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Preface

Nanotechnology deals with materials or structures in nanometer scales
(1072 m), typically ranging from sub nanometers to several hundreds of
nanometers. Earlier people believed that material properties can be changed
only by varying the chemical composition. But later it has been found that
the material properties can be tuned by varying the size of the material
without changing the chemical composition. The transition from micron
sized particles to nanoparticles leads to a number of changes in their phys-
ical properties. The major change is the increase in the surface area to
volume ratio, as the size of the particle moves to a regime where quantum
confinement effects are predominant. These new properties or phenomena
will not only satisfy everlasting human curiosity, but also promise a new
advancement in technology. Another very important aspect of nanotech-
nology is the miniaturization of current and new instruments, sensors and
machines that will have great impact on the world we live in. Nanotechnol-
ogy has an extremely broad range of potential applications from nanoscale

electronics and optics, to nanobiological systems.

Xvii



The band gap of the semiconductors increases compared to their bulk
value and the density of states will also be modified as the size of the parti-
cles reduces. The luminescent properties of these nanostructures are quite
interesting. The luminescence emission and absorption edge can be tuned
by changing the particle size. Phosphors are the solid material that emits
light when it is exposed to some radiation such as ultraviolet light or an elec-
tron beam. Efficient phosphors for lighting applications, flat panel displays,
radioactive light sources etc have always been a goal for researchers. The
particle size of conventional phosphors are in micrometer scale, hence light
scattering at grain boundaries is strong and it decreases the light output.
Nanophosphors can be synthesized from tens to hundreds of nanometers
that are smaller than the light wavelength and can reduce the scatter-
ing, thereby enhancing the luminescence efficiency. The objective of the
present study is the synthesis of nanophosphors and tuning of its emission
by doping of rare earth material. The growth of various nanostructures
by physical and chemical methods for luminescent, magnetic and biological
applications have also been investigated. Synthesis of nanostructures of
wide band gap semiconductors are discussed in this thesis. Nanostructures
of zinc oxide (ZnO), zinc sulfide (ZnS) and zinc gallium oxide (ZnGagOy)
are synthesized by hydrothermal, liquid phase pulsed laser ablation (LP-
PLA) and pulsed laser deposition (PLD) techniques. These nanostructures
were characterized for luminescent, magnetic and biological applications.

Chapter 1 gives an introduction to nanotechnology. This chapter dis-
cusses the different types of quantum confined systems and corresponding
density of states. Various properties and applications of these nanostruc-
tures are discussed in this chapter. A brief review of oxide and sulfide

nanostructures is presented.



Chapter 2 describes in detail the techniques for the growth of various
nanostructures and characterization tools employed in the present work.
The nanostructures were synthesized by hydrothermal method, liquid phase
pulsed laser ablation (LP-PLA) and pulsed laser deposition (PLD) tech-
niques. X-ray diffraction (XRD), high resolution transmission electron mi-
croscopy (HRTEM), selected area electron diffraction (SAED) and scan-
ning electron microscopy (SEM) are used for the structural characteriza-
tion. Compositional analysis has been carried out by energy dispersive
x-ray (EDX) technique and inductively coupled plasma atomic emission
spectroscopic (ICP- AES) studies. Thickness of the films was measured
using stylus profiler. Band gap of the materials in thin film form and
bulk were estimated from the optical transmittance and diffuse reflectance
spectroscopy respectively using a UV-Vis-NIR spectrophotometer. In or-
der to determine the changes with temperature during the formation of
nanostructures, thermogravimetric analysis (TGA) was carried out. The
room temperature photoluminescence (PL) emission were recorded using
the flourimeter and the emission color is quantified by the CIE coordinates.
The basic operation of FT-IR (Thermo Nicolet) and Raman spectrometer
used for the present investigation are also briefly discussed in this chapter.

Chapter 3 describes the low temperature hydrothermal synthesis of ox-
ide phosphors like ZnGasO4. Undoped and Eu doped ZnGayO4 nanopar-
ticles were synthesized by hydrothermal method by varying the process
parameters such as temperature, time of growth, volume ratio of Zn/Ga
precursor solutions. ZnGasQO,4 spinel powders synthesized by other meth-
ods require heat treatment at higher temperatures for several hours and

subsequent grinding. This may damage the phosphor surfaces, resulting in



the loss of emission intensity. The hydrothermally synthesized nanoparti-
cles were structurally characterized by x-ray diffraction and high resolution
transmission electron microscopy. The PL emission of doped and undoped
ZnGasO4 nanoparticles shows that ZnGasQO4 is a good host material and
Eu doped ZnGas 04 may find application as blue to red phosphor converter.
Chapter 4 describes the growth of various nanostructures of zinc oxide
(ZnO) by hydrothermal method. The objective of the present work is to
grow ZnO nanoparticles and nanorods by varying the precursors for vari-
ous possible optoelectronic and biological applications. The hydrothermal
synthesis of stable ZnO nanoparticles by varying the growth temperature,
time and concentration of the precursors are discussed in the first part
of the chapter. The dependance of temperature, time of growth and pre-
cursor concentration on the structure, morphology, optical properties were
investigated in detail. The hydrothermal growth of ZnO nanorods is an in-
teresting area of study especially for sensor applications. The second part
of the chapter explains the synthesis route for the growth of ZnO nanorods.
The white luminescence from these nanorods originating from the intrinsic
defects can be utilized for white light solid state lighting applications.
Chapter 5 describes growth of ZnO nanostructures doped with lumi-
nescent and magnetic impurities for optoelectronic and possible spintronic
applications. The hydrothermal growth conditions were optimized for Co
doped ZnO nanostructures by varying the parameters like temperature,
time of growth and dopant concentration. The electron paramagnetic res-
onance and diffuse reflectance spectra confirms the incorporation of Co?*
in the ZnO lattice. The magnetic properties investigated by SQUID mea-

surements shows paramagnetism in Co doped ZnO nanostructures. Second



part of the chapter deals with the growth of europium doped ZnO nanos-
tructures by hydrothermal method by varying the process parameters and
dopant concentration. These nanoparticles were characterized structurally
by XRD and HRTEM. The photoluminescent emission shows the Fu doped
ZnO nanostructures are good phosphors. The red emission can be effec-
tively obtained either by exciting with UV (397 nm) or by blue (466 nm)
light.

Highly transparent, luminescent, chemically pure and biocompatible
ZnO nanoparticles without any surfactant were synthesized by liquid phase-
pulsed laser ablation (LP- PLA) from ZnO and Zn target. The dependence
of laser fluence, time of ablation, oxygen and nitrogen bubbling during ab-
lation and pH of the medium on the properties of the ZnO nanoparticles
were investigated. The growth of these nanoparticles by LP-PLA in acidic,
neutral and basic medium give some inference on the stability of these
colloidal solution and the formation of passivation layer on the surface of
these particles. The formation of these nanoparticles were confirmed by
HRTEM, SAED patterns. The nanoparticles grown under oxygen and ni-
trogen bubbling during LP-PLA indicate that oxygen defects plays a major
role in the yellow luminescence emission of these ZnO colloids. ZnS and Mn
doped ZnS nanoparticles were also synthesized by LP-PLA technique. The
blue and yellow luminescence from ZnS and ZnS:Mn nanoparticles were
discussed. These luminescent, nontoxic ZnO and ZnS nanoparticles will
find applications in biomedical imaging and cancer detections. The growth
and characterization of LP-PLA grown nanoparticles are summerised in
chapter 6.

The growth of symmetric (ZnMgO/ZnO/ ZnMgO) and asymmetric
(CuGaO2/Zn0O/ZnMgO) multiple quantum well (MQW) structures by pulsed



laser ablation technique with varying confinement layer thickness is de-
scribed in chapter 7. The blue shift in the photoluminescence (PL)emission
can be related to the reduction in the confinement layer thickness. Efficient
room temperature PL was observed from these MQWs, which was found
to be blue shifted as compared to the room temperature near band edge
PL from ZnO thin film grown at same experimental conditions.

Chapter 8 summarizes the major contributions of the present investi-
gations and recommends the scope for future works.
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Chapter 1

Introduction to

nanotechnology

1.1 Introduction

Nanoscience and nanotechnology includes the synthesis, characterization,
exploration and utilization of nanostructured materials. The application
of nanomaterials can be historically traced back to even before the gen-
eration of modern science and technology. Nanoparticles were used as
dye materials in ceramics by ancient people [1]; colloidal gold was used
in medical treatment for cure of dipsomania, arthritis etc, as early as from
19*" century; systematic experiments conducted on nanomaterials had also
been started from the days of well known Faraday experiments [2] in the
1857. In 1959, Richard Feynman gave a lecture titled “there’s plenty of
room at the bottom”, suggesting the possibility of manipulating things at
atomic level [3]. This is generally considered to be the foreseeing of nan-

otechnology. However, the real burst of nanotechnology didn’t come until
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the early 1990s. In the past decades, sophisticated instruments such as
scanning electron microscopy, transmission electron microscopy and scan-
ning probe microscopy for characterization and manipulation became more
available for researchers to approach the nanoworld. Device miniaturization
in semiconductor industry is also a significant factor for the development
of nanotechnology. The Moore’s law predicted the performance of transis-
tor and density double every 24 months. Nanoelectronic devices based on
new nanomaterials systems and new device structures will contribute to
the development of next generation of microelectronics. For example, sin-
gle electron transistor [4, 5] and field effect transistor [6-8] based on single
wall carbon nanotubes are already on the way.

The developments in quantum physics and the emergence of new fields
like soft condensed matter physics all gave a new dimension to the wide
area of materials science. The earlier notion of change in material proper-
ties by change in composition or mixing of different materials remained no
more isolated and a radically different approach emerged in which, mate-
rial properties are engineered by changing the size by keeping the chemical
composition intact [9, 10]. The methodology of varying the material char-
acteristics with size is feasible only in a specific size regime, namely nano
meter (1072 meter), where a quantum swapping of classical phenomena can
be observed. This gave birth to a new branch of science and technology
called 'nanoscience’ and 'nanotechnology’.

Nanotechnology deals with materials or structures in nanometer scales,
typically ranging from sub nanometers to several hundred nanometers. One
nanometer is 10~3 micrometer or 10~ meter. Nanotechnology is the design,

fabrication and application of nanostructures or nanomaterials, and the
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fundamental understanding of the relationships between physical proper-
ties or phenomena and material dimensions. Nanotechnology is a new field
or a new scientific domain. Similar to quantum mechanics, on nanometer
scale, materials or structures may possess new physical properties or ex-
hibit new physical phenomena. Some of these properties are already known.
For example, band gap of semiconductors can be tuned by varying mate-
rial dimension. There may be many more unique physical properties not
known to us yet. These new physical properties or phenomena will not only
satisfy everlasting human curiosity, but also promise new advancement in
technology. Another very important aspect of nanotechnology is the minia-
turization of current and new instruments, sensors and machines that will
greatly impact the world we live in. Examples of possible miniaturiza-
tion are: computers with infinitely great power that compute algorithms
to mimic human brains, biosensors that warn us at the early stage of the
onset of disease and preferably at the molecular level and target specific
drugs that automatically attack the diseased cells on site, nanorobots that
can repair internal damage and remove chemical toxins in human bodies,
and nanoscaled electronics that constantly monitor our local environment.

Further, nanotechnology was also expanded extensively to other fields
due to the novel properties of nanomaterials discovered and to be discov-
ered. For example, nanowires can be potentially used in nanophotonics,
laser [11], nanoelectronics [12], solar cells [13], resonators [14] and high sen-
sitivity sensors [15]. Nanoparticles can be potentially used in catalysts [16],
functional coatings, nanoelectronics [17], energy storage [18], drug delivery
[19] and biomedicines [20]. Nanostructured thin films can be used in light
emitting devices, displays and high efficiency photovoltaics. These are only

a limited part of the fast developing nanotechnology, yet numerous of other
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potential applications of nanomaterials have already been or will be discov-
ered. Nanotechnology is an interdisciplinary research field in which many
physicists, chemists, biologists, materials scientist and other specialists are
involved.

The term of nanomaterials covers various types of nanosturctured ma-
terials which posses at least one dimension in the nanometer range. Var-
ious nanostructures which include zero dimension nanostructures such as
metallic, semiconducting and ceramic nanoparticles; one dimension nanos-
tructures such nanowires, nanotubes and nanorods; two dimension nanos-
tructures such as quantum well structures. Besides this individual nanos-
tructures, ensembles of these nanostructures form high dimension arrays,
assemblies, and superlattices. The properties of materials with nanometer
dimensions are significantly different from those of atoms and bulk ma-
terials. This is mainly due to the nanometer size of the materials which
render them: (i) large fraction of surface atoms; (ii) high surface energy;
(iii) spatial confinement; (iv) reduced imperfections, which do not exist in
the corresponding bulk materials [21].

Due to their small dimensions, nanomaterials have extremely large sur-
face area to volume ratio, which makes a large fraction of atoms of the
materials to be on the surface or interfacial atoms, resulting in more sur-
face dependent material properties. Especially when the sizes of nanoma-
terials are comparable to Debye length, the entire material will be affected
by the surface properties of nanomaterials [22, 23]. This in turn may en-
hance or modify the properties of the bulk materials. For example, metallic
nanoparticles can be used as very active catalysts. Chemical sensors from
nanoparticles and nanowires enhanced the sensitivity and sensor selectiv-

ity. The quantum confinement of nanomaterials has profound effects on
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the properties of nanomaterials. The energy band structure and charge
carrier density in the materials can be modified quite differently from their
bulk counter part and this in turn will modify the electronic and optical
properties of the materials.

Nanotechnology has an extremely broad range of potential applications
in nanoscale electronics, optics, nanobiological systems, nanomedicine etc.
Therefore it requires formation and contribution from multidisciplinary
teams of physicists, chemists, materials scientists, engineers, molecular
biologists, pharmacologists and others to work together on (i) synthesis
and processing of nanomaterials and nanostructures, (ii) understanding the
physical properties related to the nanometer scale, (iii) design and fabrica-
tion of nano-devices or devices with nanomaterials as building blocks, and
(iv) design and construction of novel tools for characterization of nanos-
tructures and nanomaterials.

Synthesis and processing of nanomaterials and nanostructures are the
essential aspect of nanotechnology. Studies on new physical properties and
applications of nanomaterials and nanostructures are possible only when
nanostructured materials are made available with desired size, morphology,
crystal and microstructure and chemical composition. Work on the fabri-
cation and processing of nanomaterials and nanostructures started long
time ago, far earlier than nanotechnology emerged as a new scientific field.
Such research has been drastically intensified in the last decade, resulting
in overwhelming literatures in many journals across different disciplines.
The research on nanotechnology is evolving and expanding very rapidly.
There are two principal ways of manufacturing nanoscale materials; the

top-down nanofabrication starts with a large structure and proceeds to
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make it smaller through successive cuttings while the bottom-up nanofab-
rication starts with individual atoms and builds them up to a nanostruc-
ture. When we bring constituents of materials down to the nanoscale, the
properties change. Some materials used for electrical insulations can be-
come conductive and other materials can become transparent or soluble.
For example gold nanoparticles have a different colour, melting point and
chemical properties, due to the nature of the interactions among the atoms
that make up the gold, as compared to a nugget of gold. Nano gold does
not look like bulk gold, the nanoscale particles can be orange, purple, red
or greenish depending on the size of the particle. All these new properties
that open up when bringing the material down in scale is of great interest
for the industry and society as it enables new applications and products.

Nanotechnology is considered by some to be the next industrial revo-
lution and is believed to cause enormous impacts on the society, economy
and life in general in the future. Nanotechnology have wide application
in medicine, information technology, biotechnology, energy production and
storage, material technology, manufacturing, instrumentation, environmen-
tal applications and security.

Lasers and light emitting diodes (LED) from both quantum dots and
quantum wires are very promising in the future developments of optoelec-
tronics. High density information storage using quantum dot devices is also
a fast developing area. Reduced imperfections are also an important factor
in determination of the properties of the nanomaterials. Nanosturctures
and nanomaterials favours of a self-purification process in that the impuri-
ties and intrinsic material defects will move to near the surface upon ther-

mal annealing. This increased materials perfection affects the properties of



Introduction 7

nanomaterials. For example, the chemical stability for certain nanomate-
rials may be enhanced, the mechanical properties of nanomaterials will be

better than the bulk materials.

1.2 Quantum confinement

The band gap of a semiconductor is, by definition [24], the energy necessary
to create an electron and a hole, at rest with respect to the lattice and far
enough apart so that their Coulomb attraction is negligible. If one carrier
approaches the other, they may form a bound state (Wannier exciton) at an
energy slightly below the band gap. For bulk semiconductor, the dimension
of the exciton can be theoretically calculated by exciton Bohr radius [25, 26]

he

ap = —5
pe?

(1.1)

where h is defined as Planck’s constant, € is the dielectric constant,
u is the exciton reduced mass [26]. However, if the radius of a semicon-
ductor nanocrystal is reduced to less than its exciton Bohr radius, we can
imagine that the exciton will be strongly confined in this limited volume
and the electronic structure of the three-dimensionally confined electrons
and holes will be drastically modified. The term quantum confinement,
describes this confinement of the exciton within the physical boundaries of
the semiconductor.

Quantum confinement is an inherent phenomenon for all the low- dimen-
sional semiconductors, such as quantum well, quantum wire, and quantum
dot, which describe confinement in 1, 2 and 3 dimensions respectively. The

exciton Bohr radius (ap) is often used to judge the extent of confinement in
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a semiconductor nanocrystal with radius, a. In the analysis of experimen-
tal data, one needs to consider three different regimes: a>ap, a~ap, and
a<ap, which are named as weak confinement, intermediate confinement
and strong confinement regimes, respectively [25].

To build the theoretical models of electronic structure for quantum dots
one uses quantum mechanics to describe the behavior of electrons in a semi-
conductor. In quantum mechanics electrons exhibit a wave-particle duality
and can be described by a wave function. According to Heisenberg’s un-
certainty principle, position x and momentum p of an electron cannot be
precisely determined simultaneously. For a plain wave, the position is un-
known and can possibly be located at any position, but the momentum has
a precisely defined value hk, where k is the wave number or wave vector.
However, for an electron confined in a limited space such as in a semicon-
ductor crystal, the uncertainty in position decreases, but the momentum is
no longer well defined and k has an uncertain value. Because the energy E
is related to the momentum p or k vector, it will also have uncertain energy
levels.

In a bulk semiconductor, carrier motion is unrestricted along all three
spatial directions. However, a nanostructure has one or more of its dimen-
sions reduced to a nanometre length scale and this produces a quantisation
of the carrier energy corresponding to motion along these directions. If
the quantum confinement is along one direction, the carriers can have free
motion in other two directions. If the quantum confinement is in two direc-
tions, the carriers have free motion only in one direction. The carriers have
no free motion if they are confined in all three directions. The total energy

of electrons (or holes) will be the sum of allowed energies associated with
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the motion of these carriers along the confined direction and the kinetic

energy due to free motion in the remaining unconfined directions.

1.2.1 Confinement in one dimension: quantum wells

Quantum wells are structures in which a thin layer (confinement layer) of a
smaller band gap semiconductor is sandwiched between two layers (barrier
layer) of a wider band gap semiconductor. The heterojunction between
the smaller and the wider band gap semiconductors forms a potential well
confining the electrons and the holes in the smaller band gap material.
This is the case of a type I quantum well. In a type II quantum well, the
electrons and the holes are confined in different layers. Thus the motions
of the electrons and the holes are restricted in one dimension (along the
thickness direction). This system represents a two-dimensional electron gas
(2DEG), when electrons are present in the conduction band.

Total energy of the electron is the sum of allowed energies associated
with the motion of these carriers along one direction (say z direction) and
the kinetic energy due to free motion of carriers in other two directions (say
x, y directions)

h? n.m2 R

Erota = %[ a | + %(kaf + ky2) (1.2)

where ’a’ is the thickness of the confinement layer, which corresponds
to the width of the potential well, n, = 1, 2, 3,..... and k, and k, are the
wave vectors along x and y directions.

Lasers fabricated using single or multiple quantum wells based on wide
band gap semiconductors as the active region have been extensively studied

over the last two decades. Quantum well lasers offer improved performance
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with lower threshold current and lower spectral width as compared to that
of regular double heterostructure lasers. Quantum wells allow the possibil-
ity of independently varying barriers and confinement layer compositions
and widths, and thus separate determination of optical confinement and
electron injection. One of the main differences between the single quantum
well and the multiple quantum well lasers is that the confinement factor
of the optical mode is significantly smaller for the former. This results
in higher threshold carrier and current densities for single quantum well
lasers; however the confinement factor of single quantum well lasers can be
significantly increased using a graded-index cladding structure [27]. The
emission from the quantum well structures determine the quality of con-
finement and barrier layer and the interface between these layers. Growth
of epitaxial layers will be beneficial for the device applications.

