new at all. It is known that in the fourth century A.D. Roman glass
makers were fabricating glasses containing nanosized metals. The great varieties of
beautiful colors of the windows of medieval cathedrals are due to the presence of metal
nanoparticles in the glass. Photography is an advanced and mature technology, developed
in eighteen and nineteenth centuries which depend on the production of silver
nanoparticles [4]. In addition the study of biological systems and engineering of many
materials such as colloidal dispersion and catalysts have been in the nanometers regimes

for centuries. Use of colloidal gold has a long history, though a comprehensive study on



the preparation and properties of colloidal gold was first published in the middle of 19"
century. Colloidal gold was and is still used for treatment of arthritis. A number of
diseases were diagnosed by the interaction of colloidal gold with spinal fluids obtained
from the patient [4].

What is really new about nanotechnology is the combination of the ability to see and
manipulate matter on the nanoscale and understanding of atomic scale interactions in
recent decades.

Predication about the promise of nanotechnology can be traced back to Feynman’s
classic 1959 talk where he stated: “the principles of physics, as far as I can see, do not
speak against the possibility of maneuvering thins atom by atom.”[5]. Feynman
proceeded to describe building with atomic precision and outlined a pathway involving a
series of increasingly smaller machines and in recent decades due to intensive research on
this technology such predications are coming to reality. Nanotechnology enables
industries to manufacture smaller, lighter, stronger and cleaner products which lead to
huge commercial applicatiqns in various fields such as semiconductors, electronics,
medical, automotive and energy. For example in electronics, in long term, huge amount
of work is being done to commercialize semiconducting nanotubes for electronics.
Similarly, work is being carried out to scale up spintornic molecules containing two
atoms in an organic system such that spin can be transferred from one to the other and
sensed. For mid-term opportunities nanostructured material using atomic cluster
deposition show promise of for interconnects and sensors whose small size and ability to
integrate onto silicon logic circuits using lithography or other imaging techniques coupled
with low temperature assembly promise rapid response and low cost. But from immediate

opportunities of nanotechnology in electronic industry, enhanced shielding materials,



solders, conductive adhesives, are now possible as nanosized material become available
and economic[6]. Other opportunities exist in composite conductors. Recently a group
reported the synthesis of the fabrication of conductive polymer composite (density of
0.05gcm'3) using nanostructured material. These polymers find wide applications in
electromagnetic interference shielding, electrostatic discharge protection and actuators
[7].

Nanomaterials and nanostructures also increase the efficiency of many types of
energy conversion devices (photovoltaic, thermoelectric, battery and fuel cell). This area
- will get increased attention as the energy supply and demand equation becomes more
complex. Fuel cells, specially proton exchange fuel cells (PEMFCs) are now attracting
enormous interest for various applications such as low/zero emission vehicles, power
source for small portable electronics {8,9,10]. There are several challenges in the
commercialization of PEMFCs [10,11]. One of these challenges are the high cost of noble
metals used as catalysts such as Pt. Currently, in commercially offered prototype fuel
cells, very small portion (20-30%) of Pt is used efficiently. In order to obtain higher
utilization of Pt, numerous studies have been carried out. Recently it has been reported
that nanomaterials such as nanotubes [12] and nanowires [13] are suitable material for Pt
support in PEMFC and enhance the performance of fuel cells due to their various
advantages such as huge surface area. This will improve the Pt utilization by securing the
electronic route from Pt to supporting electron in PEMFCs.

These examples indicate that nanotechnology is a multidisciplinary field requiring
knowledge of chemistry, physics, material science, engineering and most often biology to
fully exploit its advantages. Also, there are many challenges to be addressed before

nanotechnology can be effectively used in different fields.



1.2. Challenges in Nanotechnology

Although many of the fundamentals have long been established in different fields
such as in physics, chemistry, material science, researchers in the field of nanotechnology
face many new challenges that are unique to nanostructures and the applications of these
materials.

One of the challenges in nanotechnology is integration of nanostructures into or with
macroscopic systems. Some observers suggest that a future tagline for nanotechnology
might be “Nano Inside” since the value of nanotechnology will be realized by its
- successful integration into more complex structures and devices that span length scales
from nano all the way to macroscopic world of humankind. This reflects the fact that
many of the first uses of nanotechnology will be for microtechnology both in terms of
fabricating devices and in understanding their behavior.

