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Abstracts

The ZnO nanostructures were successfully synthesized by chemical bath deposition method
(CBD) to study the influence of parameters such as reaction temperature, time, precursor
concentration and the annealing temperature respectively. The main motivation for this thesis
IS to successfully synthesise novel ZnO nanostructures and understand the growth
mechanism. In this work, the thermal, structural, morphology, optical, and luminescence
properties of ZnO were investigated in details by means of thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), x-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive spectrometer (EDS), x-ray photoelectron spectroscopy
(XPS), ultraviolet visible (UV-vis) spectroscopy and photoluminescence (PL) spectroscopy

techniques.

From TGA results when increasing both reaction and annealing temperature we observed the
increase in thermal stability of ZnO due to the removal of adsorbed species in the material.
The melting temperatures (as determined through DSC) decreased due to crystallization of

ZnO with the increase in both reaction and annealing temperature.

X-ray diffraction (XRD) indicated that all the ZnO nanostructures prepared at 80 °C
crystallizes in the wurtzite structure with the mean lattice parametersa =b = 3.25 A and ¢ =
5.18 A and there is an increment in the particle size resulting into the improvement of
crystallinity of the material. In materials prepared at lower reaction temperature, reaction
time, and precursor concentration, traces of zinc hydroxide Zn(OH), were observed. When
Zn(OH), decomposes into ZnO, the entire surface morphology through the study of ZnO
consisted of agglomerated nanoflakes. The EDS results confirmed the presence of Zinc (Zn)
and Oxygen (O) as the major product, and the ratio of Zn to O increased as ZnO becomes

more crystalline.

The UV-Vis reflectance spectra showed that the absorption band edges shift to the higher
wavelength with an increase in reaction time, temperature, molar concentration precursors,
and annealing temperature. As a result the band gap energy of ZnO nanostructures
determined using Kubelka Munk’s equation was found to decrease due to quantum

confinement effects and the increase in particle size.



In general, the photoluminescence (PL) analysis showed that ZnO nanoflakes prepared at
different parameters have almost the same characteristics. PL measurements revealed broad
emission that extends from UV region to the visible region. The luminescence intensity of
this emission was quenched when increasing parameters mentioned above, and these
quenching is attributed to the decrease in concentration of defect related emissions. It is well
known that when using chemical reaction methods such as CBD the emission intensity
quenches as Zn(OH), dehydrates into ZnO. The slight red-shift in the emission band is also

observed which is attributed to band gap narrowing.

Keywords: ZnO, Chemical bath deposition, Growth mechanism, Nanoflakes, Band gap

Acronyms
CBD — Chemical Bath Deposition
XRD — X-ray Diffraction
TGA — Thermo Gravimetric Analysis
DSC — Differential Scanning Calorimetry
SEM — Scanning Electron Microscopy
EDS — Energy Dispersive Spectrometer
UV-Vis — Ultraviolet — Visible Spectroscopy
PL — Photoluminescence
XPS — X-ray Photoelectron Spectroscopy
JCPDS — Joint Committee on Powder Diffraction Standards
FWHM - Full Width at Half Maximum
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Definition of the research work

\/

1.1 Overview

A research project in nanoscience can be driven by two major motivations. The first and
important most is when there is a well-defined application as the final goal. The second is
when the research may be effective in several applications and the project deals with basic
properties. The research work presented in this thesis is motivated by a mix of both of the

above through manipulation of matter at the nanoscale.

On daily basis we use computers, vehicles and various kinds of machines due to
improvements in nanoscience and nanotechnology. The creation and utilization of new
materials, devices and systems at the molecular level is believed to be one of the biggest
driving forces in the research of nanoscience in the 21% century [1]. The entire world is
seeking for material that possesses inherent properties like larger band gap, higher electron
mobility as well as higher breakdown field strength. So when making investigations about
such a material the name “Zinc Oxide (ZnO)” comes out, this is a wide band gap
semiconductor material capable of satisfying the above required properties. Not only has this
ZnO possessed many versatile properties for UV electronics, spintronic devices and sensor
applications [2]. Also ZnO has been commonly used in its polycrystalline form over hundred
years in a wide range of applications. As a result many research groups all over the world are
motivated to develop proper growth and processing techniques for the synthesis of ZnO [3 —
4]. Much research on ZnO has been done right from the beginning of 1950, with much focus
on electrical and optical properties such as N-type conductivity, absorption spectra and
electroluminescence decay parameters [5]. With the emerging possibilities to grow and
handle nanometer sized particles, there are still much more to discover both regarding

fundamental properties and applications.