Epitaxy refers to the formation of a single crystal on the top of a sin-
gle crystal structure and subsequent evolution of a specific crystallographic
orientation between film and the substrate as growth commences. The
specific orientation relationship is governed by crystal systems and lattice
parameters of the two faces. There are two types of epitaxy: homoepitaxy
and heteroepitaxy. Homoepitaxy refers to the state when both the film
and the substrate are of same material. Si on Si wafer is the example of
homoepitaxy. Heteroepitaxy is related to the situation when film and sub-
strate are of different materials, e.g., metal film on alkali halide substrate.
Heteroepitaxy is the most common form of epitaxy in various technological
applications such as semiconductors, superconducting devices, ferroelectric

memories, optoelectronic devices etc.
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1.2.2 Confinement in two dimensions: quantum wires

The term nanowire is widely used to represent one-dimensional nanostruc-
tures that have a specific axial direction while their side surfaces are less
well-defined [28, 29]. The wire- or rod-like shape of one-dimensional nanos-
tructures has caused them to be the source of somewhat intensifying re-
search of the past several years. In particular, their novel electrical and
mechanical properties are the subject of intense research. Quantum wires
represent two-dimensional confinement of electrons and holes. Such con-
finement permits free-electron behavior in only one direction, along the
length of the wire (say the y direction). For this reason, the system of
quantum wires describes a one-dimensional electron gas (IDEG) when elec-
trons are present in the conduction band. The category of one-dimensional
nanostructures consists of a wide variety of morphologies. These include
whiskers, nanowires, nanorods, fibers, nanotubules, nanocables, and nan-
otubes, among others. Nanowires and nanorods are one-dimensional nanos-
tructures whose width does not exceed 100 nanometers. Nanowires have
been successfully synthesized out of a wide range of materials, including ti-
tanium oxide [30], indium oxide [31], indium-tin oxide [32], aluminum [33],
tungsten oxide [34] and zinc oxide [35] etc.

Here, total energy of the electron is the sum of allowed energies as-
sociated with the motion of these carriers along two direction (say y, z
direction) and the kinetic energy due to free motion of carriers in the other

direction (say x direction)

h2 n,m.2 h2 n,m.2 K2
an: _[£ — [ —_—
Total 2m[ a] 2m[ b] 2m

(k.”) (1.3)
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where n,, n, are integers and a, b are confined sizes of the materials

along z and y directions.

Nanotubes

The term nanotubes represents two separate types of nanostructure. The
first is any structure that appears to be like a nanowire with a hollow cen-
ter. The side surfaces of the nanotube in this sense may be well-faceted.
Many materials have been used to make these structures. The difference
of nanowires and nanorods from nanotubes is the geometry of their cross-
section. Nanotubes are hollow and have a cross-section resembling the
perimeter of a circle or the outside of a rectangle. Nanowires and nanorods
have solid cores. Their cross-section resembles a filled-in circle or hexagon.
Research on one-dimensional nanostructures took-off recently with the pub-
lication in 1991 of Iijima’s seminal paper outlining the discovery of carbon

nanotubes, “helical microtubules of graphitic carbon”[36].

Carbon nanotubes are made up of a hexagonal network of carbon atoms
forming a crystaline graphite sheet. This sheet is roled up to form a tubular
structure. If the tube consists of only a single carbon sheet that meets
end on end, then the carbon nanotube is referred to as a single walled
carbon nanotube (SWCNT). However, if the nanotube consist of multiple
sheets rolled up coaxially or if the nanotube roll up somewhat spirally,
then the carbon nanotube is referred to as a multi walled carbon nanotube

(MWCNT).
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1.2.3 Confinement in three dimensions: quantum dots

Quantum dots represent the case of three-dimensional confinement, hence
the case of an electron confined in a three-dimentional quantum box, typi-
cally of dimensions ranging from nanometers to tens of nanometers. These
dimensions are smaller than the de Broglie wavelength of thermal electrons.
A quantum dot is often described as an artificial atom because the elec-
tron is dimensionally confined just like in an atom (where an electron is
confined near the nucleus) and similarly has only discrete energy levels.
The electrons in a quantum dot represent a zero-dimensional electron gas
(ODEG).

Here, total energy of the electron is the sum of allowed energies associ-
ated with the motion of these carriers along all three directions (say x, y, z
direction)

h2 T, 2 B2 n,r2 B2 Mg .2
From = ("] + (M) + (M) (1.4

2m- a 2m 2m- c
where n,, n,, n, are integers and a, b, ¢ are confined sizes of the mate-

rials along z, y and x directions.

Quantum dots are zero-dimensional nanostructures of semiconductors.
Quantum dots were first theorized in the 1970s and initially synthesized in
the early 1980s. If semiconductor particles are made small enough, quan-
tum effects begin to assert themselves. These effects limit the energies at
which electrons and holes can exist in the particles. Because energy is re-
lated to wavelength of the resulting photon, this means that the optical
properties of the particle can be finely tuned depending on its size.

Quantum mechanics determines that only certain discrete energy levels

are allowed in a single atom. If two identical atoms are held at large dis-
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tances from each other, electrons in each level will have exactly the same
energy. As those two atoms are brought closer to one another, they inter-
act, and no two electrons with the same spin can have the same energy.
This governing principle is called the Pauli exclusion principle. When a
large number of atoms are brought together to form a solid, the discrete
allowed energy levels of the individual atoms become a continuous energy
band. In bulk structures, these properties can only be altered by adding
constituents to create defects, interstitials, or substitutions in the material.
The impressive phenomenon in QDs is that the optical and electronic prop-
erties can be precisely tuned by changing the size of the dots in addition to
adding dopants. The electronic and optical properties that were thought
to be inherent to a material can be transformed when the material was in

a small enough (nanoscale) size.

Figure 1.1: Size dependent luminescent emission ranging from blue to red from
CdSe quantum dots. On the left is the smaller size quantum dots having blue
emission (Image Courtesy of M. S. Wong, Rice University)
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As the dimensions of a material decrease in size, quantum confinement
effects begin to occur. Quantum confinement occurs when material di-
mension is smaller than exciton Bohr radius [37]. This restricts carriers’
movement, resulting in the above mentioned discrete energy levels and dif-
ferences in material properties. Quantum confinement effects in QDs have
a significant impact on the optical properties of the material. Figure 1.1
shows the size dependent luminescent properties of the CdSe QDs.

Quantum dots are often described in terms of the degree of confinement.
The strong confinement regime is defined to represent the case when the
size of the quantum dot (e.g., the radius R of a spherical dot) is smaller than
the exciton Bohr radius ag. In this case, the energy separation between the
sub-bands (various quantized levels of electrons and holes) is much larger
than the exciton binding energy. Hence, the electrons and holes are largely
represented by the energy states of their respective sub-bands. As the
quantum dot size increases, the energy separation between the various sub-
bands becomes comparable to and eventually less than the exciton binding
energy. The latter represents the case of a weak confinement regime where
the size of the quantum dot is much larger than the exciton Bohr radius.
The electron-hole binding energy in this case is nearly the same as in the
bulk semiconductor.

Because of its unique properties, quantum dots have some promising
potential applications. The more prolific research involves using quantum
dots for biological imaging [38, 39] and computing [40] applications. Zinc
sulfide has also plays an important role in quantum dot based nanosensors.

Quantum computing makes use of the electronic properties of quantum dot.
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1.3 Density of states

Bulk Quantum Well Quantum Wire Quantum Dot

Figure 1.2: Schematic illustration of density of states of a semiconductor as a
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The density of states is defined as the number of energy states present in a
unit energy interval per unit volume. Due to the quantization of energy lev-
els, the relationship between the density of states and energy values is also
dramatically modified as shown in figure 1.2 for low dimension semicon-
ductors [41]. For bulk semiconductor, the density of states is proportional
to E'/2. However, this gradual increase in the density of states with en-
ergy increases in steps for quantum well due to quantum confinement. For
quantum wire and dot, the confinement of electrons and holes in more than
one dimension leads to further quantization of energy levels. The density

of states profile turns to sharper curves with respect to energy. In the case
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of three-dimensional confined quantum dot, the energy states are concen-
trated in a few sharp discrete energy levels.

The density of states of three dimensional electron gas (bulk semicon-
ductor) is proportioanl to E'/2. The density of states for a two dimensional
structure is constant and does not depend on the energy due to free motion
of electron. The density of states, D(E), for a quantum wire can be shown
to have an inverse energy dependence (E_l/ 2). The density of states of
quantum dot is a delta funtion which is represented as §[E - E(n, n,, n;)],
where En,, En, and En, are the quantized energy in the confined x, y and

7 directions.

1.4 Properties of nanomaterials

1.4.1 Mechanical properties

Due to the nanometer size, many of the mechanical properties of the nano-
materials are different from the bulk materials including the hardness, elas-
tic modulus, fracture toughness, scratch resistance and fatigue strength etc.
An enhancement of mechanical properties of nanomaterials can result due
to this modification, which are generally resulting from structural perfec-
tion of the materials [21, 42]. The small size either renders them free
of internal structural imperfections such as dislocations, micro twins, and
impurity precipitates or the few defects or impurities present can not mul-
tiply sufficiently to cause mechanical failure. The imperfections within the
nano dimension are highly energetic and will migrate to the surface to re-
lax themselves under annealing, purifying the material and leaving perfect
material structures inside the nanomaterials. Moreover, the external sur-

faces of nanomaterials also have less or free of defects compared to bulk
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materials, serving to enhance the mechanical properties of nanomaterials
[21]. The enhanced mechanical properties of the nanomaterials could have
many potential applications both in nanoscale such as mechanical nano
resonators, sensors, microscope probe tips and nanotweezers for nanoscale
object manipulation, light weight high strength materials, flexible conduc-
tive coatings, wear resistance coatings, tougher and harder cutting tools
etc.

Among many of the novel mechanical properties of nanomaterials, high
hardness has been observed for many nanomaterials. A variety of superhard
nanocomposites can be made of nitrides, borides and carbides by plasma-
induced chemical and physical vapor deposition [43]. The excellent mechan-
ical properties of nanomaterials could lead to many potential applications
in all the nano, micro and macro scales. High frequency electro-mechanical
resonators have been made from carbon nanotubes and nanowires. Nanos-
tructured materials can also be used as nanoprobes or nanotwizzers to probe
and manipulate nanomatierals in a nanometer range [44]. Due to their high
aspect ratio and small dimensions, one-dimensional nano structures such
as carbon nanotubes can also be used as nano probe tips.

The nanotweezers can be made from two individual carbon nanotubes.
This nanotweezers operated under electrical stimulus was used to probe the
electrical characteristics of nanostructures. It could be useful both in the
nanostructure characterization and the manipulation. The nanotweezers
could be used as a novel electromechanical sensor that can detect pressure
or viscosity of media by measuring the change in resonance frequency and
Q-factor of the device. They can also be explored into manipulation and

modification of biological systems such as structures within a cell.
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1.4.2 Thermal properties

By controlling the structures of materials at nanoscale dimensions, the
properties of the nanostructures can be controlled and tailored in a very
predictable manner to meet the needs for a variety of applications. The
engineered nanostructures include metallic and non-metallic nanoparticles,
nanotubes, quantum dots and superlattices, thin films, nano composites
and nanoelectronic and optoelectronic devices which utilize the superior
properties of the nanomaterials to fulfill the applications.

Many properties of the nanoscale materials have been well studied, in-
cluding the optical electrical, magnetic and mechanical properties. How-
ever, the studies on thermal properties of nanomaterials have only seen
slower progresses. This is partially due to the difficulties of experimen-
tally measuring and controlling the thermal transport in nanoscale dimen-
sions. Atomic force microscope (AFM) has been introduced to measure
the thermal transport of nanostructures with nanometer-scale high spatial
resolution, providing a promising way to probe the thermal properties with
nanostructures [45]. Moreover, the theoretical simulations and analysis of
thermal transport in nanostructures are still in infancy. As the dimensions
go down into nanoscale, the availability of the definition of temperature is
in question.

In non-metallic material system, the thermal energy is mainly carried
by phonos, which have a wide variation in frequency and the mean free
paths. The heat carrying phonons often have large wave vectors and mean
free path in the order of nanometer range at room temperature, so that
the dimensions of the nanostructures are comparable to the mean free path

and wavelength of phonons. However the general definition of tempera-
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ture is based on the average energy of a material system in equilibrium.
For macroscopic systems, the dimension is large enough to define a local
temperature in each region within the materials and this local temperature
will vary from region to region, so that one can study the thermal transport
properties of the materials based on certain temperature distributions of
the materials. But for nanomaterial systems, the dimensions may be too
small to define a local temperature. Moreover, it is also problematic to use
the concept of temperature which is defined in equilibrium conditions, for
the nonequilibrium processes of thermal transport in nanomaterials, posing
difficulties for theoretical analysis of thermal transport in nanoscales [45].

In nanomaterials systems, several factors such as the small size, the
special shape, the large interfaces modify the thermal properties of the
nanomaterials, rendering them the quite different behavior as compared to
the macroscopic materials. As the dimension goes down to nanoscales, the
size of the nanomaterials is comparable to the wavelength and the mean
free path of the phonons, so that the phonon transport within the materials
will be changed significantly due the phonon confinement and quantization
of phonon transport, resulting in modified thermal properties. The special
structure of nanomaterials also affects the thermal properties. For example,
because of the tubular structures of carbon nanotubes, they have extremely
high thermal conductivity in axial directions, leaving high anisotropy in
the heat transport in the materials [46]. The interfaces are also a very
important factor for determining the thermal properties of nanomaterials.

The use of nanofluid to enhance the thermal transport is another promis-
ing application of the thermal properties of nanomaterials. Nanofluids are

generally referred to the solid-liquid composite materials, which consist of
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nanomaterials of size in the range 1-100nm suspended in a liquid. Nanoflu-
ids hold increasing attentions in both research and practical applications
due to their greatly enhanced thermal properties compared to their base
fluids. Many type of nanomaterials can be used in nanofluids including
nanoparticles of oxides, nitrides, metals, metal carbides, and nanofibers
such as single walled and multi walled carbon nanotubes, which can be dis-
persed in to a variety of base liquid depending on the possible applications,
such as water, ethylene glycol, and oils. The most important features of
nanofluids are the significant increase of thermal conductivity compared

with liquids without nanomaterials.

1.4.3 Structural properties

The increase in surface area and surface energy with decreasing particle
size leads to changes in interatomic spacings. For Cu metallic clusters the
interatomic spacing is observed to be decreasing with decreasing cluster
size. This is due to the compressive strain induced by the internal pressure
arising from the small radius of curvature in the nanoparticle. Conversely,
for semiconductors and metal oxides there is evidence that interatomic
spacings increase with decreasing particle size.

A further effect is the apparent stability of metastable structures in
small nanoparticles and clusters, such that all traces of the usual bulk
atomic arrangement is lost. Metallic nanoparticles, such as gold, are known
to adopt polyhedral shapes such as cubeoctahedra, multiply twinned icosa-
hedra and multiply twinned decahedra. These nanoparticles may be re-
garded as multiply twinned crystalline particles (MTPs) in which the shapes
can be understood in terms of the surface energies of various crystallo-

graphic planes, the growth rates along various crystallographic directions
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and the energy required for the formation of defects such as twin bound-
aries. However, there is compelling evidence that such particles are not
crystals but are quasiperiodic crystals or crystalloids. These icosahedral
and decahedral quasicrystals form the basis for further growth of the nan-
ocluster, upto a size where they will switch into more regular crystalline
packing arrangements.

Crystalline solids are distinct from amorphous solids in that they possess
long-range periodic order and the patterns and symmetries which occur
correspond to those of the 230 space groups. Quasiperiodic crystals do
not possess such long-range periodic order and are distinct in that they
exhibit fivefold symmetry, which is forbidden in the 230 space groups. In
the cubic close-packed and hexagonal close-packed structures, exhibited by
many metals, each atom is coordinated by 12 neighbouring atoms. All
of the coordinating atoms are in contact, although not evenly distributed
around the central atom. However, there is an alternative arrangement in
which each coordinating atom is situated at the apex of an icosahedron and
in contact only with the central atom. If however we relax this rigid atomic
sphere model and allow the central atom to reduce in diameter by 10%,
the coordinating atoms come into contact and the body now has the shape
and symmetry of a regular icosahedron with point group symmetry 235,
indicating the presence of 30 two fold, 20 three fold and 12 five fold axes of
symmetry. This geometry represents the nucleus of a quasiperiodic crystal
which may grow in the forms of icosahedra or pentagonal dodecahedra.
These are dual solids with identical symmetry, the apices of one being
replaced by the faces of the other.

The size-related instability characteristics of quasiperiodic crystals are

not well understood. A frequently observed process appears to be that
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of multiple twinning, such crystals being distinguished from quasiperiodic
crystals by their electron diffraction patterns. Here the five triangular faces
of the fivefold symmetric icosahedron can be mimicked by five twin-related
tetrahedra (with a close-packed crystalline structure) through relatively

small atomic movements.

1.4.4 Chemical properties

The change in structure as a function of particle size is intrinsically linked
to the changes in electronic properties. The ionization potential (the en-
ergy required to remove an electron) is generally higher for small atomic
clusters than for the corresponding bulk material. Furthermore, the ion-
ization potential exhibits marked fluctuations as a function of cluster size.

Such effects appear to be linked to chemical reactivity of the materials.

Nanoscale structures such as nanoparticles and nanolayers have very
high surface area to volume ratios and potentially different crystallographic
structures which may lead to a radical alteration in chemical reactivity.
Catalysis using finely divided nanoscale systems can increase the rate, se-
lectivity and efficiency of chemical reactions such as combustion or synthesis
whilst simultaneously, significantly reducing waste and pollution. Nanopar-
ticles often exhibit new chemistry as distinct from their larger particulate
counterparts; for example, many new medicines are insoluble in water when
in the form of micron-sized particles but will dissolve easily when in a nanos-

tructured form.
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1.4.5 Magnetic properties

Magnetic nanoparticles are used in a range of applications, including fer-
rofluids, colour imaging, bioprocessing, refrigeration as well as high storage
density magnetic memory media. The large surface area to volume ratio
results in a substantial proportion of atoms (those at the surface which
have a different local environment) having a different magnetic coupling
with neighbouring atoms, leading to differing magnetic properties.

Ferromagnetic particles become unstable when the particle size reduces
below a certain size, since the surface energy provides a sufficient energy for
domains to spontaneously switch polarization directions. As a result, ferro-
magnetics become paramagnetics. However, nanometer sized ferromagnetic
turned to paramagnetic behaves differently from the conventional paramag-
netic and is referred to as superparamagnetics. An operational definition of
superparamagnetism would include at least two requirements. Firstly, the
magnetization curve should not show hysteresis, since that is not a thermal
equilibrium property. Secondly, the magnetization curve for an isotropic
sample must be temperature dependent to the extent that curves taken
at different temperatures must approximately superimpose when plotted
against H/T after correction for the temperature dependence of the spon-
taneous magnetization.

Whilst bulk ferromagnetic materials usually form multiple magnetic
domains, small magnetic nanoparticles often consist of only one domain
and exhibit a phenomenon known as superparamagnetism. In this case
the overall magnetic coercivity is then lowered: the magnetizations of the
various particles are randomly distributed due to thermal fluctuations and

only become aligned in the presence of an applied magnetic field.
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Giant magnetoresistance (GMR) is a phenomenon observed in nanoscale
multilayers [47] consisting of a strong ferromagnet (e.g., Fe, Co) and a
weaker magnetic or non-magnetic buffer (e.g., Cr, Cu); it is usually em-
ployed in data storage and sensing. In the absence of a magnetic field the
spins in alternating layers are oppositely aligned through antiferromagnetic
coupling, which gives maximum scattering from the interlayer interface and
hence a high resistance parallel to the layers. In an oriented external mag-
netic field the spins align with each other and this decreases scattering at

the interface and hence resistance of the device.

1.4.6 Optical properties

The reduction of materials’ dimension has pronounced effects on the op-
tical properties. The size dependence can be generally classified into two
groups. One is due to the increased energy level spacing as the system
becomes more confined, and the other is related to surface plasmon res-
onance. The quantum size effect is most pronounced for semiconductor
nanoparticles, where the band gap increases with a decreasing size, result-
ing in the interband transition shifting to higher frequencies [48, 49]. In
a semiconductor, the energy separation, i.e. the energy difference between
the completely filled valence band and the empty conduction band is of the
order of a few electron volts and increases rapidly with a decreasing size
[49]. Quantum confinement produces a blue shift in the band gap as well as
appearance of discrete subbands corresponding to quantization along the
direction of confinement. The optical properties of nanostructured semi-
conductors are highly size dependent and thus can be modified by varying
the size alone, keeping the chemical composition in tact. The luminescent

emission from the semiconductor nanostructures can be tuned by varying
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the size of the nanoparticles. In the case of nanostructured semiconductor
lasers, the carrier confinement and nature of electronic density of states
of the nanostructures make it more efficient for devices operating at lower
threshold currents than lasers with bulk materials. The size dependent
emission spectra of quantum wells, quantum wires and quantum dots make
them attractive lasing media. The performance of quantum dot lasers is
less temperature dependent than conventional semiconductor lasers [50].
The same quantum size effect is also known for metal nanoparticles. How-
ever, in order to observe the localization of the energy levels, the size must
be very small, as the level spacing has to exceed the thermal energy (~26
meV). Surface plasmon resonance is the coherent collective excitation of all
the free electrons within the conduction band, leading to an in-phase oscil-
lation [51, 52]. When the size of a metal nanocrystal is smaller than the
wavelength of incident radiation, a surface plasmon resonance is generated
[53]. The energy of the surface plasmon resonance depends on both the
free electron density and the dielectric medium surrounding the nanopar-
ticle. The width of the resonance varies with the characteristic time before
electron scattering. For larger nanoparticle, the resonance sharpens as the
scattering length increases. Noble metals have the resonance frequency in

the visible range of electromagnetic spectrum.