Integrating the unique and valuable functional properties of nanotechnology with
complex and multi length scale structures poses significant scientific and manufacturing
challenges. Understanding and predicting fundamental behavior of systems that span
many length scales requires new knowledge concerning [14]:

1) the control of optical and electronic energy transfer coupled across multiple length

scales

2) the coupling of mechanical forces across nano, micro and larger scales, including

the control of fluidic transport

3) the integration of biological and synthetic materials and control of the interface

between the different components



Another challenge is building and demonstration of novel tools to study at nanometer
level what is being manifested at macro level. Although material properties such as
electrical conductivity and dielectric constant tensile strength are independent of
dimensions and weight of the material but in practice, system properties are measured
experimentally. The small size and complexity of nanoscale structures make the
development of new measurement technologies more challenging than ever.
Measurements of physical properties of nanomaterials require extremely sensitive
instrumentation while the noise level must be kept very low.

There are other challenges that arise only in the nanometers scale and are not found
in the macro level. For example, doping in semiconductors has been very well established
process. However, random doping fluctuations become extremely important at nanometer
scale, since these fluctuations would be no longer tolerable in the nanometer scale.
Making the situation further complicated is the location of the dopant atoms. Surface
atom would certainly behave differently from the centered atom. The challenge will be
not only to achieve reproducible and uniform distribution of dopant atoms in nanometer
scale, but also to precisely control the location of dopant atoms. To meet such a challenge
the ability to monitor and manipulate the material processing in the atomic level is
crucial.

In addition to the above challenges, successful nanoscale manufacturing is also one
of the key issues of development of nanotechnology. This requires the ability to control
materials synthesis at nanometer scale with sufficiently high reliability and yield to be
cost effective. Various processes have been developed for the synthesis of different

nanostructures. For example most experts would agree that self assembly promises to be



an important tool for nanoscale manufacturing; however it still is in an early stage of
development [14].

For fabrication and processing of nanomaterials and nanostructures, the following
challenges must be addressed [2]:

1) Overcome the huge surface energy, a result of enormous surface area or large
surface to volume ratio.

2) Ensure all nanomaterials with desired size, uniform distribution, morphology,
crystallinity, chemical composition and microstructure that altogether result in
desired physical properties.

3) Prevent nanomaterials from coarsening through either Ostwald ripening or

agglomeration as time evolutes.

These fabrication challenges are generalized for all the type of nanomaterial. But
nanomaterials based on different fields of study have been categorized into several
types. Each type of nanostructures has its unique difficulties in the fabrication
process. This has attracted many researchers to develop various methods to synthesize

different nanostructures.

2. Nanomaterials

Nanomaterials are one of the building blocks of nanotechnology. Depending on the
application and purpose of nanomaterials, they have found various definitions. But they
can be generally defined as materials with physical structures which at least one their

dimension is between 1-100nm [4]. Nanomaterials due to their application are the fastest



growing area in material science and engineering [15]. These materials have distinctly
different physical and chemical properties from those of a single atom (molecule) and
bulk matter with the same chemical composition. This is because many properties of
solids depend on the size range over which they are measured. Microscopic details
become averaged when investigating bulk materials. At macro- or large scale range
ordinarily studied in traditional fields of physics such as mechanics, electricity and optics
the sizes of the objects under study range from millimeters to kilometers. The properties
of these materials are averaged properties, such as the density and elastic moduli in
mechanics, the resistivity and magnetization in electricity and magnetism. When
measurements are made in the micrometer or nanometef ranges, this is not the case [4].
This is why some of the important issues in nanoscience relate to size effects, shape
phenomena, quantum confinement and optical excitations of individual and coupled finite
systems [16].

Based on the above definition of nanomaterials, they can be classified into three
major groups [5,17,18].

1) Zero-dimensional (OD) nanomaterials

2) One-dimensional (1D) nanomaterials

3) Two-dimensional (2D) nanomaterials



Tablel. Typical dimensions of nanomaterials along with examples of material used in these types

of groups for various applications [19]

Type of Nanostructures Size Materials
nanomaterial ‘
0D Quantum dots Diam. 1-10nm Metals, semiconductors, Magnetic
Nanocrystals material
Nanoparticles Diam. 1-100nm Ceramic oxides
Nanowires Metals , semiconductors oxides,
Nanorods sulfides, nitrides
1D Nanobelts Diam. 1-100nm
Nanocables
Nanotubes Carbon, layered metal chalcogenides
2D Thin films Thickness 1-1000nm A variety of material