In this study, the main focus is on ZnO phosphor particles that are in the nano-scale. A
phosphor can be defined as any material that will emit light when an external excitation

source such as electron beam or photons is applied [6]. These phosphors may either be in the



powder or thin film form. The phosphor materials can be doped intentionally with certain
impurities to tune their properties [7]. These phosphor powders and thin films are critical in
the development and improvement of display technologies. In order to obtain high-resolution
images, phosphor particles with very small size must be produced. Achievement in the
production of small phosphor production can lead to development of phosphor fine particles
with stronger emission intensities [8]. Phosphor particles that have sub-micrometer size,
narrow particle distribution and spherical morphology give higher particle packing densities
than commercial products (3-5 pum in size) and are therefore effective in the enhancement of

luminescence efficiency [9].

1.2 Research Motivation and Rationale

The present work is motivated by the study of materials at the nanoscale and aimed at
obtaining optimized growth conditions for ZnO nanostructures fabrication by chemical bath
deposition and the investigation of the photoluminescence properties of these nanostructures.
The project involves systematically investigation of the experimental parameters that leads to
different morphologies and affected the structure property relationship of ZnO
nanostructures. The main focus of the research will be on ZnO, with the bulk of the research
being conducted on engineering its sizes and the corresponding band gap due to quantum
confinement. This material is chosen for its potential for extensive research, their possible
applications in optoelectronics, biological luminescence coding, and the potential
generalization of results to other nanomaterials. Therefore, the primary focus of this thesis
will be on the morphology, growth, and structure of nanomaterials. The goal is to understand
the mechanisms that determine the different growth factors of the nanostructures and use that
understanding for a rational design and growth of useful nanomaterials. Controlling the
morphology of the nanoparticles is important to controlling the structural, optical and

luminescence properties of materials.

1.3 Problem Statement

The implementation of new forms of high resolution and high efficiency displays created a

vacancy for phosphors with enhanced properties. High efficiency materials with fine particles

are found to allow further development of these new displays [10]. These nano-sized



phosphors display interesting properties such as ultra-fast recombination time, an increase in
the band gap due to the decrease in particle size and high quantum efficiency for
photoluminescence [11]. ZnO is of considerable interest as a phosphor for luminescent
displays [12]. It has a wide band gap of 3.37 eV and a small Bohr radius of ~ 3 nm. This
makes it a good phosphor for display devices and development of this phosphor can have a
huge impact on the technology of the future.
Even though a range of interesting properties are associated with ZnO nanostructures, there
are still significant challenges that have to be overcome in order to produce efficient ZnO
devices. These include:

v Developing synthesis methods with the ability to control its surface morphology and
self-assembly into complex structures or device architectures.
Demonstrate radically new applications for ZnO nanostructures.
Controlling native defects and possible compensation processes.

To understand the residual n-type conductivity in unintentionally doped ZnO.

D N N NN

To succeed in growing of stable and repeatable p-type nanostructures.

In my opinion, there is a lot to be discovered about ZnO. Several fabrication techniques have
been reported for the preparation of ZnO, which can be classified as gas-phase and aqueous
solution-based methods. Amongst gas-phase methods, we have vapour-phase transport [13 —
14], pulsed laser deposition (PLD) [15], metal-organic chemical vapour deposition
(MOCVD) [16 — 17], and molecular beam epitaxy (MBE) [18]. Although these methods are
very helpful, they require complex processes and involve sophisticated equipment and high
temperatures. Thus, aqueous solution-based method like chemical bath deposition (CBD),
hydrothermal growth and sol-gel methods, are simple, requires no catalyst and is economical.
Hence CBD is commercially feasible for large-scale production with good uniformity and can

be operated at significantly lower temperatures [19].

The high concentration of native donor defects with low formation energies (resulting from
non-stoichiometry of ZnO [20 — 21]) and the ever-presence of H (and related complexes) [22]
are believed to be capable for the n-type conductivity of this material. It can be introduced
unintentionally in most growth methods (either from the precursors, a carrier gas or residual
gas), by laser ablation and by sputtering, or by annealing in H, atmosphere [23].

The other main obstacle for the commercialization of ZnO based homojunction devices is the

absence of stable and reproducible p-type doping with high hole concentrations and large
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carrier mobility. The major problems associated with this are the low solubility of most
acceptor-type dopants, difficulties of substituting on the host atom sites, the relative deepness
of the acceptor states and the spontaneous formation of compensating donor-like defects [24].
As a result, p-doping of ZnO remains unsolved problem.

The consistency on growth of nanostructures is another issue which has attracted
considerable attention. It is well understood that the morphology of ZnO nanostructures is
highly sensitive to the growth environment (i.e. temperature, pressure, precursors and their
concentrations, the VI/I1 ratio or pH, etc.). As a result it is very difficult to control the growth

process for the reproducible formation of a desired morphology over large areas [25].