1.4.7 Electronic properties

The changes which occur in electronic properties as the system length scale
is reduced are related mainly to the increasing influence of the wave-like
property of the electrons (quantum mechanical effects) and the scarcity of
scattering centres. As the size of the system becomes comparable with the

de Broglie wavelength of the electrons, the discrete nature of the energy
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states becomes apparent once again, although a fully discrete energy spec-
trum is only observed in systems that are confined in all three dimensions.
In certain cases, conducting materials become insulators below a critical
length scale, as the energy bands cease to overlap. Owing to their intrin-
sic wave-like nature, electrons can tunnel quantum mechanically between
two closely adjacent nanostructures, and if a voltage is applied between two
nanostructures which aligns the discrete energy levels in the DOS, resonant
tunneling occurs, which abruptly increases the tunneling current.

In macroscopic systems, electronic transport is determined primarily
by scattering with phonons, impurities or other carriers or by scattering
at rough interfaces. The path of each electron resembles a random walk,
and transport is said to be diffusive. When the system dimensions are
smaller than the electron mean free path for inelastic scattering, electrons
can travel through the system without randomization of the phase of their
wavefunctions. This gives rise to additional localization phenomena which
are specifically related to phase interference. If the system is sufficiently
small so that all scattering centres can be eliminated completely, and if
the sample boundaries are smooth so that boundary reflections are purely
specular, then electron transport becomes purely ballistic, with the sample
acting as a waveguide for the electron wavefunction.

Conduction in highly confined structures, such as quantum dots, is very
sensitive to the presence of other charge carriers and hence the charge state
of the dot. These Coulomb blockade effects result in conduction processes
involving single electrons and as a result they require only a small amount
of energy to operate a switch, transistor or memory element. All these phe-

nomena can be utilised to produce radically different types of components
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for electronic, optoelectronic and information processing applications, such

as resonant tunneling transistors and single-electron transistors.

1.4.8 Biological systems

Biological systems contain many examples of nanosized materials and nanoscale
systems. Biomineralization of nanocrystallites in a protein matrix is highly
important for the formation of bone and teeth, and is also used for chem-
ical storage and transport mechanisms within organs. Biomineralization
involves the operation of delicate biological control mechanisms to produce
materials with well-defined characteristics such as particle size, crystallo-
graphic structure, morphology and architecture. Generally complex biolog-
ical molecules such as DNA have the ability to undergo highly controlled
and hierarchical self-assembly, which makes them ideal for the assembling
of nanosized building blocks.

Biological cells have dimensions within the range 110 mm and contain
many examples of extremely complex nano assemblies, including molecular
motors, which are complexes embedded within membranes that are powered

by natural biochemical processes.

1.5 Nanostructure fabrication methods

Nanostructures can be made in numerous ways. The broad classification
divides methods into either those which build from the bottom up, atom
by atom, or those which construct from the top down using processes that
involve the removal or reformation of atoms to create the desired structure.

In the bottom-up approach, atoms, molecules and even nanoparticles

themselves can be used as the building blocks for the creation of complex



Introduction 29

nanostructures; the useful size of the building blocks depends on the proper-
ties to be engineered. By altering the size of the building blocks, controlling
their surface and internal chemistry, and then controlling their organiza-
tion and assembly, it is possible to engineer properties and functionalities of
the overall nanostructured solid or system. These processes are essentially
highly controlled, complex chemical synthesis. On the other hand, top-
down approaches are inherently simpler and rely either on the removal or
division of bulk material, or on the miniaturization of bulk to produce the
desired structure with the appropriate properties. When controlled, both
top-down and bottom-up methods may be viewed as essentially different
forms of nanostructural engineering. Biological processes are essentially in-
termediate between top-down and bottom-up processes, however in reality
they usually constitute complex bottom-up processes.

Milling, lithographic processes, machining etc are top down methods.
Bottom-up processes effectively encompass chemical synthesis and/or the
highly controlled deposition and growth of materials. Chemical synthesis
may be carried out in either the solid, liquid or gaseous state. Vapour
phase deposition methods, plasma-assisted deposition processes such as
sputtering, dc glow discharge, molecular beam epitaxy (MBE), metal or-
ganic vapour phase epitaxy (MOVPE), colloidal methods, solgel methods

etc are bottom up methods.

1.6 Phosphors and luminescence mechanisms

Phosphors are luminescent materials that emit light when excited, and are
usually microcrystalline powders or thin-films designed to provide visible

color emission. A phosphor usually comprises of a host crystal material
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and one or more intentionally introduced impurities, called activators. The
concentration of activators can be as low as tens of ppm, such as for donor-
acceptors, or can be as high as 20% for rare earth dopants. The band gap
of a phosphor host is generally larger than 3 eV to be transparent to visible
light, and so either a wide-band-gap semiconductor or an insulator is used
as the host.

Luminescence is the emission of electromagnetic radiation (photon) usu-
ally in the visible region which is not thermal in origin, involving a radia-
tive transition. According to the types of excitation, the phenomena of
luminescence can be classified as: photo-, cathodo-, electro-, and thermo-
luminescence etc., which is excited by photons, electrons, current, and heat,
respectively [54]. In addition to classification by excitation, two other terms
are also often used and are related to the decay time (7): fluorescence (7
< 10ms) and phosphorescence (7 > 0.1s) [54, 55].

The luminescence of phosphors can be traced to two mechanisms: lu-
minescence in semiconductors and luminescence of localized centers. Lumi-
nescence of semiconductors normally occurs, after band-to-band excitation,
between impurity states within the band gap, such as donor-acceptor pair
luminescence. In the case of luminescent centers, the transitions occurs
between energy levels of single ions. In the figure 1.3, left and middle di-
agram shows the excitation and emission can be both localized onto one
center (called an activator) or separated from each other: excitation on the
sensitizer (S) is followed by emission on the activator (A) [55]. The excita-
tion and emission of semiconductors are shown in the right diagram of the
figure 1.3. In semiconductors, most important impurities are donors and
acceptors that dominate semiconductive properties, and they act as lumi-

nescence activators. In this unlocalized type of luminescence, the electrons
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and holes of the host lattice, i.e., free electrons in the conduction band and
free holes in the valance band, participate in the luminescence process. In
figure 1.3, A and A* represents the ground and excited state of activator,
S and S* represents the ground and excited state of sensitizer and D and

A represents the donor and acceptor levels of semiconductor.
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Figure 1.3: Schematic of luminescence mechanisms of phosphors: in localized

centers (left, middle) and in semiconductors (right)

After decades of research and development, thousands of phosphors
have been prepared and some of them are widely used in many areas [54].
In practical applications, phosphors are often excited by cathode rays, x-
rays, or UV emission of a gas discharge, which corresponds to applications
in displays, medical imaging and lighting, respectively, such as cathode-
ray-tube (CRT) color television, x-ray fluorescent screens and fluorescent
lamps.

Materials with nano dimensions such as quantum dots, nanowires, nanorods
and nanotubes, have attracted a great deal of attention recently due to their
interesting properties that cannot be obtained from the conventional macro-
scopic materials. Various technological applications require materials that

are ordered on all length scales, from the molecular to nano. These novel
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nanoscale materials are expected to have potential applications in areas
such as optoelectronic devices, photo catalyst fabrication and drug deliv-
ery systems. Nanophosphor materials are of potential interest in non-linear
optics and in fast optical switching. Quantum dots of II-VI semiconduc-
tors have attracted particular attention, because they are easy to synthesize
within the size range required for quantum confinement. A reduction in the
particle size strongly influences the crystallinity, melting point and struc-
tural stability. The unique characteristics of the nanomaterials are believed
to have originated from the quantum confinement effects due to the change
in the band structure into discrete quantum levels as a result of the smaller
size of the nanoparticles.

Luminescent quantum dot is a new paradigm of phosphor known as
quantum phosphor. Different from regular microcrystalline phosphors, these
nanocrystals exhibit extremely small sizes of 1~10nm in diameter and size
dependent tunable emission from the same pure semiconductor material.
The research on quantum dot technology was pioneered by Brus and oth-
ers since the early 1980’s, [56, 57] who demonstrated a wide range of size
quantization effects that could be obtained as the size of a semiconductor
was reduced to the nanoscale regime. This quantum dot technology enables
great flexibility in tuning the optical properties of a material by controlling
its physical size [56-58]. For example, the band gap of CdS was found to
increase from 2.5 eV, the bulk value, to >3.5 eV as the particle diameter
was decreased from 10nm to Inm [58]. Concurrently, the spectral prop-
erties of the luminescence changed and the decay time became extremely
fast, ~ 1-10 ps. As the dot diameter becomes progressively smaller, the

energy band shifts to larger values. This indicates that quantum dots can
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be engineered to emit in selected spectral regions and in combinations, can
cover the entire visible spectrum.

Quantum dots have been widely used as fluorescence tags and have
many potential applications in optoelectronic devices such as photovoltaic
cells, LEDs and nano-lasers [58]. By far the most common application is
in fluorescence tagging to replace molecular dyes. For example, injecting
a tagging substance into a biological cell makes it possible to identify that

cell from its fluorescence amid other cells.

1.7 Wide band gap semiconductors

The nanostructures can be realized through different types of structures as
well as through different materials. The focus of the present thesis is the
growth and characterization of different nanostructures of wide band gap

semiconductors.

1.7.1 Zinc oxide (ZnO)

ZnO is an oxide of the group II metal oxide, and belongs to the P63mc
space group. Under most growth conditions, ZnO is an n-type semiconduc-
tor, though p-type conductivity of ZnO has also been reported for growth
under certain conditions [59-62]. ZnO exhibits a wurtzite structure (hexag-
onal symmetry) or rock salt structure (cubic symmetry). However, ZnO
crystals most commonly stabilize with the wurtzite structure (hexagonal
symmetry), whereas the crystals exhibit the rock salt phase (cubic symme-
try) at high pressure. The wurtzite crystal structure of ZnO is shown in
figure 1.4. Even though it is tetrahedrally bonded, the bonds have a partial

ionic character. The lattice parameters of ZnO are a = 0.32495 nm and ¢
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= 0.52069 nm at 300K, with a c/a ratio of 1.602, which is close to the 1.633
ratio of an ideal hexagonal close-packed structure. In the direction parallel
to the c-axis, the Zn-O distance is 0.1992 nm, and it is 0.1973 nm in all
other three directions of the tetrahedral arrangement of nearest neighbors.
In a unit cell, zinc occupies the (0, 0, 0.3825) and (0.6667, 0.3333, 0.8825)
positions and oxygen occupies the (0, 0, 0) and (0.6667, 0.3333, 0.5) po-
sitions [63]. The wurtzite structure of ZnO has a direct energy bandgap
of 3.37 eV at room temperature. The lowest conduction band of ZnO is
predominantly s-type, and the valance band is p-type (sixfold degenerate).

The Zn-O bond is half ionic and half covalent. Doping in ZnO is much
easier compared with other covalent-bond wide bandgap semiconductors,
such as GaN. By appropriate doping, the electrical conductivity of ZnO
can be tailored from semiconducting to semimetal, keeping high optical
transparency to the visible and UV spectral regime. ZnO nanotips are at-
tractive for field emission due to their low emission barrier, high saturation
velocity, and high aspect ratio. ZnO is more resistant to radiation damage
than Si, GaAs, and GaN [64], which is preferred for the long-term stability
of field emission emitters in high electric fields. These make ZnO an ideal
candidate among transparent conducting oxides (TCOs) for field emission
displays.

ZnO is a wide band gap (3.37 €V) compound semiconductor that is
suitable for short wavelength optoelectronic applications. The high exci-
ton binding energy (60 meV) in ZnO crystal can ensure efficient excitonic
emission at room temperature. Room temperature ultraviolet (UV) lumi-
nescence has been reported in nanoparticles and thin films of ZnO. ZnO is

transparent to visible light and can be made highly conductive by doping.
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Figure 1.4: The wurtzite structure of ZnO (Zn white, O red; highlighted atoms

are inside unit cell)

7Zn0 is a versatile functional material that has a diverse growth mor-
phologies such as, nanoparticles [35], core/shell nanoparticles [65] nanowires

and nanorods [66], nanocombs [67], nanorings [68], nanoloops and nanohe-
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lices [69], nanobows [70], nanobelts [71] nanocages [72], nanocomposites [73]
and quantum wells [74]. These structures have been successfully synthe-
sized under specific growth conditions [75]. Nanostructures have attracted
attention because of their unique physical, optical, and electrical properties
resulting from their low dimensionality. ZnO has an effective electron mass
of ~0.24 m., and a large exciton binding energy of 60 meV. Thus bulk
ZnO has a small exciton Bohr radius (~1.8 nm) [76, 77]. The quantum
confinement effect in ZnO nanowires should be observable at the scale of
an exciton Bohr radius. An example is the well-width-dependent blue shift
in the PL spectra observed in both of ZnO/MgZnO MQWs and nanorods
[78], with the ZnO well widths ranging from 1 to 5 nm. Blue shift of
emission from free excitons was reported for ZnO nanorods with diame-
ters smaller than 10 nm, which was ascribed to the quantum size effect
[79]. Zeng et al [65] studied the tempertaure dependant blue emission from
Zn/ZnO core/shell nanostructures synthesized by laser ablation in liquid
medium. Au is commonly used as a catalyst for growing ZnO nanowires by
vapor liquid solid process [80]. Nanobelts of ZnO are usually grown [81] by
sublimation of ZnO powder without introducing a catalyst. Wang et. al
reported the hydrothermal growth of ZnO nanoscrewdrivers and their gas
sensing properties [82]. The dependance of confinement layer thickness on
the PL emission of ZnMgO/Zn0O/ZnMgO multiple quantum well structures
were reported recently [74]. They also presented room temperature lumi-
nescence from this symmetric multiple quantum well structures. Rare earth
and transition metals were doped in ZnO nanostructures for luminescent
and magnetic applications [83, 84].

Nanostructured ZnO materials have received broad attention due to

their distinguished performance in electronics, optics and photonics. From
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1960s, synthesis of ZnO thin films has been an active field because of their
applications as sensors, transducers and catalysts. In the last few decades,
study of one dimensional (1D) materials has become a leading edge in
nanoscience and nanotechnology. With reduction in size, novel electri-
cal, mechanical, chemical and optical properties are introduced, which are
largely believed to be the result of increased surface area and quantum con-
finement effects. Nanowire-like structures are the ideal system for studying
the transport process in one-dimensionally (1D) confined objects, which are
of benefit not only for understanding the fundamental phenomena in low
dimensional systems, but also for developing new generation nanodevices
with high performance.

ZnO nanostructures have a wide range of technological applications like
surface acoustic wave filters [85], photonic crystals [86], photodetectors [87],
light emitting diodes [88], photodiodes [89], gas sensors [90], optical modu-
lator waveguides [91], solar cells [92] and varistors [93]. ZnO is also receiving
a lot of attention because of its antibacterial property and its bactericidal
efficacy has been reported to increase as the particle size decreases [94].

The studies presented in the thesis includes the synthesis of nanoparti-
cles and nanorods of ZnO by low temperature methods like hydrothermal
and liquid phase pulsed laser ablation techniques. Room temperature pho-
toluminescent emission from ZnO based symmetric and asymmetric multi-
ple quantum well structures grown by pulsed laser ablation is also discussed
in the thesis. Rare earth and transition metal doped ZnO nanostructures
grown by hydrothermal method and its magnetic and luminescent proper-

ties have been investigated.
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1.7.2 Zinc sulfide (ZnS)

Waurtzite ZnS is a direct wide band gap semiconductor which is one of the
most important material in photonics. This is because of its high transmit-
tance in the visible range and high index of refraction (about 2.2). ZnS has
been synthesized as nanowires, nanobelts, nanocombs, and, most recently,
nanohelices [95-97]. All of these are one-dimensional nanostructures. Re-
cently, ZnS nanobelts have been doped with manganese without changing
their crystallography [98]. ZnS doped with manganese (Mn) exhibits at-
tractive light-emitting properties with increased optically active sites for
applications as efficient phosphors. Furthermore, single ZnS nanobelts have
been shown to facilitate optically pumped lasing [99]. All of these prop-
erties make ZnS one dimensional nanostructures attractive candidates for
use in devices and other technological applications.

Zinc sulfide has two types of crystal structures: hexagonal wurtzite ZnS
(referred to as “hexagonal phase”) and cubic zinc blende ZnS (referred to
as “cubic phase”). Typically, the stable structure at room temperature is
zinc blende, there are few reports of stable wurtzite ZnS. The cubic form
has a band gap of 3.54 eV at 300 K whereas the hexagonal form has a band
gap of 3.91 eV. The transition from the cubic form to the wurtzite form
occurs at around 1020°C. Figure 1.5 shows the cubic zinc blende structure
of ZnS.

ZnS is also an important phosphor host lattice material used in electro-
luminescent devices (ELD), because of the band gap large enough to emit
visible light without absorption and the efficient transport of high energy
electrons [100].
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Figure 1.5: The cubic zinc blende structure of ZnS

Bhargava et al. [101] first reported luminescence properties of man-
ganese doped ZnS nanocrystals prepared by a chemical process at room
temperature, which initiated investigation on luminescent ZnS nanostruc-
tures. Recently, ZnS nanobelts doped with manganese were synthesized by
hydrogen-assisted thermal evaporation and studied its lasing action [99].
ZnS nanostructures synthesized by chemical vapor deposition (CVD) have

a large number of defects, perhaps due to oxygen incorporation [102]. Nath



40 Introduction to nanotechnology

et. al studied the green luminescence of ZnS and ZnS:Cu quantum dots
embedded in zeolite matrix [103]. This study demonstrates the techno-
logical importance of semiconductor quantum dots prepared by low cost
chemical route. Manzoor et. al [104] reported the growth of Cut-AI**
and CuT-Al**-Mn?* doped ZnS nanoparticles by wet chemical method for
electroluminescent applications. The high fluorescent efficiency and disper-
sion in water makes ZnS:Mn nanoparticles an ideal candidate for biological
labelling.

The study presented in the thesis includes the synthesis of ZnS and Mn
doped ZnS nanoparticles by liquid phase pulsed laser abaltion technique

and its luminescent properties are discussed.

1.7.3 Zinc gallium oxide (ZnGay0,)

In 1991, Itoh et al. [105] was the first to report on a new spinel phosphor
system - the ZnGaoQOy4. It is a ternary oxide compound of ZnO and GagsOg
comprising of only the fourth row cations. The n-type semiconducting [106]
ZnGagQy is unique, being a phosphor with cubic symmetry and having an
optical band gap of 4.4 eV rendering the material transparency into the
UV region of the electromagnetic spectrum.

Zinc gallium oxide crystallizes in the normal spinel structure (Figure
1.6) that has been interpreted as a combination of rock salt and zinc blende
structures. The spinel unit cell belongs to the cubic space group Fd3m
(Oh") [107] with eight formula units per cell and contains two kinds of
cation sites. In this normal spinel, Zn?t ions occupy tetrahedral sites and
Ga?t ions occupy octahedral sites with lattice constant a = 8.37 A. The
oxygen ions are in face centered cubic closed packing. A subcell of this

structure has four atoms, four octahedral interstices and eight tetrahedral
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interstices. This makes a total of twelve interstices to be filled by three
cations, one divalent (Zn?*) and two trivalent (Ga®"). In each elementary
cell, one tetrahedral and two octahedral sites are filled. Eight of these
elementary cells are arranged so as to form a unit cell containing 32 oxygen
ions, 16 octahedral cations, and 8 tetrahedral cations. The spinel structure,
hence, turns out to be a close packed cubic arrangement of anions with one-
half of the octahedral holes and one-eighth of the tetrahedral holes filled
with cations. The material exhibits excellent stability and cubic symmetry
in spite of the fact that almost three fourth of the structure is vacant. This
is because spinel structures have the ability to accept structural vacancies,

thus forming a defect solid solution while remaining as single phase [108].

(ﬂ} Oxygen
& B atoms
octahedral sites

A atoms
& tetrahedral sites

ABZO‘ spinel structure

Figure 1.6: Spinel cubic crystal structure of ZnGasOy

ZnGaoO4 exhibits an intrinsic blue luminescence under excitation by
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both ultraviolet light and low voltage electrons via a self-activated optical
center associated with the octahedral Ga-O group [109, 110]. The emission
properties are relatively sensitive to preparation conditions and Ga/Zn ratio
in ZnGayO4 phosphor [111]. It is reported that the cathodoluminescence
(CL) spectra of ZnGayO4 has a peak at 457 [112] or 470 nm [113], while
the photoluminescent (PL) peak is located at about 432 [110], 450 [114] or
470-490 nm [115].