2.1. Zero-Dimensional Nanomaterials

Zero-Dimensional nanomaterials are material with all three of their dimensions
below 100 nm. Clusters, nanoparticles and quantum dots can be classified as 0D
nanomaterials. There have been many reports of synthesis nanoparticles of various
materials such as insulators, semiconductors, metals and magnetic materials for different
applications. Some of these applications include:

(i) Security: authentication and anti-forgery [19]

(ii) Life science: diagnostics, biological sensors drug delivery and replacement for
luminescent and fluorescent dyes in biological probes. For example, for biological
process and subcellular metabolic process tracking, quantum dots are joined with
biological receptors that can recognize and attach to specific component of living system.
Quantum dots offer advantages over conventional fluorescent probes because they can be
turned to emit over a wide range of colors yet require only a single excitation source to
drive emission.

(iii) Electronics: data storage LEDs. For example, there have been reports of

potential use of cadmium sulfide nanoparticles as the next generation phosphors for
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general illumination applications [14]. Also, there have been many reports of silicon
quantum dots generating light where bulk silicon as an indirect band gap semiconductor
does not have this capability [18-21].

Many techniques, including both top-down and bottom-up approaches have been
developed and applied for the synthesis of nanoparticles. Top-down approaches include
milling or attrition, repeated quenching and lithography. Nanoparticles produced in these
methods usually have relatively broad size distribution and they may contain significant
amount of impurities. Bottom-up approaches are far more popular in the synthesis of
- nanoparticles and many methods have been developed. For example, nanoparticles such
as Pd, Au [22], TiO; [23], Si [24, 25], and MnOy [26, 27] were synthesized by
homogeneous nucleation from liquid or vapor, or by heterogeneous nucleation on
substrate.

For fabrication of nanoparticles, a small size is not the only requirement. For any
practical application the processing conditions need to be controlled in such a way that
resulting nanoparticles have the following characteristics [4]:

1) Identical size of all particles

2) Identical shape or morphology

3) Identical chemical composition and crystal structure

4) Individually dispersed or monodispersed
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2.2. Two Dimensional Nanomaterial

Two-Dimensional nanomaterials, are structures with one of their dimensions
below 100 nm. Thin films and thin layers are among 2D nanomaterials. Perhaps these are
the simplest and most well developed form of nanomaterials that are built one atomic
layer at a time. Many modern optical, electronic and magnetic devices are manufactured
using this technology [14]. Examples of application of thin films can be found in
resonator technology [14, 28, 29]. Thin film resonator technology has been under
development for over 40 years as means to reach higher frequencies, obtainable with
conventional quartz crystal technology. Using advances in micro-electronic processing,
thin films of piezoelectric materials are used to fabricate resonators and filters over range
of 500MHz to 20GHz [30,31]. Another major application of 2D nanomaterial can be in
automobile industry and surface coating technology for various purposes such as
protection [32,33]. In addition in recent years, there have been many reports of using thin
films in energy technologies such as solar cells [34] and lithium ion batteries [35].

Due to diverse applications of 2D nanomaterial, as mentioned above, deposition
of thin films has been a subject of intensive study for almost a century and many methods
have been developed and improved. Although there are many methods of these materials,
generally thin film deposition involves predominantly heterogeneous processes including
heterogeneous chemical reactions, evaporation, adsorption and desorption of growth

surfaces, heterogeneous nucleation and surface growth [4].
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2.3. One-Dimensional Nanomaterials

One-Dimensional nanomaterials might be the latest type of nanomaterials
synthesized and studied for various applications compared to other types of
nanomaterials. These structures have been called by a variety of names including:
whiskers, fibers or fibrils, nanowires and nanorods. In most cases, nanotubes and
nanocables are also considered as 1D nanostructures. But generally 1D nanomaterials are

divided into two major groups of nanotubes and nanowires.

2.3.1.Nanotubes

Nanotubes are 1D nanomaterials with hollow structures. There are many reports
about nanotube synthesis of various organic and inorganic materials. But one type of the
well known nanotubes synthesized are carbon nanotubes. Following the discovery of
carbon nanotubes in 1991 [36], synthesis of these nanostructures have attracted
tremendous attention due to their superior mechanical properties, unique electronic
behavior and their potential applications in various fields. These nanotubes are unique
allotropes of carbon due to configuration of the carbon atoms that form the nanotube
structure. Carbon nanotubes possess many desirable properties, including high
mechanical strength and flexibility, excellent electrical and thermal conductivity. These
collective set of properties makes carbon nanotubes very desirable material for many
applications including high strength composite materials, nanoscale transistors and fuel
cell electrodes.