1.4 Aim and Objective of the Research

The main aim for this research is to use cheap and effective method to prepare ZnO
nanostructures and to compare ZnO prepared at different concentrations of zinc acetate

precursor, effect of synthesis time, temperature and annealing temperature.

The overall objectives of this study are summarized as follows:

i.  To investigate the influence of reaction temperature on luminescence properties of
ZnO nanopowders prepared by chemical bath deposition method.
ii.  To study the effect of reaction time on structural, morphology and optical properties

of ZnO nanoflakes prepared by chemical bath deposition method.

iii. To optimize with the aid to obtain moderate zinc acetate concentration for the
preparation of ZnO using chemical bath deposition method.
iv.  To investigate the influence of annealing temperature on luminescence properties of

ZnO nanopowders prepared by chemical bath deposition method.

1.5 Thesis Outline

The current thesis is composed of eight chapters.
Chapter 1: The current chapter focused on the factors that brought motivation to conduct

research, the main aim and how the rest of the thesis is laid out.



Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Chapter 7:

Chapter 8:

Reviews the existing literature related to the properties of ZnO nanoparticles,
determination of crystallite size of semiconductors, background of

nanoscience/nanotechnology and theory of Luminescence.

Provides an overview of characterization techniques used to analyze the

results.

Monitors the best low reaction temperature for the preparation of ZnO

controlled using chemical bath deposition technique

Investigates the role played by the reaction time on structural, morphology and

optical properties of ZnO

Presents the results obtained during preparation of ZnO at various

concentrations of zinc acetate.

Thoroughly investigates the influence of annealing temperature on the as-

prepared ZnO nanopowders.

Summarizes the goal of the thesis and presents recommendations for future
work in the light of obtained results. Lastly it provides list of publications
resulting from this work and the conferences presentations.
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2
Chemical and Physical Properties of ZnO

\/

2.1 Introduction

Zinc oxide is aninorganic compound produced from group (1) and (IV) elements with
the formula ZnO. ZnO has been under extreme focus since 1935 due to its outstanding
properties [1]. It has wide range of applications that includes numerous materials and
products such as rubbers, plastics, ceramics, glass, cement, lubricants wherein it acts as an
additive [2]. Mostly ZnO is produced synthetically using different preparation methods, but it
occurs naturally as the zincite mineral [3]. Thus, in this chapter we start first by introducing

some basic properties of ZnO semiconductor.

2.1.1 Chemical Properties

The pure ZnO as indicated above is found to be a white powder, and it is found rarely in
nature as the mineral zincite which usually contains manganese and other impurities that
confer a yellow to red color [4]. ZnO in the crystalline form is said to be thermochromics,
which means its color changes from white to yellow under heat treatment but when exposed
to air or cooled it changes back to the original color [5]. The color change is mainly due to
small loss of oxygen to the environment at high temperatures to form the non-
stoichiometric Zn, ., 0, where at 800 °C, x = 0.00007 [5]. It is said to be amphoteric oxide,
meaning it is capable of reacting as acid or water, but it is nearly insoluble in water and it is
soluble in most acids [6]. The reaction of ZnO with acids can be explained by the chemical

reaction in equation (2.1) where it reacts with hydrochloric acid,

ZnO + 2 HCl — ZnCl, + H,0 2.1)


http://en.wikipedia.org/wiki/Inorganic_compound
http://en.wikipedia.org/wiki/Chemical_formula
http://en.wikipedia.org/wiki/Zinc
http://en.wikipedia.org/wiki/Zinc
http://en.wikipedia.org/wiki/Zincite
http://en.wikipedia.org/wiki/Non-stoichiometric
http://en.wikipedia.org/wiki/Non-stoichiometric
http://en.wikipedia.org/wiki/Zinc_oxide#cite_note-Wiberg.26Holleman-7
http://en.wikipedia.org/wiki/Solubility

2.1.2 Physical Properties

ZnO has two main structures hexagonal wurtzite and cubic zinc blend [7]. The structure
wurtzite was the focus of the study because it is the most stable at ambient conditions and
thus most common [8]. The wurtzite structure has lattice parameters a = 0.3296 and ¢ =
0.52065 nm. The structure of ZnO can be simply described as a number of alternating planes
composed of tetrahedral coordinated 02~ and Zn?~ ions, stacked alternately along the c-axis
as shown in Figure 2.1. This tetrahedral coordination gives rise to polar symmetry along the
hexagonal axis. This polarity is responsible for a number of the properties of ZnO, including
its piezoelectricity and spontaneous polarization, and is also a key factor in crystal growth,

etching and defect generation [9].

(0110)

Figure 2.1 The wurtzite structure of ZnO, tetrahedral coordination of Zn—O is shown [10].