ZnGasO4 phosphor can emit in the different regions of the visible spec-
trum by suitably doping it with transition metals or rare-earth elements.
Mn?* activated ZnGagOy4 has been widely investigated as an efficient green
emitting phosphor [114]. The material emits green when doped with Th
[116] or Tm. Activation with Co [117], Cr and Eu [118, 119] gives red
and while Ce provides the blue emission. There are reports stating that
a systematic tuning (usually, a redshift) of the luminescent properties of
self-activated ZnGagO4 phosphors is possible by Cd [120] or Si [121] sub-
stitution.

Growth of ZnGasO4 and Eu doped ZnGasO4 nanoparticles and the
luminescent emission properties of these nanoparticles were investigated in

the present study.

1.8 Device applications

Nanotechnology offers an extremely broad range of potential applications
from electronics, optical communications and biological systems to new
materials. Many possible applications have been explored and many devices
and systems have been studied. Some of the applications of nanostructures

are follows.
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1.8.1 Optical devices

Nanowire laser

UV laser sources are of strong research interest because of their broad ap-
plications, including nonline-of-sight covert communication, bioagent de-
tection, high-density optical storage, and UV photonics. ZnO has a high
exciton binding energy of 60 meV, much greater than the thermal energy
at room temperature (26 meV). Thus the exciton in ZnO could be stable
even at room temperature, which facilitates efficient excitonic recombina-
tion. Nanowire UV lasers and laser arrays could serve as miniaturized light
sources for optical interconnections, quantum computing, the microanalysis
for biochemical and environmental applications toward the integration of
lab-on-a~chip. It is still a technical challenge to achieve reliable and device
quality p-type ZnO materials. Optically pumped ZnO nanowire laser arrays
as well as single ZnO nanowire lasers have been demonstrated [122-124].
The nanowires with diameters ranging from 20 to 150 nm and lengths up
to 40 pm are being used as the lasing medium. The samples are directly
pumped by the fourth harmonic of an Nd:YAG laser at room temperature.
Light emission was collected along the c-axis of the nanowire.

The single nanowire lasing behavior is further proved by using near-field
scanning optical microscopy (NSOM) [124]. The nanowire was removed by
sonication in an alcohol solvent and dispersed onto a quartz substrate. The
emitted light was collected by the fiber probe of an NSOM. The emission
spectrum shows that the single nanowire serves as an active Fabry-Perot

optical cavity.
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Light emitting diodes

Blue/green light-emitting diodes (LED) have been developed based on
nanostructures of wide-band gap II-VI semiconductor nanomaterials [125].
Such devices take direct advantages of quantum well heterostructure con-
figurations and direct energy band gap to achieve high internal radiative
efficiency. Various LED at short visible wavelengths have been fabricated
based on nanostructures or quantum well structures of ZnSe-based material

[126, 127] and ZnTe-based materials [128].

Nanowire photodetector

ZnO is suitable material as a UV photodetector because of its direct wide
bandgap and large photoconductivity. ZnO epitaxial film-based photo-
conductive and Schottky type UV photodetectors have been demonstrated
[129]. Large photoconductivity has been reported for a single ZnO nanowire
[130]. The ZnO nanowires with diameters ranging from 50 to 300nm were
dispersed on prefabricated gold electrodes. Electrical resistivities without
and with UV light irradiation were measured in a four-terminal configura-
tion. The conductivity of ZnO nanowire under UV irradiation increases by
4 to 6 orders of magnitude compared with the dark current with a response
time in the order of seconds. The photoresponse has a cut off wavelength
of ~370 nm.

It is known that the photoresponse of ZnO consists of two parts: a
fast response due to reversible solid-state processes, such as intrinsic inter-
band transition, and a slow response mainly due to the oxygen adsorption-
photodesorption and defect related recombination processes [130, 131]. A

two-step process gives rise to the slow increase in photoconductivity: (1)
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oxygen adsorps on the surface states as a negatively charged ion by cap-

turing a free electron:

Oy+e — 0 (1.5)

and (2) photodesorption of Og by capturing a photogenerated hole:

ht + 05 — Oy (1.6)

Therefore, the photogenerated electrons increase the conductivity. The
slow process can be suppressed by reducing the trap density and back-
ground carrier concentration. ZnO nanowires also show a reversible switch-
ing behavior between dark conductivity and photoconductivity when the
UV lamp is turned on and off. These suggest that ZnO nanowires are good

candidates for optoelectronic switches.

1.8.2 Solid state lighting and white LED

Over 125 years ago kerosene lanterns were used as the lighting source, until
Edisons discovery of the incandescent light bulb in 1879. Following the
invention of the fluorescent lamps, high pressure sodium lamps and so on,
we are now living through another great revolution in lighting technology,
known as solid state lighting. In the evolution of lighting technology, phos-
phors play an important role such as in fluorescent lamps, and will continue
to affect greatly the cutting-edge technology, solid state lighting.

Solid state lighting refers to the lighting emission from solid state diodes,
known as LEDs, which exhibit higher energy conversion efficiency, compact
structure and longer life compared to conventional lamps [132-134]. Until

recently, LEDs have been used primarily for low intensity monochromatic
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lighting applications such as indicator lights or alphanumeric displays. Ad-
vances in materials research and device fabrication have increased the in-
tensity of red, green and blue LEDs dramatically, so that the light intensity
emitted at a particular wavelength can rival that from light bulbs with color
filters.

White light emitters have attracted special interest recently for a num-
ber of potential applications in cars, traffic information signs, displays and
general illumination [132-134]. White LEDs can be fabricated by several
methods [133]. The first lies solely on combination of LEDs with the three
primary colors to produce bright white light source which are significantly
more efficient than incandescent bulbs and are more adaptable. Multiple
semiconductor LEDs will not be competitive in the larger market for resi-
dential and commercial lighting. Moreover, the directional nature of LED
output makes this approach not suitable for general illumination applica-
tion.

Another more practical method for producing white LEDs has been
developed using group IIl-nitride group nitride LEDs driving the down-
converting phosphors [133]. Blue and Ultraviolet (UV) emission from (In-
AlGa)N LEDs can be used to excite phosphors. Upon absorption of blue
or UV light, the phosphors convert the energy to visible radiation depend-
ing on the type of phosphors used. White light can be achieved through
mixing red (R), green (G) and blue (B) color emitting phosphors. White
light emission can also be achieved by using part of the blue emission of the
exciting wavelength of LEDs and the blue to red and green down converter
phosphors.

Solid state lighting and white LEDs offers new opportunities and chal-
lenges for the application of phosphors. Traditional phosphors, such as
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YAG:Ce, have been commercialized for use on blue LEDs to produce white
light by Nichia Corp [133]. However, to improve the performance of white
LEDs, new phosphors which absorb strongly in the blue, near-UV region
still need to be developed.

1.8.3 Electronic devices

Field emission devices

Field emission sources are widely used in flat-panel displays. In thermionic
emission, electrons are emitted from a heated filament. Field emission is
a cold-cathode emission, in which electrons are emitted from a conductor
into vacuum through its surface barrier under the applied electric field even
at room temperature. Compared with thermionic emission, field emission
has the advantages of less thermal shift, low energy spread, and low operat-
ing voltage. Traditional field emission devices (FEDs) require complicated
fabrication processes. An ideal field emitter should be highly conductive,
very sharp at the tip, robust, and easy to fabricate. ZnO has a high melt-
ing point, low emission barrier, and high saturation velocity. Furthermore,
ZnO is more resistant to radiation damage than Si, GaAs, and GaN, pre-
ferred for long-term stability for the field emitters in the high electrical
field. As a widely studied transparent conductive oxide [135], ZnO can be
made both highly conductive and optically transparent from the visible to
near-UV range through proper doping. These properties make ZnO nan-
otips a promising candidate for FEDs. The field emission properties of ZnO
nanowires were first studied by Lee’s group in 2002 [136]. ZnO nanoneedle

arrays with sharp-tips show improved field emission performance [137].
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Field effect transistor

Field effect transistors (FETSs) can be fabricated by contacting semicon-
ducting one-dimensional nanostructures to metallic electrodes, allowing the
exploration of the electrical properties of the structures. FETs have been
fabricated with SnO2 and ZnO nanobelts and with nanowires [138]. A
Zn0 nanobelt FET synthesized by thermal evaporation has showed a high
threshold voltage of -15V, which is due to the high resistive contact result-
ing from simply depositing the ZnO nanobelt on top of the gold electrodes.
It has a switching ratio of nearly 100 and a peak conductivity of 1.25 x
1073Sem ™. It also shows UV sensitivity. By placing these one-dimensional
nanostructure based FETSs in different environments, they can be shown to
have excellent applications as nanoscale sensors. The high surface to vol-
ume ratio of one-dimensional nanostructures makes them potentially far
superior than thin films. This allows higher sensitivity for sensors because
the faces are more exposed and the small size is likely to produce a com-
plete depletion of carriers into the nanobelt, which typically changes the

electrical properties.

1.8.4 Biological applications of nanoparticles

One important branch of nanotechnology is nanobiotechnology. Nanobiotech-
nology includes (i) the use of nanostructures as highly sophisticated ma-
chines or materials in biology and medicine, and (ii) the use of biological
molecules to assemble nanoscale structure [139]. One of the important bi-
ological application of colloidal nanocrystals is molecular recognition. But
there are many more biological applications of nanotechnology [140, 141].

Nanocrystals conjugated with a receptor can be directed to bind to positions
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where ligand molecules are present, which fit the molecular recognition of
the receptor [139]. This facilitates a set of applications including molecular
labeling. For example, when gold nanoparticles aggregate, a change of color
from ruby-red to blue is observed, and this phenomenon has been exploited
for the development of very sensitive colorimetric methods of deoxyribonu-
cleic acid (DNA) analysis [142].



50

Introduction to nanotechnology



Chapter 2

Synthesis and
characterization of

nanostructures

2.1 Introduction

As particle size drops from microns to tens of nanometers, metallic nanopar-
ticles cease to behave as bulk metal and begin exhibiting quantum me-
chanical behavior similar to that of individual atoms. Ten hydrogen atoms
stacked side-by-side measure only a single nanometer. The lure of nan-
otechnology is not just making small devices; but to construct the smallest
physical structures possible. A single atom is only a one tenth of a nanome-
ter in diameter. Nanotechnology is, in a very literal sense, an opportunity
to play with nature’s own building blocks [143]. The realization of the
full potential of nanosystems has so far been limited due to their diffi-

culties in their synthesis and subsequent assembly into useful functional

51
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structures and devices. The three steps in the development of nanoscience
and technology include material preparation, characterization and device
fabrication.

The synthesis of nanoscale particles has received considerable attention
in view of the potential for new materials with novel properties and the de-
sign of catalysts with specific dimensions and composition. Nanoscale ma-
terials posses several unique properties such as large surface area, unusual
adsorptive properties, surface defects, and fast diffusivities. This chapter
discuss various techniques that were used in the growth of nanostructures.
Nanoparticles, nanorods and quantum well structures were grown by hy-
drothermal method, liquid phase pulsed laser ablation and pulsed laser
deposition techniques. Various characterization tools were used to study

its structural, morphological, optical and magnetic properties.

2.2 Experimental techniques for the growth of

nanostructures

Preparation of nanoparticle is being advanced by numerous physical and
chemical techniques. Nanostructured materials are synthesized using a
combination of approaches, for example melting and solidification process
followed by thermodynamical treatments, or solution/vacuum deposition.
In many cases however the final product is dictated by the kinetics of ther-
modynamics of systems. There are basically two broad areas of synthesis
techniques for nanostructured materials namely (1) physical methods and

(2) chemical methods.
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2.2.1 Physical methods

Several physical methods are currently in use for the synthesis and com-
mercial production of nanostructured materials. The first and the most
widely used technique involve the synthesis of single-phase metals and ce-
ramic oxides by the inert-gas evaporation technique [144]. The generation
of atom clusters by gas phase condensation proceeds by evaporating a pre-
cursor material, either a single metal or a compound, in a gas maintained
at a low pressure, usually below 1 atm. The evaporated atoms or molecules
undergo a homogeneous condensation to form clusters via collisions with
gas atoms or molecules in the vicinity of a cold-powder collection surface.
The clusters once formed must be removed from the region of deposition to
prevent further aggregation and coalescence of the clusters. These clusters
are readily removed from the gas condensation chamber either by natural
convection of the gas or by forced gas flow.

Sputtering is another technique used to produce nanostructured clus-
ters as well as a variety of thin films [145, 146]. This method involves the
ejection of atoms or clusters of designated materials by subjecting them
to an accelerated and highly focused beam of inert gas such as argon or
helium. Sputtering process produces films with better controlled compo-
sition, provides films with greater adhesion and homogeneity and permits
better control of film thickness. The sputtering process involves the cre-
ation of gas plasma usually an inert gas such as argon by applying voltage
between a cathode and anode. The target holder is used as cathode and
the anode is the substrate holder. Source material is subjected to intense
bombardment by ions. By momentum transfer, particles are ejected from

the surface of the cathode and they diffuse away from it, depositing a thin



54 Synthesis and characterization of nanostructuress

film of the material onto the substrate.

The third physical method involves the generation of nanostructured
materials via severe mechanical deformation. In this method nanostruc-
tured materials are produced not by cluster assembly but rather by struc-
tural degradation of coarser-grained structures induced by the application
of high mechanical energy. The nanometer-sized grains nucleate within the
shear bands of the deformed materials converting a coarse-grained structure
to an ultra fine powder. The heavy deformation of the coarser materials is
effected by means of a high-energy ball mill or a high-energy shear process.
Although this method is very useful in generating commercial quantities of
the material, it suffers from the disadvantage of contamination problems
resulting from the sources of the grinding media.

Chemical vapor deposition (CVD) is the process of depositing chemi-
cally reacting volatile compound of a material, with other gases, to pro-
duce a nonvolatile solid on a suitably placed substrate [147]. It differs from
physical vapor deposition (PVD), which relies on material transfer from
condensed-phase evaporant or sputter target sources. Because CVD pro-
cesses do not require vacuum or unusual levels of electric power, they were
practiced commercially prior to PVD. Because they are subject to thermo-
dynamic and kinetic limitations and constrained by the flow of gaseous reac-
tants and products, CVD processes are generally more complex than those
involving PVD. Plasma-enhanced chemical vapor deposition (PECVD) is
one of the modifications of the conventional CVD process. In the PECVD
system, electric power is supplied to the reactor to generate the plasma.
The power is supplied by an induction coil from outside the chamber, or

directly by diode glow-discharge electrodes. In the plasma, the degree of
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ionization is typically 10™%, so the gas in the reactor consists mostly of neu-
trals. Ions and electrons travel through the neutrals and get energy from
the electric field in the plasma.

Self-assembled quantum dots nucleate spontaneously under certain con-
ditions during molecular beam epitaxy (MBE) and metallorganic vapour
phase epitaxy (MOVPE), when a material is grown on a substrate to which
it is not lattice matched. The resulting strain produces coherently strained
islands on top of a two-dimensional “wetting layer”. This growth mode
is known as Stranski-Krastanov growth. The islands can be subsequently
buried to form the quantum dot. This fabrication method has potential
for applications in quantum cryptography (i.e. single photon sources) and
quantum computation [144]. The main limitations of this method are the
cost of fabrication and the lack of control over positioning of individual

dots.

Liquid phase pulsed laser ablation (LP-PLA)

Laser ablation had been identified as a versatile technique for the prepara-
tion of nanostructures, mainly nanorods, quantum wells and quantum dots.
Precise control over the size of the nanostructures could be attained by play-
ing various deposition parameters like substrate temperature, substrate to
target distance, gaseous atmosphere in the chamber and laser energy den-
sity during the pulsed laser deposition [148]. Recently liquid phase-pulsed
laser ablation technique (LP-PLA) has been evolved as a synthesis tech-
nique for the preparation of nano particles [149]. In this method, the bulk
target of the material is immersed in a liquid (for example water) and then
the laser beam (from Nd:YAG or excimer laser) is allowed to focus through

the liquid on to the target surface. A simple experimental setup of LP-PLA
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technique is shown in figure 2.1. Plasma of the ejected species disperses
directly to the liquid in which the target is immersed. By controlling the
energy density of the laser beam and using liquids containing surfactants,
size of the particle can be tuned. This LP-PLA is very simple, by product
free and clear technique, because quantum dots can be directly dispersed
in liquid medium without the play of much chemistry. Transparent and
highly luminescent ZnO, Zn and ZnS nanoparticles dispersed in water have
been prepared by this method using third (355 nm) and fourth (266 nm)
harmonics of Nd:YAG laser.

A Laser

Focusing Lens

Aqueous solution

* Target

Figure 2.1: Experimental setup used for the growth of nanoparticles by LP- PLA

technique

Pulsed laser deposition (PLD)

The laser is a source of energy in the form of monochromatic and coherent
photons, enjoying ever increasing popularity in diverse and broad applica-
tions. In many areas such as metallurgy, medical technology and electronic

industry, the laser has become an irreplaceable tool. In material science
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also lasers play a significant role either as a passive component for process
monitoring or as an active tool by coupling its radiation energy to the ma-
terial being processed. The coupling of laser radiation with the processing
material led to various applications such as localized melting during optical
pulling, laser annealing of semiconductors, surface cleaning by desorption
and ablation, laser induced rapid quench to improve surface hardening and
most recently pulsed laser deposition for growing thin films [150].

Pulsed laser deposition (PLD) is clearly emerging as one of the premier
thin film deposition technology. PLD has gained a great deal of attention
in the past few years for its ease of use and success in depositing materials
of complex stoichiometry. PLD was the first technique used to successfully
deposit the superconducting YBasCu3zO7_, thin film. Since then, many
materials that are normally difficult to deposit by other methods, especially
multi-element oxides, have been successfully deposited by PLD. In the case
of multi-elemental compounds such as high temperature superconductors,
ferroelectrics and electro optic materials, this technique is extremely suc-
cessful. This technique offers many potential applications, from integrated
circuits and optoelectronics to micro mechanics and medical implants [151].

The best quality films can be deposited by controlling the substrate
temperature (T), the relative and absolute arrival rates of atoms (R) and
the energy of the depositing flux (E). PLD offers the best control over these
parameters than other vacuum deposition techniques [150]. A schematic di-
agram of a simple PLD technique is shown in figure 2.2. In its simplest
configuration, a high-power laser situated outside the vacuum deposition
chamber is focused by means of external lenses onto the target surface,
which serves as the evaporation source. PLD relies on a photon interac-

tion to create an ejected plume of material from any target. The vapor
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(plume) is collected on a substrate placed at a short distance from the
target. Though the actual physical processes of material removal are quite
complex, one can consider the ejection of material to occur due to rapid ex-
plosion of the target surface due to superheating. Unlike thermal evapora-
tion, which produces a vapor composition dependent on the vapor pressures
of elements in the target material, the laser-induced expulsion produces a

plume of material with stoichiometry similar to the target.
Laser beam

Port with
quartz window

Target

carrouse] Heatable

sample stage

1,
Il

Laser plume

Rotating target Vacuum chamber

Figure 2.2: Schematic diagram of the PLD setup used for the present investiga-

tion

The main advantage of PLD derives from the laser material removal
mechanism. It is generally easier to obtain the desired film stoichiometry
for multi-element materials using PLD than with any other deposition tech-
niques. Typical plasma temperature measured by emission spectroscopy

during initial expansion is 10,000 K, which is well above the boiling point
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of most materials (3000 K). Heating of the plasma to these temperatures
is thought to occur by inverse-Bremsstrahlung absorption of the laser light
in a free-free transition of electron ion pair. This high temperature would
evaporate the surface layer of the target thereby replicating exact target

composition in the thin films.

Mechanisms of PLD

Pulsed laser deposition is a very complex physical phenomenon involving
laser-material interaction under the impact of high-power pulsed radia-
tion on solid target, and formation of plasma plume with highly energetic
species. The thin film formation process in PLD generally can be divided

into the following four stages.

1. Interaction of laser radiation with the target material.
2. Dynamics of the ablated materials.
3. Deposition of the ablated materials on the substrate.

4. Nucleation and growth of the thin film on the substrate surface.

In the first stage, the laser beam is focused onto the surface of the tar-
get. At sufficiently high flux densities and short pulse duration, all elements
in the target are rapidly heated up to their evaporation temperature. Ma-
terials are dissociated from the target surface and ablated out with same
stoichiometry as in the target. The instantaneous ablation rate is highly
dependent on the fluences of the laser shining on the target. The ablation
mechanisms involve many complex physical phenomena such as collisional,

thermal, and electronic excitation, exfoliation and hydrodynamics.
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During the second stage the emitted materials tend to move towards
the substrate according to the laws of gas dynamic and show the forward
peaking phenomenon. The spot size of the laser and the plasma temper-
ature has significant effects on the deposited film uniformity. The target-
substrate distance is another parameter that governs the angular spread of
the ablated materials.