There have been reports of nanotubes structures based on other materials such as

titania nanotubes [37], Fe and its oxides [38,39], Ni [39], Co [39], Si and SiO, [40] and
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manganese oxide [41,42]. Compared to carbon nanotube studies, inorganic nanotubes
started much later due to the difficulties in synthesizing these structures. Like carbon
nanotubes, these inorganic nanotubes exhibit unique properties which make them ideal

candidates for various applications such as catalyst, energy technologies and electronics.

2.3.2.Nanowires

Nanowires, nanorods and nanobelts constitute an important class of 1D
nanostructures which provide models to study the relations between electrical transport,
optical and other properties with dimensionality and size confinement. In comparison
with quantum dots and carbon nanotubes, the advancement of these 1D nanostructures
has been slow until very recently, as hindered by the difficulties associated with the
synthesis of nanowires with well controlled dimension, morphology, phase purity and
chemical composition [43]. These materials are expected to play important roles as
interconnects, functional components in the fabrication of nanoscale electronic and
optoelectronic devices and electrochemical applications. Many studies have demonstrated
the unique properties of nanowires and nanorods, such as superior mechanical toughness
[44], high luminescence efficiency [45] and higher catalytic activity.

Until now nanowires with different compositions have been explored, while large
part of these work have been focused on semiconductor systems. Researchers have
reported the synthesis of nanowires such as Si and its oxides [46-48], Ge [49, 50], GaN
[51], GaAs [52], ZnO [53], WO [54], V205[55], Mn304[56], Al,O3 [57] and so on.
These nanowires with various properties have applications in energy technologies such as

fuel cells, solar cells, and batteries,
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In order to study of new physical properties and applications of these materials,
the current challenges still are controlled synthesis with controlled size, morphology,
microstructure and chemical composition. To do so, the increased understanding of

growth mechanisms is critical.

3. Growth mechanisms of Nanowires

The synthesis of nanowires with controlled composition, size purity and crystallinity
requires a proper understanding of the nucleation and growth process at the nanometer
regime. Many techniques have been developed for the synthesis and formation of one
dimensional nanostructured materials. Recently, 1D nanostructures have been fabricated
using nanolithographic techniques such as electron beam or focused ion beam writing,
proximal probe patterning and X-ray lithography. These methods are generally not very
cost effective and rapid for the purpose of making large quantities of the 1D
nanostructures. Several other ways of growing nanowires such as laser ablation, and
template assisted growth have also been explored. Laser ablation and template assisted
approachesrprovide large quantities of nanowires but do not control over the composition,
size or orientation direction of nanowires. However, chemical methods tend to be superior
and provide an alternative strategy for nanowire generation. Chemical methods include
solution and vapor based methods and precursor methods as well as solvothermal,

* hydrothermal and carbothermal methods.
In these methods, several strategies have been developed for 1D nanostructures

with different levels of control over the growth parameters. These include [19]:
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1)  the use of the anisotropic crystallographic structure of the solid to facilitate 1D
nanowire growth

2) the introduction of a solid-liquid interface to reduce the symmetry of a seed

3) the use of templates with 1D morphologies to direct the formation of nanowires

4)  the use of supersaturation control to modify the growth habit of a seed

5) the use of capping agents o kinetically control the growth rates of various facets
of a seed

6) self assembly of OD nanostructures

Based on these strategies, chemical methods developed for the growth of
nanowires can be categorized in different ways. In some cases, these methods can be
divided into four groups such as [4]:

i) Spontaneous growth: this is driven by the reduction of Gibbs free energy or
chemical potential. The reduction of Gibbs free energy is commonly realized by phase
transformation or chemical reaction or the release of stress. This group includes methods
such as vapor deposition growth or stress induced re-crystallization.

ii) Template base synthesis: in this group nanowires are deposited on templates
with nanosized channels. The most commonly used and commercially available templates
are anodized alumina membranes. The difference of methods in this group is usually in
the process of deposition of material. Electroplating, electrophoretic deposition colloid

dispersion melt and solution filling are some of the methods belonging to this group.
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