2.1.3 Optical Properties

ZnO has many defect centres as shown in Figure 2.2, some of which are attributed to oxygen
vacancies and zinc interstitials but other luminescence mechanisms are not really understood

[11]. ZnO consists of wide and direct band gap energy of 3.36 eV at room temperature [12].
9



The bandgap of ZnO can thus be tuned to ~3 — 4 eV by introducing some impurities through
the doping process. Furthermore it consists of large exciton binding energy of 60 meV which
indicates that efficient excitonic emission in ZnO can persist at room temperature and higher
[13]. Because the oscillator strength of excitons is typically much larger than that of direct
electron—hole transitions in direct gap semiconductors [14], the large exciton binding energy

makes ZnO a promising material for optical devices that are based on excitonic effects.

i 2
UV
3.18 eV 1.62¢V 2.38eV E=3.36eV

306eV | | 228eV (§reen)
29eV Vg i_
Vi :

' OZn

Ev

Figure 2.2 Schematic diagram of the position of various intrinsic defect levels emission

within ZnO [12].
2.2 Nanoscience and Nanotechnology

Lately, nanoscience and nanotechnology research in South Africa (S.A) is receiving much
attention [15] and there is a recently implemented master’s programme named National
Nanoscience Postgraduate Teaching and Training Programme. Not only in S.A but
worldwide a lot of research is conducted in the nano scale, and the European Union declare
nanotechnology as the field of highest priority [16]. Most recently the year 1912 has been
proposed as the birth of modern field of nanotechnology, this coincide with the invention of

the immersion ultramicroscope by Zsigmondy [17]. But it is well known that the history of
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nanotechnology came along with physicist Richard Feynman [18]. This Nobel Laureate
winner for Physics in 1965 gave the speech “There's Plenty of Room at the Bottom”. It
happened at the American Physical Society annual meeting in 1959 at the California Institute
of Technology where he pointed out the potential of nanotechnology. Furthermore, he said
there is a possibility to manufacture nano-sized products using atoms as building particles. In
1974, at the international conference on industrial production in Tokyo, the word
“nanotechnology” was first used by Norio Taniguchi to describe ion sputtering process for
creation of nano-sized particles [19]. He outlined “Nanotechnology” by saying it mainly
consists of the processing of separation, consolidation, and deformation of materials by one

atom or one molecule.

Nanoscience/nanotechnology is a field that includes biomedical sciences, chemistry and
physics as well as applied technologies. It has attracted the attention of researches in a way
that lot of funding has been pumped into this field over the last two decades. An extreme way
to explain what is nanoscience is to consider everything that has one dimension smaller than
one hundred nanometers. Hence, tiny particles with typical sizes in the range (1 — 100 nm)
and atomic size (approximately 0.2 nm) are considered nano. The word nano is Latin from
Greek — that means “dwarf” and it is used in the metric system to mean 102 or one billionth
(1/1,000,000,000) [20]. It is at this scale that the properties of materials become very different
from bulk materials at large scale. Thus many things which cannot be achieved with big and
bulky can easily be accomplished with very small (nano). Nanoscience is a very promising
field with rapid advances across many areas of science and engineering that are more
important for the development of the entire society.

2.2.1 Nanotechnology can be subdivided into three distinct nanotechnologies.

“Wet” nanotechnology

This technology mainly focuses on biological systems that are often found in wet
environments such as water [21]. The active interest of this field that is functional at the
nanometer scale deals with structures found in genetic materials, membranes, enzymes and
other cellular components like the one shown in Figure 2.3. Due to high surface area to
volume ratio and unique properties of nanoscale materials novel antimicrobial agents are

produced [22 — 23]. Availability of living organisms whose form, function and evolution are
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governed by the interactions of nanometer structures proves that “wet” nanotechnology is

growing big.

©ONaper Unw ersity

Figure 2.3 Fluorescent nanoparticles in water flea (Daphnia magna) [24].

“Dry” nanotechnology

This technology is deduced from the study of surface science and physical chemistry; it
mainly focuses on the manufacturing of structures in carbon (e.g. graphene, fullerenes and
nanotubes), silicon and other inorganic materials indicated in Figure 2.4. In comparison to
“wet” technology the “dry” techniques makes use of metals and semiconductors. The excited
electrons to move onto the conduction band for semiconductor materials becomes too
reactive operation in a “wet” environment, and the same electrons provide the physical
properties that make “dry” nanostructures promising as electronic, magnetic, and optical
devices. In this technology there is implementation of “dry” structures that possess some of

the properties that can be obtained through “wet” technology.
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Figure 2.4 Fullerenes induced network of y-cyclodextrin [25].