The third stage is important to determine the quality of thin film. The
ejected high-energy species impinge onto the substrate surface and may
induce various type of damage to the substrate. These energetic species
sputter some of the surface atoms and a collision region is formed between
the incident flow and the sputtered atoms. Film grows after a thermalized
region is formed. The region serves as a source for condensation of particles.
When the condensation rate is higher than the rate of particles supplied by
the sputtering, thermal equilibrium condition can be reached quickly and
film grows on the substrate surface at the expenses of the direct flow of the
ablation particles.

The effect of increasing the energy of the adatoms has a similar effect
of increasing substrate temperature on film growth [150]. Typical power
densities involved in PLD are approximately 50MWcm ™2 for a reasonable
growth rate (> 1 A/shot). If plasma is formed in vacuum or in air dur-
ing laser target interaction, then an explicit laser plasma interaction occurs.
Due to which ions in the plasma are accelerated to as much as 100 - 1000 eV
[150]. Nucleation and growth of crystalline films depends on many factors
such as the density, energy, ionization degree, and the type of the con-
densing material, as well as on the temperature and the physico-chemical

properties of the substrate. The two main thermodynamic parameters for
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the growth mechanism are substrate temperature T and supersaturation

D,,. They can be related by the following equation

Dy, = kTIn(R/R.) (2.1)

where k is the Boltzmann constant, R is the actual deposition rate, and
R is the equilibrium value at the temperature T.

The nucleation process depends on the interfacial energies between the
three phases present viz, substrate, the condensing material and the va-
por. The critical size of the nucleus depends on the driving force, i.e., the
deposition rate and the substrate temperature. For the large nuclei, a char-
acteristic of small supersaturation, they create isolated patches (islands) of
the film on the substrate, which subsequently grow and coalesce together.
As the supersaturation increases, the critical nucleus shrinks until its height
reaches to atomic diameter and its shape is that of a two-dimensional layer.
For large supersaturation, the layer-by-layer nucleation will happen for in-
completely wetted foreign substrates.

The crystalline film growth depends on the surface mobility of the
adatoms (vapor atoms). Normally, the adatom will diffuse through sev-
eral atomic distances before sticking to a stable position within the newly
formed film. The surface temperature of the substrate determines the
adatom’s surface diffusion ability. High temperature favours rapid and
defect free crystal growth, whereas low temperature or large supersatura-
tion crystal growth may be overwhelmed by energetic particle impingement,
resulting in disordered or even amorphous structures.

In PLD, the plume is highly directional, and its contents are propelled to
the substrate where they condensed and there by forming a film. Gases (O,
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No) are often introduced in to the deposition chamber to promote surface
reactions or maintain film stoichiometry. Precautions are usually taken to
minimise the number of gross particulates ejected as a result of splashing
from being incorporated into the depositing film. Splashing of macroscopic
particles during laser-induced evaporation is a significant drawback of PLD.
High directionality of the plume is another major drawback, which makes
it difficult to uniformly deposit films over large area.

The generation of particulates during splashing is believed to have sev-
eral origins. These include the rapid expansion of gas trapped beneath the
target surface, a rough target surface morphology whose mechanically weak
projections are prone to fracturing during pulsed thermal shocks, and su-
perheating of subsurface layers before surface atoms vaporize. A common
strategy for dealing with splashing effects is to interpose a rapidly spin-
ning pinwheel-like shutter between the target and substrate. The slower
moving particulates can be batted back, allowing the more mobile atoms,
ions, and molecules to penetrate this mechanical mass filter. Window ma-
terials, an important component in PLD systems, must generally satisfy
the dual requirement of optical transparency to both visible and ultravi-
olet light. Relatively few materials are suitable for this demanding role,
but MgFs, sapphire, CaFs, and UV-grade quartz have served as suitable
window materials.

In the present study fourth (266 nm) harmonics of Nd:YAG laser (Spec-

tra Physics) is used for ablation.

2.2.2 Chemical methods

Chemistry has played a major role in developing new materials with novel

and important properties. The advantage of chemical method is its versa-
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tility in designing and synthesizing new materials that can be refined into
a final product. The primary advantage that chemical processes over other
methods is good chemical homogeneity, as chemical synthesis offers mixing
at the molecular level. Molecular chemistry can be designed to prepare new
materials by understanding how matter is assembled on an atomic or molec-
ular level and the consequent effects on the desired material macroscopic
properties. A basic understanding on the principles of crystal chemistry,
thermodynamics, and phase equilibrium and reaction kinetics is important
to take advantage of the many benefits that chemical processing has to
offer.

There are certain difficulties in chemical processing. In some prepa-
rations, the chemistry is complex and hazardous. Contamination can also
result from the byproducts being generated or side reactions in the chemical
process. This should be minimized or avoided to obtain desirable properties
in the final product. Agglomeration can also be a major cause of concern at
any stage in a synthetic process and it can dramatically alter the properties
of the materials. Finally, although many chemical processes are scalable
for economical production, it is not always straight forward for all systems.

Solution chemistry is used sometimes to prepare the precursor, which
is subsequently converted to the nano phase particles by non-liquid phase
chemical reactions. Precipitation of a solid from a solution is a common
technique for the synthesis of fine particles. The general procedure involves
reactions in the aqueous or non-aqueous solutions containing the soluble or
suspended salts [144]. Once the solution becomes super saturated with the
product, the precipitate is formed by either homogeneous or heterogeneous
nucleation. The formation of a stable material with and without the pres-

ence of a foreign species is referred to as heterogeneous and homogeneous
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nucleation respectively. The growth of the nuclei after formation usually
proceeds by diffusion, in which case concentration gradients and reaction
temperatures are very important in determining the growth rate of parti-
cles. For instance, to form unagglomerated particles with a very narrow
size distribution, all the nuclei must be formed at nearly the same time
and the subsequent growth must be occurred without further nucleation or
agglomeration of particles.

Nanostructured materials are also prepared by chemical vapour depo-
sition (CVD) or chemical vapour condensation (CVC). In these processes
a chemical precursor is converted to the gas phase and it then undergoes
decomposition at either low or atmospheric pressure to generate the nanos-
tructured particles. These products are then subjected to transport in a
carrier gas and collected on a cold substrate, from where they are scarped
and collected. The CVC method can be used to produce a variety of pow-
ders and fibers of metals, compounds, or composites. The CVD method has
been employed to synthesis several ceramic metals, intermetallics, and com-
posite materials. Semiconductor clusters have traditionally been prepared
by use of colloids, micelles, polymers, crystalline hosts, and glasses [144].
The clusters prepared by these methods have poorly defined surfaces and a
broad size distribution, which is detrimental to the properties of semicon-
ductor materials. A more detailed discussion on nanomaterial preparation

and nanostructure fabrication can be found in the recent literature [144].

Hydrothermal Method

The hydrothermal processing is a non conversional method to obtain nanocrys-
talline inorganic materials. The hydrothermal technique is becoming one

of the most important tools for advanced materials processing, particularly
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owing to its advantages in the processing of nanostructure materials for a
wide variety of technological applications such as electronics, optoelectron-
ics, catalysis, ceramics, magnetic data storage, biomedical, biophotonics,
etc. The hydrothermal technique not only helps in processing monodis-
persed and highly homogeneous nanoparticles, but also acts as one of the
most attractive techniques for processing nano-hybrid and nanocomposite
materials. The term hydrothermal is purely of geological origin. Hydrother-
mal processing can be defined as any heterogeneous reaction in the presence
of aqueous solvents or mineralizers under high pressure and temperature
conditions to dissolve and recrystallize (recover) materials that are rela-
tively insoluble under ordinary conditions. Byrappa and Yoshimura [152]
define hydrothermal as any heterogeneous chemical reaction in the presence
of a solvent (whether aqueous or non-aqueous) above the room temperature
and at pressure greater than 1 atm in a closed system. Among various tech-
nologies available today in advanced materials processing, the hydrothermal
technique occupies a unique place owing to its advantages over conven-
tional technologies. This synthesis method uses the solubility in water of
almost all inorganic substances at elevated temperature and pressures, and
subsequent crystallization of the dissolved material from the fluid. Water
at elevated temperatures plays an essential role in the precursor material
transformation. The pressure, temperature, precursor concentration and
time of reaction are the principal parameters in hydrothermal processing.
The hydrothermal processing of advanced materials has lots of advan-
tages and can be used to give high product purity and homogeneity, crystal
symmetry, meta stable compounds with unique properties, narrow particle
size distributions, a lower sintering temperature, a wide range of chemical

compositions, single-step processes, dense sintered powders, sub-micron to
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nanoparticles with a narrow size distribution using simple equipment, lower
energy requirements, fast reaction times, lowest residence time, as well as
for the growth of crystals with polymorphic modifications, the growth of
crystals with low to ultra low solubility, and a host of other applications.
The hydrothermal technique offers a unique method for coating of various
compounds on metals, polymers and ceramics as well as for the fabrication
of powders or bulk ceramic bodies. It has now emerged as a frontline tech-
nology for the processing of advanced materials for nanotechnology. On the
whole, hydrothermal technology in the 215 century has altogether offered
a new perspective.

The behavior of the solvent under hydrothermal conditions dealing with
aspects like structure at critical, supercritical and sub-critical conditions,
dielectric constant, pH variation, viscosity, coefficient of expansion, density,
etc. is to be understood with respect to pressure and temperature. Sim-
ilarly, the thermodynamic studies yield rich information on the behaviour
of solutions with varying pressure temperature conditions. Some of the
commonly studied aspects are solubility, stability, yield, dissolution precip-
itation reactions and so on, under hydrothermal conditions. Hydrothermal
crystallization is only one of the areas where our fundamental understand-
ing of hydrothermal kinetics is lacking due to the absence of data related
to the intermediate phases forming in solution in the absence of predictive
models; we must empirically define the fundamental role of temperature,
pressure, precursor, and time on crystallization kinetics of various com-
pounds [153].

A key limitation to the conventional hydrothermal method has been the
need for time consuming empirical trial and error methods as a mean for

process development. Material processing under hydrothermal conditions
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requires a vessel capable of containing a highly corrosive solvent at high
temperature and pressure. Ideal hydrothermal apparatus popularly known

as an autoclave should have the following characteristics:

1. Inertness to acids, bases and oxidizing agents.

2. Ease of assembly and disassembly.

3. Sufficient length to obtain a desired temperature gradient.
4. Leak-proof to the required temperature and pressure

5. Rugged enough to bear high pressure and temperature experiments
for long periods with no damage so that no machining or treatment

is needed after each experimental run.

Figure 2.3: Hydrothermal furnace and autoclave used for the synthesis of nanos-

tructures

The hydrothermal furnace and autoclave used in the present study for
the synthesis of nanostructures are shown in the figure 2.3. In the hy-
drothermal synthesis, the precursor materials are taken in a container with

solid to water proportion of about 1:10. The closed containers are placed
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into the sealed stainless steel autoclaves and put into the furnace. Applying
the desired hydrothermal synthesis temperature, an autogenous pressure
is formed. The external pressure is adjusted as soon as the temperature
equilibrium is achieved within the autoclave. By the installation of the
hydrothermal pressure, the reaction process takes place. Temperature fluc-
tuations of the furnace have negative consequences because a rise in the
temperature leads to a higher dissolution rate disturbing the dynamic equi-
librium of dissolution-crystallization, while lowering of temperature leads

to higher supersaturation.

2.3 Characterization tools

2.3.1 Structural characterization
X-ray diffraction

The structural characterization was carried out by recording the x-ray
diffraction (XRD) pattern of the samples. XRD pattern was taken us-
ing Rigaku D-max C x-ray diffractometer with Cu-K, radiation (A=1.5418
A). A given substance always produces a characteristic diffraction pattern
whether that substance is present in the pure state or as one constituent of a
mixture. This fact is the basis for the diffraction method of chemical analy-
sis. The particular advantage of x-ray diffraction analysis is that it discloses
the presence of a substance, as that substance actually exists in the sample
and not in terms of its constituent chemical elements. Diffraction analysis
is useful whenever it is necessary to know the state of chemical combination
of the elements involved or the particular phase in which they are present.

Compared with ordinary chemical analysis the diffraction method has the
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advantage that it is usually much faster, requires only very small quantity
of sample and is non destructive [154, 155].

The basic law involved in the diffraction method of structural analysis is
the Bragg’s law. When monochromatic x-ray impinge upon the atoms in a
crystal lattice, each atom acts as a source of scattering. The crystal lattice
acts as series of parallel reflecting planes. The intensity of the reflected
beam at certain angles will be maximum when the path difference between
two reflected waves from two different planes is an integral multiple of A.

This condition is called Bragg’s law and is given by the relation 2.2,

2dsinf = nA (2.2)

where n is the order of diffraction, A is the wavelength of the x-rays,
d is the spacing between consecutive parallel planes and 6 is the glancing
angle (or the complement of the angle of incidence) [156].

X-ray diffraction studies give a whole range of information about the
crystal structure, orientation, average crystalline size and stress in the films.
Experimentally obtained diffraction patterns of the sample are compared
with the standard powder diffraction files published by the inorganic crystal
structure database (ICSD).

The average grain size of the film can be calculated using the Scherrer’s

formula 2.3 [154],

0.9
4= Beost (23)

where, A is the wavelength of the x-ray and [ is the full width at half

maximum intensity in radians. The lattice parameter for crystallographic
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systems in the present study can be calculated from the following equations
using the (hkl) parameters and the interplanar spacing d.

Cubic system,
1 W24k 4+

i a— (24)
Tetragonal system,
1 h+k* 2
=@ Ta (25)
Hexagonal system,
1 4 R?+hk+k? 12
232 Jte (26)

X-ray diffraction measurements of the films and powders in the present
studies were carried out using Rigaku automated x-ray diffractometer. The
filtered copper K, (A =1.5418 A) radiation was used for recording the
diffraction pattern.

The broadening of x-ray diffraction peaks can be obtained with a diffrac-
tometer, and this information can be directly quantified. However it is
important to realize that the broadening of diffraction peaks arises mainly

due to three factors

1. Instrumental effects: these effects include imperfect focusing, unre-
solved a7 and ao peaks, or the finite widths of a1 and a9 peaks in
cases were the peaks are resolved. These extraneous sources can cause

broadening in the diffraction peak.

2. Crystallite size: the peaks become broader due to the effects of small
crystallite sizes, and thus an analysis of the peak broadening can be

used to determine the crystallite size from 100 to 500 nm.
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3. Lattice strain: lattice strain can also cause to the broadening of
the diffraction peaks. If all the effects mentioned are simultaneously

present in the specimen, the peaks will be very broad.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is an imaging technique whereby
a beam of electrons is focused onto a specimen causing an enlarged ver-
sion to appear on a fluorescent screen or on a photographic film or to be
detected by a CCD camera. The first practical transmission electron mi-
croscope was built by Albert Prebus and James Hillier at the University
of Torondo in 1938 using concepts developed earlier by Max Knoll and
Ernst Ruska. Electrons are generated by a process known as thermionic
discharge in the same manner as the cathode in a cathode ray tube, or by
field emission; they are then accelerated by an electric field and focused by
electrical and magnetic fields onto the sample. The electrons can be fo-
cused onto the sample providing a resolution far better than that possible
with light microscopes, with improved depth of vision. Details of a sample
can be enhanced in light microscopy by the use of stains. Similarly with
electron microscopy, compounds of heavy metals such as osmium, lead or
uranium can be used to selectively deposit on the sample to enhance struc-
tural details. The electrons that remain in the beam can be detected using
a photographic film, or fluorescent screen [157]. So areas where electrons
are scattered appear dark on the screen, or on a positive image.
Transmission electron microscopy is a straight forward technique to de-
termine the size and shape of the nanostructured materials as well as to
obtain structural information. In TEM, electrons accelerated to 100 keV

or higher, are projected on to a thin specimen by means of a condenser lens
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system, and they penetrate in to the sample [158]. TEM uses transmitted
and diffracted electrons which generates a two dimensional projection of the
sample. The principal contrast in this projection or image is provided by
diffracted electrons. In bright field images, the transmitted electrons gen-
erate bright regions while the diffracted electrons produce dark regions. In
dark field image, the diffracted electrons preferentially form the image. In
TEM, one can switch between imaging the sample and viewing its diffrac-
tion pattern by changing the strength of the intermediate lens. The greatest
advantage that TEM offers are the high magnification ranging from 50 to
10% and its ability to provide both image and diffraction information of the

same sample. The high magnification or resolution of TEM is given by

L=—— 2.7
2mqV 2.7)

where m and q are the electron mass and charge, h the Planck’s con-
stant and V is the potential difference through which the electrons are
accelerated. The schematic of a transmission electron microscope is shown
in figure 2.4.

Typically a TEM consists of three stages of lensing. The stages are the
objective lenses, intermediate lenses and the projector lenses. The objec-
tive lens forms a diffraction pattern in the back focal plane with electrons
scattered by the sample and combines them to generate an image in the
image plane (intermediate image). Thus diffraction pattern and image are
simultaneously present in the TEM. It depends on the intermediate lens
which appears in the plane of the second intermediate image and magnified
by the projective lens on the viewing screen. Switching from a real space to

a reciprocal space (diffraction pattern) is easily achieved by changing the
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strength of the intermediate lens. In imaging mode, an objective aperture
can be inserted in the back focal plane to select one or more beams that
contribute to the final image (Bright field (BF), Dark field (DF), High Res-
olution TEM (HRTEM)). The BF image is formed by effectively cutting
out all the diffracted beams, leaving out only transmitted beam to form the
image. The bright field image is bright only in areas that have crystalline
planes that are tilted such that they do not satisfy the Bragg condition.
The DF image will be obtained on the other hand if the transmitted beams

are blocked instead of diffracted beams.

High-resolution TEM (HRTEM)

High resolution transmission electron microscope (HRTEM) can generate
lattice images of the crystalline material allowing the direct characterisa-
tion of the samples atomic structure [159]. The resolution of the HRTEM
is 1 nm or smaller. However, the most difficult aspect of the TEM tech-
nique is the preparation of samples. High-resolution TEM is made possible
by using a large-diameter objective diaphragm that admits not only the
transmitted beam, but at least one diffracted beam as well. All of the
beams passed by the objective aperture are then made to recombine in the
image-forming process, in such a way that their amplitudes and phases are
preserved. When viewed at high-magnification, it is possible to see con-
trast in the image in the form of periodic fringes. These fringes represent
direct resolution of the Bragg diffracting planes; the contrast is referred to
as phase contrast. The fringes that are visible in the high-resolution image
originate from those planes that are oriented as Bragg reflecting planes and
that possess interplanar spacings greater than the lateral spatial resolution

limits of the instrument.
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Selected area electron diffraction pattern (SAED)

Selected area electron diffraction offers a unique capability to determine
the crystal structure of individual nanomaterials and the crystal structure
of the different parts of a sample. A small area of the specimen can be
selected from a high resolution transmission image and its electron diffrac-
tion pattern (rings or spots) produced on the screen of the microscope
by making appropriate arrangement in the lenses of TEM. This is an op-
tional arrangement in HRTEM. The arrangement for taking the diffrac-
tion pattern is shown in figure 2.4(b). The SAED allows the researcher
to determine lattice constant of the crystalline material which can help in
species identification. Basically diffraction patterns are distinguishable as
spot patterns resulting from single crystal diffraction zones or ring patterns
are obtained from the randomly oriented crystal aggregates (polycrystal-
lites). For nanocrystallites, the diffraction patterns will be a diffused ring
patterns.

The d spacing of the planes corresponding to the rings can be deter-

mined by the following equation

Dd = L\ (2.8)

Where L is the effective camera length, X is the de Broglie wavelength
of the accelerating electrons, D is the ring diameter of a standard electron
diffraction pattern and d is the interplanar spacing [157]. The term in
the right hand side of the equation is referred to as the camera constant.
TEM, JEOL operating at an accelerating voltage of 200 kV was used for

the confirmation of the formation of nanoparticles in the present work.
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2.3.2 Surface morphology

Surface morphology is an important property while studying nanostruc-
tures. Characterization tools used to study the surface morphology of the

nanostructures is described below.

Scanning electron microscope (SEM)

The scanning electron microscope (SEM) is a type of electron microscope
that images the sample surface by scanning it with a high-energy beam of
electrons in a raster scan pattern. The electrons interact with the atoms
that make up the sample producing signals which contain information about
the sample’s surface topography, composition and other properties such as
electrical conductivity [158]. There are many advantages for using the SEM
instead of a light detector [160]. The SEM has a large depth of field, which
allows more of a specimen to be in focus at one time. The SEM also has
much higher resolution, so closely spaced specimens can be magnified at
much higher levels. Figure 2.5 shows the schematic diagram of the scanning
electron microscope.

The scanning electron microscope (SEM) is a microscope that uses elec-
trons rather than light to form an image. Preparation of the samples is rela-
tively easy since most SEMs only require that sample should be conductive.
The combination of higher magnification, larger depth of focus, greater res-
olution, and ease of sample observation makes SEM one of the most heavily
used instruments in the research field. The electron beam comes from a
filament, made of various types of materials. The most common is the
tungsten hairpin gun. This filament is a loop of tungsten that functions

as the cathode. A voltage is applied to the loop, causing it to heat up.
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The anode, which is positive with respect to the filament, forms powerful
attractive forces for electrons. This causes electrons to accelerate toward
the anode. The anode is arranged, as an orifice through which electrons
would pass down to the column where the sample is held. Other examples
of filaments are lanthanum hexaboride filaments and field emission guns.

In scanning electron microscopy, an electron beam with energy typically
of 1-10 keV is focused by a lens system into a spot of 1-10 nm in diameter
on the sample surface. The focused beam is scanned in a raster across the
sample by a deflection coil system in synchronous with an electron beam of
a video tube, which is used as an optical display. Both beams are controlled
by the same scan generator and the magnification is just the size ratio of
the display and scanned area on the sample surface. A variety of signals can
be detected, including secondary electrons, backscattered electrons, x-rays,
cathodoluminescence and sample current. The two dimensional map of the
signal yields a SEM image. The main applications of SEM are in surface
topography and elemental mapping. By appropriate choice of the detector,
the signal of the electrons from a desired energy range can be monitored
[161].

The streams of electrons that are attracted through the anode are made
to pass through a condenser lens, and are focused to very fine point on
the sample by the objective lens (figure 2.6). The electron beam hits the
sample, producing secondary electrons from the sample. These electrons
are collected by a secondary detector or a backscatter detector, converted
to a voltage, and amplified. The amplified voltage is applied to the grid
of the CRT that causes the intensity of the spot of light to change. The
image consists of thousands of spots of varying intensity on the face of a

CRT that correspond to the topography of the sample.
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Figure 2.6: The focusing of electrons in SEM

There are three major types of electron sources: tungsten filament,
LaBg, and hot and cold field emission. In the first case, a tungsten filament
is heated to allow electrons to be emitted via thermionic emission. Tem-
peratures as high as 3000°C are required to produce a sufficiently bright
source. These filaments are easy to work with, but have to be replaced
frequently because of evaporation. The material LaBg has a lower work
function than tungsten and thus can be operated at lower temperatures,
and it yields higher source brightness. However, LaBg filaments require
much better vacuum than tungsten to achieve good stability and a longer
lifetime. Field emission SEM (FESEM) is another type of SEM instrument

where electrons are produced using the phenomenon of ’field emission’. In
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this instrument tips are very sharp; the strong electric field created at the
tip extracts electrons from the source even at low temperatures. In this
case, the energy profile is sharper and less the effect of chromatic aberra-
tions of the magnetic defocusing lenses. Although they are more difficult
to work with, since they need very high vacuum, occasional cleaning and
sharpening via thermal flashing, the enhanced resolution and low voltage
applications of field emission tips are making them unique for high resolu-
tion scanning [162]. In the present study, JEOL Model JSM-6390LV was
used for SEM analysis.

2.3.3 Compositional analysis

The composition of various elements in the nanostructures were studied
using the analysis technique like energy dispersive x-ray and inductively

coupled plasma.

Energy dispersive x-ray (EDX) analysis

EDX/EDAX analysis stands for energy dispersive x-ray analysis. It is some-
times referred to also as EDS or EDAX analysis. It is a technique used for
identifying the elemental composition of the specimen, on an area of inter-
est thereof. The EDX analysis works as an integrated feature of a scanning
electron microscope (SEM), and cannot be operated its own without the
latter [157, 160].

During EDX analysis, the specimen is bombarded with an electron beam
inside the scanning electron microscope. The bombarding electrons collide
with the specimen atom’s own electrons, knocking some of them off in the

process. A position vacated by an ejected inner shell electron is eventually
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occupied by a higher-energy electron from an outer shell. To be able to do
so, however, the transferring outer electron must give up some of its energy
by emitting an x-ray. The amount of energy released by the transferring
electron depends on which shell it is transferring from, as well as which shell
it is transferring to. Furthermore, the atom of every element releases x-rays
with unique amounts of energy during the transferring process. Thus, by
measuring the energy of the x-rays emitted by a specimen during electron
beam bombardment, the identity of the atom from which the x-ray was
emitted can be established. The output of an EDX analysis is an EDX
spectrum, which is a plot of how frequently x-ray is received for each energy

level.

Figure 2.7: The emission of x-rays

EDX spectrum normally displays peaks corresponding to the energy
levels for which the most x-rays had been received. Each of these peaks
are unique to an atom, and therefore corresponds to a single element. The
higher a peak in a spectrum, the more concentrated the element is in the
specimen. An EDX spectrum plot not only identifies the element corre-
sponding to each of its peaks, but the type of x-ray to which it corresponds

as well. For example, a peak corresponding to the amount of energy pos-
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sessed by x-rays emitted by an electron in the L-shell going down to the
K-shell is identified as a K, peak. The peak corresponding to x-rays emit-
ted by electrons transition from upper levels to the K-shell is identified as

a K., Kg, K, etc as shown in figure 2.7.

Inductively coupled plasma - Atomic emission spectroscopy (ICP-
AES)

Inductively coupled plasma atomic emission spectroscopy (ICP-AES), also
referred to as inductively coupled plasma optical emission spectrometry
(ICP-OES), is a spectrophotometric technique, exploiting the fact that ex-
cited electrons emit energy at a given wavelength as they return to ground
state [163]. This technique uses plasma called inductively coupled plasma
to produce excited atoms. The fundamental characteristic of this process
is that each element emits energy at specific wavelengths peculiar to its
chemical character. Although each element emits energy at multiple wave-
lengths, in the ICP-AES technique it is most common to select a single
wavelength (or a very few) for a given element. The intensity of the energy
emitted at the chosen wavelength is proportional to the amount (concentra-
tion) of that element in the analyzed sample. Thus, by determining which
wavelengths are emitted by a sample and by determining their intensities,
the analyst can quantify the elemental composition of the given sample
relative to a reference standard. ICP -AES measurement was done in the
present work using Thermo Electron IRIS INTREPID II XSP DUO.

2.3.4 Thin film thickness

Thickness is one of the most important thin film parameter to be charac-

terized since it plays an important role in the film properties unlike a bulk
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material. Microelectronic applications generally require the maintenance
of precise and reproducible film metrology (i.e., thickness as well as lat-
eral dimensions). Various techniques are available to characterize the film
thickness which are basically divided into optical and mechanical meth-
ods, and are usually nondestructive but sometimes destructive in nature.
Film thickness may be measured either by in-situ monitoring the rate of
deposition or after the film deposition.

The stylus profiler takes measurements electromechanically by moving
the sample beneath a diamond tipped stylus. The high precision stage
moves the sample according to a user defined scan length, speed and stylus
force. The stylus is mechanically coupled to the core of a linear variable
differential transformer (LVDT'). The stylus moves over the sample surface.
Surface variations cause the stylus to be translated vertically. Electrical
signals corresponding to the stylus movement are produced as the core po-
sition of the LVDT changes. The LVDT scales an ac reference signal pro-
portional to the position change, which in turn is conditioned and converted
to a digital format through a high precision, integrating, analog-to-digital
converter [164]. The film whose thickness has to be measured is deposited
with a region masked. This creates a step on the sample surface. Then
the thickness of the sample can be measured accurately by measuring the
vertical motion of the stylus over the step.

The thicknesses of the thin films prepared for the work presented in this
thesis were measured by a stylus profiler (Dektak 6M).

2.3.5 Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy is a technique that provides information about the

chemical bonding or molecular structure of materials, whether organic or
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inorganic. It is used to identify unknown materials present in a speci-
men. The technique works on the fact that bonds and groups of bonds
vibrate at characteristic frequencies. A molecule that is exposed to infrared
rays absorbs infrared energy at frequencies which are characteristic of that
molecule. During FTIR analysis, a spot on the specimen is subjected to a
modulated IR beam. The specimen’s transmittance and reflectance of the
infrared rays at different frequencies is translated into an IR absorption plot
consisting of reverse peaks. The resulting FTIR spectral pattern is then
analyzed and matched with known signatures of identified materials in the
FTIR library. FTIR spectroscopy does not require a vacuum, since neither
oxygen nor nitrogen absorbs infrared rays. FTIR analysis can be applied to
minute quantities of materials, whether solid, liquid, or gaseous. When the
library of FTIR spectral patterns does not provide an acceptable match,
individual peaks in the FTIR plot may be used to yield partial information
about the specimen.

Schematic diagram of a Fourier transform infra red spectrometer is
shown in the figure 2.8. A parallel beam of radiation is directed from
the source to the interferometer, consisting of a beam splitter B and two
mirrors M; and My. The beam splitter is plate of suitably transparent
material coated so as to reflect 50% of the radiation falling on it. Thus
half of the radiation goes to M; and half to My, returns from both these
mirrors along the same path and is then recombined to a single beam at the
beam splitter. If a monochromatic radiation is emitted by the source, the
recombined beam leaving B shows constructive or destructive interference
depending on the relative path lengths B to My and B to My. As the mirror
Ms is moved smoothly towards or away from B, therefore, a detector sees

radiation alternating in intensity.



Characterization tools 85

Fixed mirror M 1

"fi:tiiim Source

-

YY r
>\ <
S ;
Movable B
mirror MZ V Y

Detector

O

Sample

Figure 2.8: Schematic diagram of a Fourier transform infra red spectrometer

The production of spectrum is a two stage process. Firstly, without
the sample in the beam, mirror My is moved smoothly over a period
of time through a distance of about 1 cm, while the detector signal-the
interferogram-is collected into the multichannel computer; the computer
carries out the Fourier transformation of the stored data to produce the
background spectrum. Secondly with the sample in the beam, a intefero-

gram is recorded in exactly the same way. Fourier transformed and then
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ratioed against the background spectrum for plotting as a transmittance
spectrum. Alternatively the sample and background spectra may each be
calculated in absorbance forms and the latter simply subtracted from the

former [165].

2.3.6 Thermo-gravimetric analysis (TGA)

The thermal properties like heat capacities, the glass transition temper-
ature, melting and degradation of macromolecules can be analysed using
thermogravimetry and differential thermal analysis along with differential
scanning calorimetry (DSC). Thermal measurements are based on the mea-
surement of dynamic relationship between temperature and some property
of a system such as mass, heat of reaction or volume when the material is
subjected to a controlled temperature programme.

In thermo-gravimetric analysis, the mass of the sample is recorded con-
tiniously as a function of temperature as it is heated or cooled at a controlled
rate. A plot of mass as a function of temperature, known as thermogram,
provides both quantitative and qualitative information. The apparatus
required for thermo-gravimetric analysis include a sensitive recording ana-
lytical balance, a furnace, a temperature controller, and a programmer that
provides a plot of the mass as a function of temperature. Often an auxiliary
equipment to provide an inert atmosphere for the sample is also needed.
Changes in the mass of the sample occurs as a result of rapture and/or
formation of various physical and chemical bonds at elevated temperature
that led to the evolution of volatile products or formation of reaction prod-
ucts. Thus TGA curve provides information regarding the thermodynamics
and kinetics of various chemical reactions, reaction mechanisms, and inter-

mediate and final reaction products.
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2.3.7 Optical studies

Transmission spectroscopy

An important technique for measuring the band gap of a semiconductor is
by studying the absorption of incident photons by the material. In this,
photons of selected energy are directed to the sample and the relative trans-
mission of the various photons is observed. Since photons with energies
greater than the band gap energy are absorbed while photons with ener-
gies less than band gap energy are transmitted, the experiment gives an
accurate measure of band gap [166].

According to Bardeen et al. [167] for the parabolic band structure, the
relation between the absorption coefficient () and the band gap E, of the
material is given by,

o = [X)(hw — B, (2.9
hv

where, 7 =1/2 for allowed direct transitions, v =2 for allowed indirect
transitions, v =3 for forbidden indirect transitions and v =3/2 for forbidden
direct transitions. A is the parameter which depends on the transition
probability. The absorption coefficient can be deduced from the absorption

or transmission spectra using the relation,

I = Iye (@)t (2.10)

where, I is the transmitted intensity and Iy is the incident intensity of
the light and t is the thickness of the film. In the case of direct transition,
(ahv)? will show a linear dependence on the photon energy (hv). A plot of

(ahv)? against hyv will be a straight line and the intercept on energy axis
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at (ahv)? equal to zero will give the band gap. The transmission spectra of
the thin film samples were recorded using JASCO V 570 spectrophotometer

in the present studies.

Diffuse reflectance spectroscopy

The measurement of diffused radiation reflected from a surface constitutes
the area of spectroscopy known as diffuse reflectance spectroscopy. Diffuse
reflectance spectrometry concerns one of the two components of reflected
radiation from an irradiated sample, namely specular reflected radiation,
Rs and diffusely reflected radiation, Ry . The former component is due to
the reflection at the surface of single crystallites while the latter arises from
the radiation penetrating into the interior of the solid and re-emerging to
the surface after being scattered numerous times. These spectra can exhibit
both absorbance and reflectance features due to contributions from trans-
mission, internal and specular reflectance components as well as scattering
phenomena in the collected radiation. Based on the optical properties of
the sample, several models have been proposed to describe the diffuse re-
flectance phenomena. The model put forward by Kubelka-Munk in 1931 is
widely used and accepted in diffuse reflectance infrared spectrometry. The
intensity of the reflected light depends on the scattering coefficient s and
the absorption coefficient k. The reflectance data can be converted to ab-
sorbance by Kubelka-Munk equation [168, 169]. Kubelka-Munk equation

is as

1-— 7’)2
2r

Log|( | = Logk — Logs (2.11)

_ R(sample)
Where 1 = R(standard)



Characterization tools 89

Here the standard used is BaSO4. R (standard) is taken as unity. R
(sample) is the diffuse reflectance of the sample

(R= Lsam/Lres ).

Equation 2.11 Implies,

ﬂ = k (2.12)
2R s

The band gap is estimated from the plot of ((k/s)hv)? vs hy (hv is the
photon energy) by extrapolating the graph to the x-axis. DRS was recorded
using JASCO V 570 spectrophotometer in the present study.

Photoluminescence (PL)

Luminescence in solids is the phenomenon in which electronic states of
solids are excited by photons from an external source and the excited states
release energy as electromagnetic radiation. When short wavelength radia-
tion illuminate a solid and results in the emission of higher wavelength, the
phenomenon is called photoluminescence (PL) [170]. PL is divided into two
major types: Intrinsic and extrinsic depending on the nature of electronic
transition producing it.

Intrinsic luminescence are of three kinds
1. Band to band luminescence

2. Exciton luminescence

3. Cross-luminescence.

Band to band luminescence: Luminescence owing to the band-to-band

transition, ie to the recombination of an electron in the conduction band
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with a hole in the valance band, can be seen in pure crystal at relatively
high temperature. This has been observed in Si, Ge and I1Ib-Vb compounds
such as GaAs.

Exciton luminescence: An exciton is a composite particle of an excited
electron and a hole interacting with one another. It moves in a crystal
conveying energy and produces luminescence owing to the recombination
of the electron and the hole. There are two kinds of excitons: Wannier
exciton and Frenkel exciton. The Wannier exciton model express an ex-
citon composed of an electron in the conduction band and a hole in the
valence band bound together by Coulomb interaction. The expanse of the
wave function of the electron and hole in Wannier exciton is much larger
than the lattice constant. The exciton in IIIb-Vb and IIb-VIb compounds
are examples for Wannier exciton. The Frenkel exciton model is used in
cases where expanse of electron and hole wave function is smaller than lat-
tice constant. The excitons in organic molecular crystals are examples of
Frenkel exciton.

Cross luminescence: Cross luminescence is produced by the recombina-
tion of an electron in the valance band with a hole created in the outer most
core band. This is observed in number of alkali and alkaline-earth halides
and double halides. This takes place only when the energy difference be-
tween the top of valance band and that of conduction band is smaller than
the band gap energy. This type of luminescence was first observed in BaF's.

Extrinsic luminescence: Luminescence caused by intentionally incorpo-
rated impurities, mostly metallic impurities or defects is classified as extrin-
sic luminescence. Most of the observed type of luminescence of practical
application belongs to this category. Intentionally incorporated impuri-

ties are activators and materials made luminescent in this way are called
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phosphors. Extrinsic luminescence in ionic crystals and semiconductors is
classified into two types: unlocalized and localized. In the unlocalized type,
the electrons and holes of the host lattice participate in the luminescence
process, while in localized type the luminescence excitation and emission

process are confined in a localized luminescence center.

Two types of luminescence spectra can be distinguished: excitation and
emission. In the case of an excitation spectrum the wavelength of the excit-
ing light is varied and the intensity of the emitted light at a fixed emission
wavelength is measured as a function of the excitation wavelength. The ex-
citation spectrum gives the energy levels position of the excited states just
as the absorption spectrum does, except that the former reveals only the ab-
sorption bands that result in the emission of light. The observed differences
between the absorption and excitation spectra can yield useful information.
An emission spectrum provides information on the spectral distribution of
the light emitted by a sample. The time resolved PL measurements are
a powerful tool for the determination of the radiative efficiency. The ra-
diative efficiency specifies the fraction of excited states, which de-excite by

emitting photons [170].

The emission and excitation spectra for the liquid and powder sam-
ples were recorded using Fluoromax -3 spectroflurometer having a 150 W
xenon lamp. For studying the PL of multiple quatum well structures, a
fourth harmonic pulsed Nd: YAG laser operating at 266 nm was used as
an excitation source and resulting luminescence was collected using gated

CCD.



92 Synthesis and characterization of nanostructures

2.3.8 CIE color coordinates

Color characterization of a spectral distribution is done to gauge the quality
of its chromaticity. This is accomplished using color coordinates [171].

In 1931, the Commission Internationale de I'Eclairage (CIE) established
an international standard for quantifying color known as CIE color coordi-
nates. The chromaticity coordinates map all the visible colors with respect
to hue and saturation on a two dimensional chromaticity diagram. The
CIE coordinates are obtained from the three CIE tristimulus values, X, Y
and Z. These tristimulus values are computed by integrating the product
of the spectrum of the light source, P()\), and standard observer functions
called the CIE color matching functions, x)(\), ya(A) and zx(A) (shown in

figure 2.9) over the entire visible spectrum using the relations,

780
X= Y z:()PRH)AA (2.13)
A=380nm

780

Y= ) mn)PMAX (2.14)
A=380nm

780
Z= > z2MNPRH)AX (2.15)
A=380nm

Once X, Y and Z are known, the CIE color coordinates are calculated

using the relations,

X
- 2.1
T Xiv+z (2.16)
Y
Yy (2.17)

T X1Y 1 Z
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Z

-z 2.1
“TXtv+z (2.18)

Being constrained by the relation (x + y + z) = 1, any two of the three

CIE color coordinates are independent.
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Figure 2.9: Plot of the CIE tristimulus (x, y, and z) functions

Plotting of the CIE x versus CIE y color coordinate over the visual range
of light leads to a horseshoe shaped diagram known as the CIE chromaticity

diagram shown in figure 2.10.
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Figure 2.10: The CIE chromaticity diagram

The monochromatic spectral colors lie along the horse shoe shaped path
called the spectral locus. All visible colors lie within the shape bounded by
this path. The straight line from violet (400 nm) to red (700 nm) is called
the purple line and cannot be produced by light of a single wavelength.
The CIE coordinates for achromatic white is (x, y) = (0.33, 0.33). When

the CIE coordinates of a color are specified, the dominant wavelength of
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the color is the intersection of the line connecting these CIE coordinates
and those of white light with the upper arc of the diagram. The CIE
coordinates, therefore, is an extremely powerful concept because it allows
the representation of an entire luminescent spectrum on a two dimensional

plane.

2.3.9 Raman spectroscopy

Raman spectroscopy is a technique that can detect both organic and inor-
ganic species and measure the crystallanity of solids. Raman spectroscopy
is based on the Raman effect, first reported by Raman in 1928 [172]. If
the incident photon imparts part of it’s energy to the lattice in the form
of a phonon it emerges as a lower energy photon. This down converted
frequency shift is known as Stokes-shifted scattering. Anti-Stokes shifted
scattering results when the photon absorbs a phonon and emerges with
higher energy. The anti-Stokes mode is much weaker than the Stokes mode
so the Stokes-mode scattering is usually monitored. In Raman spectroscopy
a laser beam, referred to as the pump, is incident on the sample. The weak
scattered light or the Raman signal is passed through a double monochro-
mator to reject the Raleigh scattered light and the Raman shifted wave-
lengths are detected by a photodetector. Various properties of the semicon-
ductors, mainly composition and crystal structure can be determined. The
Stokes line shifts and broadens becomes asymmetric for microcrystalline
Si with grain sizes below 10 nm [173]. The lines become very broad for
amorphous semiconductors, allowing distinction to be made between single
crystal, polycrystalline, and amorphous materials.