“Computational” nanotechnology

This technology deals with computer modelling and simulation of complex nanostructures
similar to the one indicated in Figure 2.5. The predictive and analytical power of
computation is vital for development of nanotechnology. It took couple of hundred million
years to naturally evolve a functional “wet” nanotechnology. The core implemented by
computation should allow us to reduce the development time of a working “dry”

nanotechnology to a few decades, and it will have a major impact on the "wet" side as well.
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Figure 2.5 All-atom molecular dynamics simulation of motion of methane molecules in a
carbon nanotube [26].

The above mentioned nanotechnologies are highly interdependent. The major advances in
each have often come from application of techniques or adaptation of information gathered
from each one or both.

Many different structures can be considered nano whenever their size is so small that the
length scale depends on material and system. Nanostructured particles of ZnO come in
different shapes and the small selection is shown in Figure 2.6. This includes dots, rods,
flowers, rings, spheres, spirals and needles etc. This variety of structures for ZnO offers wide

range of applications.
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Figure 2.6 Examples of ZnO structures [27].
2.3 Theory of Luminescence

Luminescence is a process of emission of electromagnetic radiation by a physical system
through excitation of electrons/photons [28]. This physical system can be a phosphor material
converting energy from one state to another. Phosphor is a Latin name from Greek which
simply means light carrier [29]. The phosphor material can be a compound on its own as a
host or it can be composed of host and dopant. Phosphors were discovered in the 16" century
by Vincenzo Casciarolo of Bologna [30 — 31]. This guy fired the stone presented in Figure
2.7 intending to produce metal unfortunately the stone was found to emit red light after being
exposed to sunlight. In general phosphor appears as powder with a particle size ranging from
micro to nanometer but they can also be thin films [32].

Phosphors are materials that give out luminescence and they are mainly solid materials under
solid state physics. Again luminescence is a common term among inorganic and organic as
well as in semi-conductors. The Iluminescence materials can be fluorescence or
phosphorescence. In order for luminescence to take place an amount of energy from an
excitation source kicks an electron from its stable sate into an excited state. The electron will
relax from the excited state to the ground state by releasing that energy in the form of light
[33].
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Figure 2.7 A piece of Bolognian Stone, BaS0, (barite), with a maximum diameter of about

12 cm, found on Monte Paderno, Bologna. Part of the private collection of Aldo Roda [34].
2.3.1 Fluorescence and Phosphorescence

Fluorescence is the emission of light which take place from an excited singlet state with a
characteristic time t. < 1078 s. In phosphorescence, on the other hand, emission originate
from excited triplet state with a characteristics time ¢, > 1078 s. To clarify between
fluorescence and phosphorescence is to study the effect of temperature upon the decay of the
luminescence. Fluorescence is essentially independent of temperature; whereas the decay of
phosphorescence exhibits strong temperature dependence [36]. Fluorescence is part of
luminescence which involves emission of light from any substance in the excited state. The
absorption and emission process for fluorescence is shown in the Jablonski diagram Figure
2.8 where an electron is excited from the ground to a higher electronic and vibrational state.
In this process the excited electrons can relax at the low vibrational state because of
vibrational relaxation, and then continue to the ground state giving fluorescence emission. In
fluorescent materials electrons are located at certain energies in the impurity state band for a
very short time (107° to 107° seconds). Furthermore, they emit light as their energy levels
changes to energy in the valence band. As a result, fluorescent materials will give emission
only when light of sufficient energy is used to excite electrons.
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Figure 2.8 Jablonski diagram of fluorescence [35].

Figure 2.9 White and other colours of organic light emitting diode OLED used in car

lighting [39].
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In some materials, electrons excited by the original radiation can take some time to decay
back to their ground states. The decays can take as long as few hours to few days. This type
of fluorescence is called phosphorescence and the material continues to emit visible light for
a while after the original radiation has been switched off [37]. If the duration is very short,
around 10~* s, then the material is a short persistence phosphor. If it lasts for seconds or
longer it is a long persistence phosphor [38]. Objects similar to the one presented in Figure
2.9 which display phosphorescence are sometimes said to be luminous. In phosphorescent
materials the excited electrons stays in the impurity state, then as their energy changes they
emit light in the form of photons. The emission of light may be attained using various forms

of luminescence discussed below [25].

Photoluminescence

During photoluminescence absorption of an ultraviolet or visible photon promotes a valence
electron from its ground state to an excited state with conservation of the electron spin. In this
process, pair of electrons with opposite spins occupying the same electronic ground state are
said to be in a singlet spin state. When a photon is absorbed one electron gets promoted to a

singlet excited state.

Thermoluminescence

It is a form of light emission that occurs when the temperature of the object is increased after
exposure to some form of energy excitation (heat) which is obtained in the form of

phosphorescence.

Cathodoluminescence

It is the process that uses electrons as excitation source to impact on luminescent material
such as phosphor to attain the light emission. This process mostly takes place in the surface
of the screen of a television that uses a cathode ray tube coated with phosphoric material [40].

Electroluminescence

This is the form of luminescence developed after exciting the material using electric

field/electric current as the source of excitation and material emits light in response.
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Radio luminescence

It is the phenomenon in which light emission is developed in a material due to excitation with

ionizing radiation such as beta particles and X-rays.

2.4 Literature survey of size determination of semiconductor nanoparticles

Due to improvements in science the modern semiconductor technology generates a way to
fabricate particles of metals which are few hundred angstroms in size [41]. Such small
particles are called nanoparticles and their size can be determined in many different ways.
The mean size of nanoparticles can be evaluated using various measurement techniques such
as X-ray diffraction (XRD), UV-Vis spectroscopy, transmission electron microscopy (TEM)
and direct light scattering (DLS) [42]. The crystalline size is the measure of the size of
coherently diffracting domains. And the crystalline size of particles is not generally the same
as the particle size due to the formation of polycrystalline aggregates [43]. It is very
important to know the description of the particles because they become increasingly
significant as the size decreases.

2.4.1 UV - Vis Absorption

UV — Vis absorption is a very first characterization method for the nanoparticles because the
absorption features give information about the nanoparticles formation, the band gap energy
and the size distribution of the nanoparticles. However, it is an indirect method for
determining the crystallite size. The band gap of the particles can be calculated from the
excitonic peak position which is used to determine the crystallite size as shown in Figure
2.10. In the most recent years, nano-scientists research mainly focused on various interesting
properties of semiconductor particles [44 — 45]. It has been discovered that when
semiconducting nanoparticles are in the range 1 — 10 nm, energy level splitting takes place
hence these particles are called quantum state particles/Q-particles. The radius of particles in
the wavelength range mentioned above can be calculated because Q-particle has different
characteristics compared to bulk state. Thus to predict the quantum confinement, effective
mass approximation model based on ‘Particle in the box Model’ is used. The model was first

proposed by Efros and Efros [46] in the year 1982 and later modified by Brus [47]. Brus
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formulated the popular effective mass model that relates crystallite size (neglecting spatial

correlation effects) to the bandgap energy of a semiconductor Q-particles [48 — 49],

h? 1 1 1.8e?
AE (r) = E, (bulk) + ) —
g( ) g( ) 8|"2( ; :I o

(2.2)

e

where AE/(r) is the energy band gap of the emission depending on particle radius r,
E, (bulk) is the energy band gap of bulk solid, h is the Planck’s constant, m. is the effective
mass of excited electron in the solid, and m; is the effective mass of excited hole in the solid,

&, Is the vacuum permittivity and ¢ is the dielectric constant of the solid. The middle term

on the right-hand side of the equation is a particle-in-a-box-like term for the exciton, while
the third term on the right-hand side of the equation represents the electron—hole pair
Coulombic attraction, mediated by the solid [50]. Many experimental studies proved that the

predicted value for AE (r)and crystallite size cannot be quantitatively accurate for very

small particles [51], in the case of semiconductors small particles are those with size smaller
than exciton Bohr radius such as ~ 3 nm for ZnO [52]. This happens because for small
particles the eigenvalues of the lowest excited states are located in a region of the energy
band that is no longer parabolic [51]. But, there are many theoretical approximations that are

accurate in predicting experimental band gap energies and crystallite sizes [53 — 54].

The Brus equation can be used to determine the effect of quantum confinement on
semiconductor materials such as GaAs, ZnS and ZnO at different confinement radii. For
particles with large sizes (> 3 nm Bohr radius of ZnO) the electron and hole are both confined
in a spherical well. This quantum confinement increases the band gap as the size of the bulk
particles decreases and it gives the dominant effect in this size regime. In these large particles
(> 3 nm Bohr radius of ZnO), the negatively charged electron and the positively charged hole
are separated and hence the coulomb attraction between them can be neglected. However, in
small particles (< 3 nm Bohr radius of ZnO) the coulomb attraction energy between the
electron-hole pair cannot be neglected. While the band gap still increases with decreasing
crystallite size, in small particles this increase can be overcome by the coulomb energy that
the spectra shift to lower energies. When the size of nanoparticles approaches that of the Bohr
radius 3 nm of ZnO for instance, quantum confinement effects result in the blue shifting of
the band gap [55 — 56].
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In order to compute emission energy states, the overall Brus equation depicted in equation
(2.2) can be employed. The most important features of semiconductor nanoparticles are the
size evolution of the optical absorption spectra. Hence the crystallite size of these particles is
computed from absorption edge in UV-visible absorption spectroscopy which is powerful
tool to monitor the optical properties of quantum-sized particles. Different sized nanoparticles
absorb at different wavelengths and provide varying band gap energy and optical properties.
When calculating the crystallite size the wavelength corresponding to the absorption edge

maximum in the experimentally determined data is measured as indicated in Figure 2.10.
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Figure 2.10 Absorption spectrum of ZnO nanoparticles [59].