Raman spectroscopy is used to study the vibrational properties of nanos-

tructured materials. The information about structure, phase, grain size,
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phonon confinement etc can be obtained from Raman spectroscopy. The
extend of phonon confinement in a material can be observed as the shift
in Raman line frequencies. Acoustic modes are not observed by Raman
measurements in bulk systems because of their low frequencies. But in
nanostructured materials, they appear in the measurable frequency range
(below 100 cm™') [174, 175]. The frequency of the acoustic mode is in-
versely proportional to the size of the nanoparticles and this can be used to
determine the size of the particles. Confinement of optical phonons results
in the frequency shift and asymmetrical broadening of longitudinal optical
(LO) and transverse optical (TO) mode line shape [176]. The information
about the structure and quality of the low dimensional structures can be
obtained from Raman spectroscopy.

In the present work, Raman studies were carried out with micro Raman

(Renishaw) with He- Ne Laser (632.8 nm) as the excitation source.

2.3.10 SQUID Magnetometer

SQUID magnetometer is the instrument used to measure extremely sensi-
tive magnetic fields of the order of 10~'* T. The superconducting quantum
interference device (SQUID) consists of two superconductors separated by
thin insulating layers to form two parallel Josephson junctions. The great
sensitivity of the SQUID devices is associated with measuring changes in
magnetic field associated with one flux quantum (h/2e). The basic prin-
ciple that follows in a SQUID magnetometer is that, if a constant biasing
current is maintained in the SQUID device, the measured voltage oscillates
with the changes in phase at the two junctions, which depends upon the
change in the magnetic flux. Counting the oscillations allows to evaluate

the flux change which has occurred. Hence, when the sample is moved
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through the superconducting magnetic coils, a flux change is induced in
the pick up coils. Highly magnetic sample should be moved slowly through
the coils in order not to exceed the maximum slewing rate of the electronic

system [177].
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Chapter 3

Hydrothermal synthesis and

characterization of undoped
and Eu doped ZnGayOy

nanoparticles

3.1 Introduction

Phosphors are substance that exhibits the phenomenon of luminescence.
Efficient phosphors for lighting applications, flat panel displays, etc have
always been a goal for researchers. Phosphor materials are generally com-
posed of a pure host matrix and a small amount of intentionally added
impurity, so-called activator [54]. If the host material and the activator con-
centrations are fixed, the physical properties of phosphor materials such as
the surface area, the crystallinity, the phase purity, and the distribution of

activator in the host matrix play crucial roles in modulating luminescence

99
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characteristics. Those material properties can be controlled by the prepara-
tion conditions: temperature, precursor concentration, and post annealing.
Especially, the preparation and annealing temperatures greatly influence
the luminescence intensity of phosphor particles since it directly affects the
formation of crystal structure, crystallinity, the surface area of particles,
and the distribution of activator. (Y,Gd)BOs:Eu [178] or Y2O3:Eu [179],
ZnsSi04:Mn [180], and BaMgAl;(O;7:Eu [181] are some phosphor materi-
als which give red, green and blue emission respectively. Generally, most of
the light emitting devices utilizes red, green, and blue colors for practical
applications. The particle size of conventional phosphors are in micrometer
scale, hence light scattering at grain boundaries is strong and it decreases
the light output. Nanophosphors can be synthesized whose size varying
from tens to hundreds of nanometers which itself are smaller than the inci-
dent light wavelength and this will reduce the scattering, thereby enhancing
the luminescence efficiency. Synthesis of nanometre-size phosphors has at-
tracted much attention owing to their size-dependent electrical and optical
properties originating from the quantum confinement.

Zinc gallium oxide, ZnGagQy, is a well-known low voltage oxide phos-
phor used in flat panel displays [182-184]. This ternary oxide compound is
a self activated phosphor, crystallizing in the normal spinel structure. The
spinel unit cell belongs to the cubic space group Oh7 (Fd3m) with eight
formula units per cell and contains two kinds of cation sites. The A site
(Zn?*) has tetrahedral coordination with full Ty symmetry, while the B
site (Ga3*") has six fold distorted octahedral coordination belonging to the
D34 point group. The trigonal axis of the B site is, of course, coincident
with the unit cell (111) axis, and the site has a center of inversion [185].

When undoped, ZnGasO4 provides a blue emission and rare earth doping



Introduction 101

gives the emission characteristics of rare earth ions and provides tunability
over the whole visible spectra. Therefore zinc gallate is an excellent multi
color phosphor material for flat panel displays. White light emitters have
attracted special interest recently for a number of potential applications
in cars, traffic information signs, displays and general illumination [132—-
134]. White LEDs can be fabricated by several methods [133]. The first
lies solely on combinations of LEDs with the three primary colors to pro-
duce bright white light sources which are significantly more efficient than
incandescent bulbs and are more adaptable. Multiple semiconductor LEDs
will not be competitive in the larger market for residential and commer-
cial lighting. Moreover, the directional nature of LED output makes this
approach not suitable for general illumination application. Another more
practical method for producing white LEDs is upon absorption of blue or
UV light, the phosphors convert the energy to visible radiation depending
on the type of phosphors used. White light can be achieved either through
several different colored phosphors, or utilizing the blue emission of the
LED as the blue part of a multichromatic source. Ce3t doped Y3Al5012
nanophosphor absorbs light efficiently in the visible region of 400-500 nm,
and shows single broadband emission peaking at ~560 nm and hence, it
can be considered as a candidate for generating white light when coupled
to a blue light-emitting diode [186].

Synthesis of ZnGasO4 spinel powders have been previously accomplished
by solid state reaction between zinc oxide and gallium oxide or by flux
method [106, 109, 184, 187—189]. But this method requires heat treatment
at higher temperatures for several hours and subsequent grinding. This may
damage the phosphor surfaces, resulting in the loss of emission intensity.

Various chemical syntheses have been developed to grow nanoparticles of
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such ternary oxide materials [185, 190]. Hydrothermal method offers some
advantages over the other techniques, such as low temperature synthesis,
low cost, less hazardous and no need for the use of metal catalysts [190-192].
Hirano et al. [192] studied the growth of undoped ZnGasO4 nanoparticles
by hydrothermal method. Tas et al [193] prepared pure and Mn?* doped
ZnGaoO4 nanoparticles by aging aqueous solutions of precursors and Take-
sada et al. [194] by glycothermal method. The effect of rare earth doping
in the ZnGasO4 spinel structure is less studied.

In the present study, undoped and Eu doped zinc gallium oxide (ZnGasQOy)
nanoparticles were synthesized via hydrothermal route using metallic pre-
cursors. The effect of temperature, Zn/ Ga precursor ratio, dopant concen-
tration and duration of growth on the structural and optical properties of

nanoparticles were studied.

3.2 Experimental

Fine powder of pure and Eu doped ZnGasO4 phosphors were prepared by
the hydrothermal method. High-purity metals of gallium (99.9999%, Al-
can Electronic Materials) and zinc (99.995%, 5 mm dia, Qualigens) were
dissolved in nitric acid (70%, Merck) separately and then diluted to appro-
priate concentrations with distilled water. The concentrations of the stock
solutions were determined by inductively coupled plasma atomic emission
spectrometric (ICP-AES) analysis (8440 PLASMALAB, LABTAM). The
concentration of the gallium and zinc precursor solutions was determined
to be 7.82 and 67.63 gm/litre respectively. The gallium and zinc stock
solutions were mixed in the 1:2 volume ratios with constant stirring. To

prepare ZnGagO4:Eut phosphor, appropriate amount of EusO3 (99.99%,
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Alfa Aesar) was added to the mixed solution of parent cations. On constant
stirring, a desired amount of aqueous ammonia (25%, Merck) was added
to the clear solutions soon after dissolution to make pH of the solution as
8. The mixed solution was refluxed at room temperature in a magneti-
cally stirred reactor for 30 minutes and then transferred into a teflon lined
stainless steel autoclave. The tightly sealed autoclave was placed in oven
and heated to a temperature of 200°C for 3 h under autogenous pressure.
The precipitates, which were formed under autogenously established hy-
drothermal conditions, were separated by filtering, then washed and dried
in air at 50°C in air. The samples were washed with HySOy4 so as to remove
the residual ZnO phase, if any, present in them to obtain single phase zinc
gallate spinel particles.

Phase identification of the fine white zinc gallate powders was performed
by x- ray powder diffraction (XRD) (Rigaku D max-C) using Cu-K, radi-
ation (1.5418 A). The morphology and size were examined by JEOL JEM-
3100F transmission electron microscope (TEM) operating at 200 kV. The
sample for TEM was prepared by placing a drop of the synthesized powder
suspension in methanol onto a standard carbon coated copper grid. The
grids were dried before recording the micrographs. The elemental composi-
tion of Eu in the synthesized powders was determined by using 8440 PLAS-
MALAB, LABTAM inductively coupled plasma atomic emission spectrom-
eter (ICP-AES). Thermogravimetric analysis (TGA) (Perkin Elmer) of the
as prepared sample was carried out in the temperature range 50-1000°C at
a heating rate of 10°C/min under nitrogen atmosphere. Horiba Jobin Yvon
Fluoromax-3 spectrofluorimeter was used to investigate the photolumines-

cence properties of the phosphors at room temperature using Xe lamp as
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the excitation source. FT-IR (Thermo Nicolet) spectra were recorded in

the range 4000-400 cm™!.

3.3 Results and discussion
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Figure 3.1: XRD pattern of (a) ICSD of ZnGayO4 (ICSD Card No. 081113) (b)
bulk ZnGas 04 (¢) ZnGasOgnanoparticles (d) Eu doped ZnGasO4 nanoparticles

Figure 3.1 shows the XRD pattern of the ZnGayO4 bulk powder (curve
(b)) synthesized via solid state reaction by firing the mixture of ZnO and
GagO3 at 1200°C for 12 h. Curve (c) and (d) in figure 3.1 shows the
XRD patterns of pure ZnGaoO4 and Eu doped ZnGasO4 nanoparticles
synthesized by hydrothermal technique at a growth temperature of 200°C
for 3 h. All the peaks in the x-ray diffraction pattern could be assigned
to the typical spinel structure of ZnGapO4 (Figure 3.1(a)) [195]. There
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are no characteristic peaks of constituent oxides regardless of the dopant
concentrations. Thus the spinel structure is not modified by the addition
of Eu into the ZnGayO4 matrix. The broadening of the diffraction peaks

shows that the synthesized materials are in nanometer regime.
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Figure 3.2: XRD pattern of Eu doped ZnGasO4 nanoparticles synthesized at

various volume ratios of Zn/Ga precursor solutions at 200°C for 3 h
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Figure 3.3: XRD pattern of Eu doped ZnGasO,4 nanoparticles synthesized at
various temperature and duration of hydrothermal growth for a fixed volume ratio

of 2 between Zn/Ga precursor solution

Figure 3.2 shows the XRD profile of ZnGasO,4 nanoparticles synthesized
by varying the volume ratio of Zn/Ga precursor solutions at a temperature
of 200°C for 3 h. It is observed that the FWHM of the (311) peak in-
creases with the volume ratio of Zn/Ga precursors. When the volume ratio
of Zn/Ga precursor solution is below 0.5, ZnO and GayOs phases were

detected by XRD, but no spinel ZnGayO4 phase was found. Figure 3.3
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shows the XRD profile of ZnGasO,4 nanoparticles synthesized by varying
the temperature and duration of growth by keeping the volume ratio of
Zn/Ga precursor solutions as 2. The FWHM is found to be more or less
same for hydrothermally grown samples for a duration of 3 h at 150°C and
200°C. The samples grown at 150°C for a growth time of 6 h resulted in
bigger particles (15.5 nm) where as at 200°C for 6 h, the size of the particle
remains almost same as that grown at 3 h. The exact mechanism of growth
is not well understood. In the present study we have chosen the optimum
values of volume ratio of Zn/Ga precursors, temperature and time of hy-
drothermal growth as 2, 200°C and 3 h respectively. The average grain size
(D) of the samples was estimated with the help of Scherrer equation [154]
using the diffraction intensity of (311) peak.

0.91
D= 1
Bcost (3-1)

where, A is the x-ray wavelength, ( is the full width at half maximum
(FWHM) of the ZnGasO,4 (311) line and 6 is the diffraction angle. The
grain size of the nanoparticles is in the range 8-17 nm and lattice parameter
calculated were found to vary with the growth conditions and is in quite
agreement with reported values.

FT-IR spectra of the nanosized ZnGasO4 powders are shown in the
figure 3.4. The peaks at 3318 cm™! is due to the (O-H) vibration of HyO
absorbed by the sample. The peaks at about 584 cm™! and 409 cm™!
represent the characteristic metal-oxygen (Zn-O and Ga-O) vibrations re-
spectively. The sharp peak at 1382 cm™! corresponds to the adsorbed

nitrate ions.
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Figure 3.4: FTIR spectra of the nanoparticles of ZnGasO,4 synthesized by hy-

drothermal method

Figure 3.5 shows the TGA profile of the as-prepared undoped ZnGasOy4
sample with a heating rate of 10°C/min and a nitrogen flow rate of 100
ml/min. Tt is observed that the powder undergoes two phase transitions in
different temperature regions. The first occurs below the temperature of
125°C which could be attributed to the loss of water molecules associated
with the particles. The weight loss between 125 and 550°C is due to the
removal of nitrates. The evaporation of the adsorbed moisture contributed
to the major weight loss of 8%. The pyrolytic condensation of residual

metal salts or hydroxides in air involved a weight loss less than 5%.
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Figure 3.5: TGA spectra of the ZnGayO4 nanoparticle synthesized by hydrother-

mal method

The diffuse reflectance spectrum of the bulk and nanosized ZnGasQOy4
powder in the visible region is shown in Figure 3.6. The diffuse reflectance
spectroscopy measurements confirm the blue shift in the band gap of nanocrys-
tals with respect to the bulk. The absorbance was calculated from the
reflectance using Kubelka-Munk equation [168, 169]. Relative diffuse re-
flectance was measured with BaSO,4 powder as reference. The band gap 4.59
eV of nano ZnGagQ4 particles was estimated from the plot of {(k/s)hv}?
versus hv, [109, 168, 169] which is shown in the figure 3.7, where k and s
denote absorption and scattering coefficients, hv the photon energy. The
band gap of ZnGasO4 nanoparticles is blue shifted from that of the bulk
ZnGagOy (4.52 €V). This increase in the band gap is due to the quantum

confinement effects.
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Figure 3.6: Diffuse reflectance spectra of bulk and nanosized ZnGas0O4 powder
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powder
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Figure 3.8: Room temperature photoluminescence emission spectra of bulk and

ZnGas Q4 nanoparticles excited at Ae; = 254 nm

Figure 3.8 shows the room temperature photoluminescence emission
spectra of bulk and nano ZnGasQO4. The room temperature photolumines-
cence measurements of the nanocrystals monitored at an excitation wave-
length of 254 nm gave a broad spectrum [185]. The diffuse reflectance
spectra (Figure 3.6) indicates that gallium is responsible for the photo-
luminescence excitation of the prepared nanopowders of ZnGasO4 [114].
However, the PL emission spectra shows some peaks at wavelengths of 399,
443, 453, 464, 470, 476, 484, and 493 nm when the nanophosphors were
excited with the UV light of wavelength 254 nm. The excitation peak at
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254 nm corresponds to the charge transfer from O?~ to Ga®* at regular
octahedral sites [196]. All the samples prepared at different volume ratio
of Zn/Ga precursors exhibit broad emission spectra. These spectra exhibit
certain peaks apart from the characteristic bell-shaped emission spectra of
bulk ZnGasO4 phosphors as reported in literature [110, 114]. The isolated
Ga3T ion exhibits spectral lines at wavelengths of 438.07, 438.18, 486.30,
and 499.38 nm in air [197]. Peaks observed in the emission spectra of the
prepared ZnGasO4 nanophosphors may correspond to the electronic tran-
sitions of localized Ga?* ion in the octahedral Ga-O sites which induces
the electronic energy levels to split. The quantum effects in nanophosphors
prepared in this study are predominant because it have much smaller par-
ticle size than those of the powder prepared by the conventional solid-state
reaction. [185]. This leads to splitting of electronic energy levels of Ga3* in
the octahedral site of Ga-O resulting the peaks in the emission spectra. The
blue emission band maximum at 470 nm corresponds to the self-activated
luminescence of the host. The origin of the self activated blue emission
around 437 nm in ZnGasO4 bulk is attributed to Ga3t at octahedrally
coordinated site [110, 114].

Figure 3.9(a) shows the TEM image of Eu doped ZnGazO,4 prepared
with 0.02 mol EusOg in the precursor solution. TEM image confirms the
formation of nanoparticles of the spinel phosphor material. The average
size of the spherically shaped particles was determined to be 8 nm. This
result is consistent with what we had obtained from XRD analysis. Figure
3.9(b) shows the HRTEM images of the Eu doped ZnGasO4 nanoparti-
cles. The d value 2.1 A corresponds to the (400) planes of the ZnGayOy4
nanoparticles. From the diffraction rings (Figure 3.9(c)) in the selected

area electron diffraction (SAED) pattern, (220), (311), (400), (422), (511)
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and (440) planes of ZnGaysO4 could be identified. The particle size distri-
bution of the Eu doped ZnGasO,4 nanoparticles by counting the number
of particles from the TEM image shown in figure 3.9(d) do assert the fact

that most of the nanoparticles synthesized had the dimension 6-9 nm.
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Figure 3.9: (a) TEM image (b) HRTEM image (¢) SAED pattern and (d) particle
size distribution from the TEM image of Eu doped ZnGasO4 nanoparticles grown
by hydrothermal method
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Figure 3.10: Room temperature photoluminescence emission spectra of Eu doped
ZnGas Q4 nanoparticles excited at Ae;, = 397 nm for different amount of EusO3 in

the precursor solution

From the ICP-AES results it is found that Eu/(Eu+Ga) is about 3.38%.
Figure 3.10 shows the room temperature photoluminescent emission spectra
of Eu doped ZnGasO,4 nanoparticles excited at 397 nm. The excitation
energy almost coincides with the energy of "Fq — °Lg transitions of Eu?*
ions, which is 3.147 eV [198]. Excitation at 397 nm yields the characteristic
emissions of Eu3* corresponding to °D; (j=0, 1) — "F; (j=0, 1, 2, 3 and 4).
The emission at 596 nm originates from the magnetic-dipole allowed D
— "F; transition, indicating that Eu3t ions occupy a site with inversion
symmetry. This is the only transition when Eu3t is situated at a site

coinciding with a centre of symmetry. The emission at 619 nm corresponds
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to electric-dipole allowed Dy — “Fy transition, which results in a large
transition probability in the crystal field with inversion antisymmetry. The
intensity of emission corresponds to the °Dg — “F transition is stronger
than that of °Dg — 7F; transition. It is suggested that the Eu3t ions
mainly occupy a site with inversion antisymmetry in the ZnGasO4 host.
The emission at 701 nm is from °Dy — "F4 transition and at 653 nm is
from °Dy — “F3 transition. The emission peaks at 583 nm corresponds to
Dy — "Fy transition. The observation of forbidden °Dy — “Fy transition
indicates that some of the Eu ions are at low symmetry site. The detection
of this transition suggests that Eu?* ions do not occupy a lattice site with

inversion center. The emission at 543 nm is from °D; — 7F; transition.
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Figure 3.11: Variation of PL integral intensity of Eu doped ZnGasO,4 nanopar-

ticles with amount of EuzO3 in the hydrothermal precursor solution
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The luminescent intensity of Eu doped ZnGasO4 nanoparticles increases
with increase of the amount of EusOg in the precursor solution up to 0.01
mol and then it decreases which is shown in the figure 3.11. When the
activator concentration increases above a certain level, luminescence begins
to quench. Thus the emission intensity of *Dg — 7F; (j=0-4) depends on
the amount of EuzO3. In this case, the pairing or aggregation of activator
atoms at high concentration may change a fraction of the activators into
quenchers and induce the quenching effect. The migration of excitation by
resonant energy transfer between the Eut activators can sometimes be so
efficient that it may carry the energy to a distant killer or to a quenching

centre existing at the surface of the crystal.

3.4 Conclusion

Undoped and Eu doped ZnGasO,4 nanophosphors were synthesized by hy-
drothermal method by varying the process parameters such as temperature,
time of growth, volume ratio of Zn/Ga precursor solutions and the amount
of EusO3 added to the precursor solution. The room temperature photolu-
minescence measurements of the nanocrystals monitored at an excitation
wavelength of 254 nm gave a peak-shaped spectrum instead of the nor-
mally observed bell-shaped spectrum of bulk ZnGasO,4. The band gap of
the ZnGayO4 nanoparticles is blue shifted compared with the bulk mate-
rial due to quantum confinement effects. XRD and SAED results show Eu
doped ZnGaysO4 nanoparticles have spinel structure and the particle size 8
nm as confined by the TEM. Incorporation of Eu in the nanoparticles was
confirmed by the ICP-AES studies. The red PL emissions from the intra-4f

transition of EuT ions are observed in Eu doped ZnGasQ,4 nanophosphors
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under an excitation of 397 nm. Luminescence quenching is observed in these
nanophosphors as the amount of EusOg increases. These nanophosphors

can be used as a blue to red converter for solid state lighting applications.
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Chapter 4

Hydrothermal synthesis of

zinc oxide nanostructures

4.1 Introduction

Semiconductors with dimensions in the nanometer realm are important
because their electrical, optical and chemical properties can be tuned by
changing the size of the particles. These nanostructures have attracted
much interest due to their fundamental importance in bridging the gap be-
tween bulk matter and molecular species [199, 200]. Optical properties of
nanoparticles are of great interest for application in optoelectronics, pho-
tovoltaics and biological sensing.

Advances in the synthesis of highly luminescent semiconductor nanocrys-
tals currently allow their extensive applications in different fields, ranging
from optoelectronic to bio-imaging. Depending on the applications, surface
modifications of semiconductor nanocrystals are essential. For example, a

water soluble surface is necessary for biological labels. An electron conduc-

119
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tive layer is important for solar cells. In recent years, one-dimensional (1D)
nanostructures, such as nanorods, nanowires, nanobelts, and nanotubes,
have attracted much attention due to their potential applications in a va-
riety of novel nanodevices, such as field-effect transistors, single-electron
transistors, photodiodes, and chemical sensors. Various chemical synthetic
methods have been developed to prepare such nanostructures.

Zinc oxide (ZnO) is a unique material with a direct band gap (3.37
eV) and large exciton binding energy of 60 meV [201, 202], which makes
the exciton state stable even at room temperature. ZnO has been widely
used in near-UV emission, gas sensors, transparent conductor, thin film
transistors and piezoelectric applications [203-205]. Zinc is also a very im-
portant trace element in humans [206]. The average adult body contains
3.0-4.5 x 1072 mmol (2-3 g) of zinc, which is found in muscle, bone, skin
and plasma. Significant amounts occur in the liver, kidney, eyes and hair
etc. Zinc has been found to play an important part in many biological
systems. Therefore, ZnO is environmentally friendly and suitable for in-
vivo bio-imaging and cancer detection. Solid state white light emitting
sources based on the existing Si-based technology is one of the challenging
goals in the field of display and light emitting technology. The poten-
tial applications of solid state white light emitting sources are immense
because of their distinctive properties like low power consumption, high
efficiency, long lifetime, reduced operating costs and free from toxic mer-
cury. To generate white light, a blend of phosphors that emits in blue,
green and red wavelengths are required. This difficulty could be overcome
by using semiconducting nanocrystalline luminescent materials, which have
larger molar absorption and exhibit broadband emission in the visible spec-

trum without self-absorption. Since nanostructures possess an enormous
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surface-to-volume ratio, they are suitable candidates for defect emission.
ZnO commonly exhibits luminescence in the visible spectral range due to
different intrinsic defects. This opens the possibility of use of ZnO for solid
state lighting. Controlled incorporation of defects generally involves high
temperature annealing [207], substitution [208], mechanical milling [209]
etc. Due to its excellent stability and the defect emission, ZnO has been
widely used as a phosphor in vacuum fluorescent displays (VFD).

Most of the ZnO crystals have been synthesized by traditional high
temperature solid state reaction which is energy consuming and difficult to
control the particle properties. ZnO [210, 211] nanoparticles can be pre-
pared on a large scale at low cost by simple solution based methods, such
as chemical precipitation [212, 213], sol-gel synthesis [214], and solvother-
mal/hydrothermal reaction [210, 211]. Hydrothermal technique is a promis-
ing method because of the low process temperature and very easy to con-
trol the particle size. The hydrothermal process have several advantages
over other growth processes such as use of simple equipment, catalyst-free
growth, low cost, large area uniform production, environmental friendliness
and less hazardous. The low reaction temperatures make this method an at-
tractive one for microelectronics and plastic electronics [215]. This method
has also been successfully employed to prepare nano-scale ZnO and other
luminescent materials. The particle properties such as morphology and size
can be controlled via the hydrothermal process by adjusting the reaction
temperature, time and concentration of precursors.

The present study focuses on the hydrothermal synthesis of ZnO nanopow-
der and the effect of precursors, reaction temperature, concentration of the
precursors and time of growth on its properties. The hydrothermal synthe-

sis of ZnO powder has many advantages like (1) powder with nanometer-
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size can be obtained by this method (2) the reaction can be carried out
under moderate conditions (3) powder with different morphologies can be
grown by adjusting the reaction conditions and (4) the as-prepared powder

have properties different from that of the bulk.

4.2 Experimental

ZnO nanoparticles were synthesized from Zn(CH3C00),.2H,0 and NaOH
precursors by hydrothermal method. To the stock solution of Zn(CH3COO)s,.
2H50 (0.1 M) prepared in 50ml methanol, 25 ml of NaOH (varying from
0.2 M to 0.5 M) solution prepared in methanol was added under continuous
stirring in order to get the pH value of reactants between 8 and 11. These
solution was transferred into teflon lined sealed stainless steel autoclaves
and maintained at various temperatures in the range of 100-200°C for 3 to
12 h under autogenous pressure. It was then allowed to cool naturally to
room temperature. After the reaction was complete, the resulting white
solid products were washed with methanol, filtered and then dried in air in
a laboratory oven at 60°C.

The ZnO nanorods were synthesized from Zn(CH3C0O)2.2H20O and
NH4OH precursors by hydrothermal method. To the stock solution of 0.1
M Zn(CH3COO)2.2H20, NH;OH was added dropwise in order to get a pH
value of reactants between (8-9). The final solution was transferred into
teflon lined sealed stainless steel autoclaves and maintained at 100°C for
3 h under autogenous pressure. After cooling white solid products of ZnO
nanostructures were washed with distilled water, filtered and then dried in

air.
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The synthesized samples were characterized for their structure by x-
ray diffraction (Rigaku D max-C) with Cu K, radiation. Transmission
electron microscopy (TEM), selected area electron diffraction (SAED) and
high resolution transmission electron microscopy (HRTEM) were performed
with a JEOL JEM-3100F transmission electron microscope operating at
200 kV. The sample for TEM was prepared by placing a drop of the ZnO
suspension in methanol onto a 200 mesh carbon coated copper grid. The
grids were dried before recording the micrographs. The optical band gap E,
was estimated from the UV-Vis-NIR diffuse reflectance spectroscopic (UV-
Vis-NIR DRS) studies in a wavelength range from 190nm to 1200nm with
JASCO V-570 spectrophotometer. The samples for this study were used in
the form of powder and pure BaSOy4 used as the reference. The elemental
composition of the ZnO nanoparticles were determined by using Thermo
Electron IRIS INTREPID II XSP DUO inductively coupled plasma atomic
emission spectrometer (ICP-AES). Room temperature photoluminescence
(PL) of the samples was measured on Horiba Jobin Yvon Fluoromax-3

spectrofluorimeter using Xe lamp as the excitation source.

4.3 Results and discussion

4.3.1 Characterization of ZnO nanoparticles synthesized by

hydrothermal method

The x-ray diffraction data were recorded using Cu K, radiation (1.5418 A).
The intensity data were collected over a 20 range of 20-80°. The average
grain size of the samples was estimated with the help of Scherrer equation

from the diffraction intensity of (101) peak.
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X-ray diffraction studies confirmed that the synthesized materials were
ZnO with wurtzite phase and all the diffraction peaks agreed with the
reported ICSD data [216] and no characteristic peaks were observed other

than ZnO.

The mean grain size (D) of the particles was determined from the XRD

line broadening measurement using Scherrer equation [217].

0.9
D= 4.1
Bcost (4.1)

Where A is the wavelength of the Cu K, radiation, § is the full width
at half maximum (FWHM) of the ZnO (101) peak and 6 is the diffraction

angle.

A definite line broadening of the diffraction peaks is an indication that
the synthesized materials are in nanometer range. The grain size was found
to be in the range of 7-24 nm depending on the growth condition. The lat-

tice parameters calculated were also in agreement with the reported values.

The reaction temperature greatly influences the particle morphology
of as-prepared ZnO powders. Figure 4.1 shows that the XRD patterns of
ZnO nanoparticles synthesized at various temperatures with 0.3 M NaOH
for reaction time of 6 h. As the reaction temperature increases, FWHM
decreases. Thus the size of ZnO nanoparticles increases as the temperature
for the hydrothermal synthesis increases. This is due to the change of

growth rate between the different crystallographic planes.
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Figure 4.1: XRD patterns of ZnO nanoparticles synthesized from 0.3 M NaOH

at various temperatures for 6 h
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Figure 4.2: Variation of FWHM and grain size with temperature for the ZnO
nanoparticles synthesized using 0.3 M NaOH for a growth time of 6 h
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Figure 4.2 shows the variation of FWHM and grain size of ZnO nanopar-
ticles synthesized from 0.3 M NaOH at different temperatures for a fixed
growth time of 6 h. The average grain size calculated by Scherrer equation
is observed to increases from 7 nm to 16 nm as the temperature increases

from 100°C to 200°C [218].
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Figure 4.3: XRD patterns of ZnO nanoparticles synthesized at various concen-
tration of NaOH (0.2 M, 0.3 M, 0.4 M and 0.5 M) at 200°C for a duration of
12h

ZnO structures with different grain sizes can be obtained by controlling
the concentration of the precursors. ZnO nanoparticles were synthesized by
keeping the concentration of Zn(CH3COO)2.2H,0 as 0.1 M in all reactions,
the concentration of NaOH was varied from 0.2 M to 0.5 M at a hydrother-
mal growth temperature of 200°C for a duration of 12 h. Figure 4.3 shows
the XRD pattern of ZnO nanoparticles synthesized by varying the concen-
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tration of precursors. All the peaks match well with the standard wurtzite
structure [216] and the FWHM of the (101) diffraction peak increases with
the decreasing concentration of the NaOH. These results reveal that the

molar ratio of OH™ to Zn2t is a dominant factor for the formation of the

ZnO nanoparticles.
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Figure 4.4: Variation of FWHM and grain size of ZnO nanoparticles with various

concentration of NaOH grown at 200°C for a growth time of 12 h

Figure 4.4 shows the variation of FWHM and grain size of ZnO nanopar-
ticles with concentration of NaOH precursor for the samples grown at 200°C
for a reaction time 12 h. It has a linear variation with the concentration
of NaOH precursor. The grain size increases from 12 nm to 24 nm as the

concentration of NaOH precursors increases from 0.2 M to 0.5 M.
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Figure 4.5: XRD patterns of ZnO nanoparticles with different time of growth
for 0.2 M NaOH at 150°C

Figure 4.5 shows the XRD pattern of the ZnO nanoparticles synthesized
from 0.2 M NaOH at a growth temperature of 150°C with different growth
time. The variation of FWHM and grain size of ZnO nanoparticles obtained
from Scherrer’s formula with different time of growth for 0.2 M NaOH at
150°C is shown in the figure 4.6.

The grain size of ZnO nanoparticles synthesized from 0.2 M NaOH at
150°C increases from 9 nm to 13 nm as the time of growth increases from
3 h to 12 h. It shows that grain size has a linear dependence on time of

growth [219].
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Figure 4.6: Variation of FWHM and grain size of ZnO nanoparticles obtained
with different time of growth for 0.2 M NaOH at 150°C

In the precursor solution used in the experiment, the source of Zn is in
the form of Zn(OH)y precipitates and Zn(OH)42~ species according to the
stoichiometric ratio of Zn?* on OH~. The Zn(OH), precipitates under the
hydrothermal conditions will dissolve to considerable extent to form ions of
Zn?** and OH~, once the product of [Zn?*] and OH™~ exceeds a critical value
which is necessary for the formation of ZnO crystals, the ZnO crystals will
precipitate from the solution. The solubility of ZnO is significantly smaller
than that of Zn(OH), under the hydrothermal conditions, consequently, the
Zn(OH), precipitates strongly tended to be transformed into ZnO crystals
during the hydrothermal process, by the following reactions [220, 221].

Zn(OH)y — Zn** +20H~ (4.2)
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Zn*T +20H™ — ZnO + Hy0 (4.3)

At the initial stage of the process, the concentrations of Zn?* and OH~
were relatively higher so that the crystal growth in different directions was
considerable [220, 222]. When the concentration of Zn?* and OH™ reaches
the supersaturation value of ZnO, ZnO begins to nucleate and the crystal

growth begins.

Figure 4.7: TEM image of the ZnO nanoparticles synthesized from 0.3 M NaOH
at 100°C for a growth duration of 3 h. Inset shows the SAED image

Figure 4.7 shows the TEM image and corresponding selected-area elec-
tron diffraction (SAED) pattern of the ZnO nanoparticles synthesized at
100°C for a duration of 3 h from 0.3 M NaOH. TEM image confirms the

formation of ZnO nanoparticle and it has an average size about 8 nm. From
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the diffraction rings of SAED pattern shown in the inset of figure 4.7, (002),
(102), (110) and (103) plane of the ZnO nanoparticles were identified.

Figure 4.8: (a) TEM image of the ZnO nanoparticles synthesized from 0.3 M
NaOH at 150°C for 6 h. Inset shows the SAED image (b) HRTEM of the ZnO

nanoparticle

Figure 4.8(a) shows the TEM image and corresponding selected area
electron diffraction (SAED) pattern of the ZnO nanoparticle synthesized at
150°C for 6 h from 0.3 M NaOH. TEM image confirms the formation of ZnO
nanoparticle with an average size about 10 nm. Some ZnO nanorods with
average diameter of 15nm and length of about 50 nm were also observed.
From the diffraction rings of SAED pattern shown in the inset of figure
4.8(a), (102) plane of the ZnO nanoparticles were identified. Figure 4.8(b)
shows the HRTEM image of the ZnO nanoparticle synthesized at 150°C for
6 h from 0.3 M NaOH. HRTEM pattern indicates that the nanorods grow

along the c axis and it has hexagonal structure.
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The optical band gap of the synthesized nanoparticles were estimated
from the diffuse reflectance spectral studies in the UV-Vis-NIR region. Fig-
ure 4.9 shows the plot for the percentage of reflection as a function of pho-
ton energy (hv) for the nanoparticles synthesized via hydrothermal method
from 0.3 M NaOH at 100°C for a duration of 6 h. The band gap estimated
for this sample is 3.42eV and that is slightly higher than that of bulk
commercial ZnO powder (3.37¢V). This blue shift may be attributed to

quantum confinement effects.
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Figure 4.9: DRS of the typical ZnO nanoparticles synthesized from 0.3 M NaOH

at 100°C for a reaction time of 6 h

The amount of Na that is incorporated in ZnO nanoparticles was de-
termined using ICP-AES data. The ICP-AES shows that Na incorporated
into the nanoparticles is about 0.17% for lower concentration (0.2 M) and

about 1.49% for higher concentration (0.5 M) of NaOH in the precursor
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solution. The Na content in the ZnO nanoparticles increases with NaOH
concentration. The theoretical binding energy of dopant atoms on the indi-
vidual semiconductor nanocrystal surface determines its doping efficiency
[223]. The binding energy for wurtzite semiconductor nanocrystal is three
times less than that of zinc blend or rock salt structure on (001) faces. The
low concentration of incorporated Na is likely to be a consequence of lower

doping efficiency of the wurtzite ZnO nanocrystal surfaces.
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Figure 4.10: Room temperature photoluminescence spectra of ZnO nanoparticle
excited at A\¢; = 362 nm. The inset shows the corresponding photoluminescent

excitation spectra (Aem= 545 nm) of ZnO nanoparticles

The luminescence of ZnO nanoparticles is of particular interest from
both physical and applied aspects. Figure 4.10 shows the room temperature

photoluminescence spectrum of the ZnO nanoparticles excited with 362 nm.
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Green emission was observed from the hydrothermally synthesized ZnO
nanoparticles. The green emission can be attributed to the transition be-
tween singly charged oxygen vacancy and photo excited hole or Zn intersti-
tial related defects [224, 225]. The inset in the figure 4.10 shows the pho-
toluminescent excitation spectra of the ZnO nanoparticles (Aep= 545nm)
which indicates that the excitation is at 362 nm. The excitation peak cor-
responds to the band to band transition which also confirms the blue shift

in the band gap of ZnO nanoparticles.

4.3.2 Characterization of ZnO nanorods synthesized by hy-

drothermal method
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Figure 4.11: XRD pattern of ZnO nanorods synthesized by hydrothermal method

Figure 4.11 shows the x-ray diffraction (XRD) pattern of the ZnO nanos-

tructures grown by hydrothermal method. These spectra can be indexed
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for diffractions from different planes of wurtzite ZnO crystals with lattice
constants a =0.325 nm and ¢ =0.521 nm.

The SEM image of the flower like nanostructure of ZnO synthesized at
100°C for a growth duration of 3 h from 0.3 M zinc acetate as precursor
are shown in the figure 4.12. The flower like nanostructure consists of
Zn0O nanorods that grown at various angles from a single nucleation centre
arranging them in a spherical shape exhibiting flower-like morphologies.
Each nanorod has hexagonal shape at the tip and these nanorods have an

average diameter of 500 nm and a length of 4 pm.

20kv  X10,000 1pm 0000 1245 SEl

Figure 4.12: SEM image of ZnO nanorods synthesized at a temperature of 100°C
for a growth duration of 3 h by hydrothermal method

Figure 4.13 shows the SEM image of the pure ZnO nanorods synthesized
at 100°C for 6 h from 0.3 M zinc acetate as precursor. Thus the morphology
of the nanostructures changes with growth parameters. Thus hydrothermal
method can be used as a suitable method for obtaining different nanostruc-

tures by varying the process parameters like growth temperature, time of
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growth, precursors etc.
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Figure 4.13: SEM image of the undoped ZnO nanorods grown at a temperature
of 100°C for 6 h by hydrothermal method

Figure 4.14:
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Raman spectra of ZnO nanorods synthesized by hydrothermal
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Figure 4.14 shows the Raman spectra of ZnO nanostructures synthe-
sized by hydrothermal method and it confirms the formation of wurtzite
ZnO. The broad peak at about 331 cm™! seen in both spectra is attributed

to the second-order Raman processes. The peak at 379 cm™!

corresponds
to A transverse optical(TO) and 438 cm™! corresponds to transverse Eo
line. The A; longitudinal optical(LO) mode is absent in the bulk where
as nanorods grown by hydrothermal technique shows a broad peak at 579
ecm ™!, which can be assigned to the A;(LO) phonon mode.

The diffuse reflectance spectroscopy measurements confirm the blue

shift in the band gap of nanostructures with respect to the bulk. This

increase in the band gap is due to the quantum confinement effects.

A= 325 nm
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Figure 4.15: Photoluminescent emission spectra of ZnO nanorods synthesized

by hydrothermal method at an excitation wavelength of 325 nm. Inset shows the

white emission from ZnO nanostructures
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The room temperature photoluminescence measurements of the nanorods
monitored at an excitation wavelength of 325 nm gave a broad spectrum
and it results in white emission from the nanostructures (Figure 4.15). The
broad spectrum is assigned to the intrinsic and extrinsic defects of ZnO. The
color of emission are measured and expressed by the resultant chromaticity
coordinates (x, y). The Commission Internationale de I’Eclairage (CIE)
diagram of ZnO nanorods synthesized by hydrothermal method is shown
in the figure 4.16. The CIE color coordinates measured from the photolu-
minescent emission of ZnO nanostructures is found to be (0.28, 0.29) and
this shows the emission close to achromatic white emission with CIE values
(0.33, 0.33). Therefore, these ZnO nanostructures can be considered as a

potential candidate for solid state lighting applications.
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Figure 4.16: CIE coordinates of ZnO nanorods synthesized by hydrothermal
method. The figure also shows the phosphor triangle and the achromatic white



Results and discussion 139

In order to determine the defects and mechanism of photoluminescent
emission from ZnO nanorods synthesized by hydrothermal method, the
samples were annealed at 800°C for 1 h in oxygen atmosphere and oxygen
in the presence of Zn vapour. The XRD pattern of the ZnO pristine sample
and that annealed in (oxygen+Zn) atmosphere and oxygen atmosphere are
shown in the figure 4.17. The wurtzite structure of the ZnO were not

modified by the annealing in different atmosphere.
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Figure 4.17: XRD pattern of the ZnO pristine sample and that annealed in

oxygen atmosphere and (oxygen+Zn) atmosphere

The photoluminescence emission from ZnO nanorods annealed at dif-
ferent atmosphere is shown in the figure 4.18. The PL emission at 420 nm
corresponds to the interstitial oxygen defects (O;) [226]. During oxygen an-

nealing, oxygen interstitial defects may increase and results in the increase
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of PL intensity compared to that of pristine samples. During the (oxy-
gen+7Zn) annealing by the flow of oxygen in the presence of Zn granules,
the oxygen in the interstitial position and the supplied oxygen combines
with the Zn results in the formation of ZnO and thus the PL emission at

420 nm becomes weaker than the pristine samples.
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Figure 4.18: Photoluminescent emission spectra of ZnO nanorods synthesized
by hydrothermal method annealed in oxygen, oxygen in the presence of Zn at an
excitation wavelength of 325 nm

The PL emission at 440 nm is due to t