Mostly, these wavelengths of the maximum exciton absorption decreases as the crystallite
size increases due to quantum confinement of the photo-generated electron—hole pairs [51].
As a result the energy levels in the nanoparticles (< 3 nm Bohr radius ZnO) becomes discrete
compared to continuous energy levels in bulk particles. Thus, the crystallite radius can be
calculated using equation (2.3) after performing some small mathematical simplifications on

the effective mass model equation (2.2) [48],
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—0.3049 + /- 26.23012 +10240.72/ A, (nm)
—6.3829 + 2483.2/ 1, (nm)

r(nm) = (2.3)

where 4, is the peak absorbance wavelength in nm. Because of the small effective masses

for ZnO semiconductor (m;= 0.26 and m, = 0.59), band gap enlargement is expected for

crystallite radii relatively less than about 4 nm [57 — 58].

Figure 2.11 shows the energy difference between states and band gap for nanoparticles and

bulk materials. It can be seen that AEnano is greater than A,k and this is believed to be
caused by the reduction in dimensions of the quantum dot (QD) which increases the
confinement energy in the dot (nanoparticles) [49]. The width of QD band gap energy
depends on its size and chemical composition hence it is easy to tune absorption and emission
of nanoparticles.

Nanoparticles Bulk mode material
A: Wavi length A: Wave length
%852
8260 09 Radiation shift between the
2% %, . 3 O
-}:f? two edges of visible spectra o 0
Energy level Energy level
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Figure 2.11 Energy difference between energy states and band gap for nanoparticles and
bulk [60].
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2.4.2 Xray Diffraction (XRD)

X-ray powder diffraction was used for structure and size determination by many groups [61 —
62]. The crystallite size can be obtained either by direct computer simulation of the X-ray
diffraction pattern or from the full width at half maximum (FWHM) of the diffraction peaks
using the Debye-Scherer formula [63 — 64]. The line width depends on the crystalline regions
within the particles. When the particles are not perfectly crystalline a problem arises in the
size estimation. Particles smaller than 2.5 nm lead to significant broadening of the line width,
this is due to their extremely small dimensions [65]. X-ray profile analysis is the averaging

method and it still holds a dominant position in crystallite size determination.

Scherrer’s equation was established in 1918 by scientist Paul Scherrer for calculating
crystallite size [66]. This crystallite size is determined from the width of X-ray diffraction
data. The Scherrer equation is a convenient method to predict crystallite size if crystals are
smaller than 100 nm [67]. Thus, the average crystallite size can be estimated using the well-
known Scherrer formula,

KA

D=——""— 2.4
PraC0so 24

where D is the diameter of the crystallite in nanometres, A is the wavelength of the incident
X-ray (A =0.1540 nm) for CuK,, radiation, K is a constant related to crystallite shape equal
to 0.90, S, is the integral peak width at half-maximum intensity (FWHM) in radians and &

is the peak position in degrees.

When using equation (2.4), the crystallite size depends on X-ray diffraction patterns, and it is
advisable to do the analysis using all reflections in the entire diffraction pattern to minimize
errors. With no doubt the crystallite size depends on the width of the diffraction peak, the
crystallite size is expected to decrease if the diffraction peak is broadened and vice-versa.

Again XRD can be employed to evaluate peak broadening with crystallite size and lattice

strain due to dislocations in material [68]. The FWHM or g,,,, deserves to be corrected for
the instrumental broadening which is done using equation (2.5), LB easurea 1S the measured

FWHM and g

instrument

is the peak broadening due to the instrument which is the measured

FWHM for a bulk sample. To separate the measured and instrument broadening, it is
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essential to collect a diffraction pattern from the line broadening of a standard material to

determine the instrumental broadening. The instrument — corrected broadening [69] S,

corresponding to the diffraction peak can be estimated using the relation,

ﬁhkl = \/lgnzmeasured - lgiflstrument (2-5)

The derivation of Scherrer equation is done by Alexander in Klug and Alexander “X-ray

Diffraction” [70]. The derivation is done by taking the Bragg’s Law,
A =2dSin@ (2.6)
This proceeds by keeping the wavelength A constant and allowing the diffraction angle to

broaden from a sharp diffraction peak, which start from the infinite single crystal with perfect

three dimensional (3-D) structures. In a single crystal, the diffraction from a set of planes

with the distance d " occurs at a precisely 8", so that equation (2.6) can be written as follows,
A =2d"Sing” 2.7)

In polycrystalline nanoparticles, the diffraction from lots of tiny crystals deviates by +A#
from@”. This implies 2A&term on the 26 axis of diffraction pattern and the value of A8
correspond to FWHM or £,,,, which is approximately half of 2A8. Simply because A& can
be positive or negative, we need to take the absolute value which reflects the half width of the
shape line deviation in 260 axis. The derivative in d and € of Bragg’s Law with constant A4
gives,

A =2Ad.CosO.A0 (2.8)

Thus the thickness Ad = D can be written as follows,

oA 2
2C0s0.A0  Cosd.f,,

(2.9)

Finally we apply the shape factor K on equation (2.4), which is equal to 0.9 for CuK,

radiation, and this gives the Scherrer equation presented in equation (2.9).
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Experimental procedure & characterization techniques

\/

3.1 Introduction

ZnO nanoparticles were prepared using chemical bath deposition method (CBD). Several
research techniques were employed to probe the thermal, structural, morphology, optical and
luminescence properties of ZnO. Above mentioned properties were determined using Thermo
Gravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC), X-ray Diffraction
(XRD), Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy, Ultraviolet
Visible spectroscopy (UV-Vis), Photoluminescence Spectroscopy (PL) and X-ray
Photoelectron Spectrometer (XPS). The objective of this chapter is to provide a brief

overview of the above mentioned techniques.

3.2 Chemical Bath Deposition (CBD)

A set of specific methods have been developed to synthesize ZnO, of which some of the
following are commonly in use. The sol-gel method [1], it is a wet chemical technique used
in the fabrication of metal oxides from a chemical solution, and this acts as a precursor for an
integrated network (gel) of discrete particles. Hydrothermal method [2], in this method metal
complexes are decomposed thermally either by boiling in an inert atmosphere or by using an
autoclave with the help of higher temperatures (160- 280 °C [3]) and pressures (90 — 930 psi).
Chemical bath deposition (CBD) [4], technique used in the present study is one of the useful
solution methods for the preparation of compound semiconductors from aqueous solution.
CBD is particularly suitable since it does not require high-pressure containers and is also
entirely safe and environmentally friendly, because only water or alcohols is used as a
solvent. The safety hazards of organic solvents and their eventual evaporation and potential
toxicity are avoided using this method. This method is thus an increasingly important

complement to other solution-based techniques in the fabrication of nanostructures.
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3.2.1 Growth Mechanism

Despite the experimental simplicity, it is a complicated task to understand the mechanisms
involved in the chemical bath process. The growth of zinc oxide (ZnO) using CBD is
controlled mainly by the internal structure of the ZnO which is related to its crystallographic
structure. In addition to that, the growth process which determines the final surface
morphology is dependent on external parameters such as precursor solution, reaction time

and reaction temperature.

In the chemical reaction for growing ZnO nanostructures, zinc acetate was used as the source
of Zn?* ions and thiourea was used as the alkali to provide the OH™ ions. Although the exact
role of ammonia solution during the growth is still unclear, it is believed to act as a weak base
(complexing agent) [5]. During the growth, the precursors start by undergoing the nucleation
process after saturation point. This is followed by the successive dissolution and
recrystallization process. Above processes depends on the nature of the reactive bulk solution
in the vicinity of the ZnO crystals which is dependent on the time as well as the temperature
of exposure of the solution. Many researchers indicated that formation of ZnO takes place
through the decomposition of Zn(OH), into ZnO [6 — 7]. The main reaction process for the
formation of ZnO can be expressed by the following reactions in equations (3.1), (3.2) and
(3.3) [8],

Zn — Zn*" + 2e~ (3.1)
Zn*" + 20H "~ — Zn(OH), + 2e~ (3.2)

Zn(OH), +20H "~ — Zn(OH)?" —> ZnO +2H,0 + 20H "~ (3.3)

3.2.2 Synthesis procedure

When studying the “Effect of reaction time on structural, morphology and optical properties
of ZnO nanoflakes prepared by chemical bath deposition method” the following synthesis
procedure was followed. The ZnO powders were prepared by the chemical bath deposition
method. The following starting materials such as zinc acetate (Zn(0,CCH;),), thiourea
((NH,),CS) and ammonia (25 % NH;) were used. All the precursors used for the
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preparation of the nano-powders were of analytical grade. The sample solutions were
prepared by dissolving 0.3 M of zinc acetate, 0.4 M of thiourea and also 98.8 ml of ammonia
into deionized water. Then a magnetic stirrer was used to stir each of the mixtures overnight
at room temperature to ensure homogenous distribution of the solution reagents. An equal
volume ratio (1:1:1) was considered for each solution in the following order: 60 ml quantity
of zinc acetate was first added to the test tube which was placed in the water bath, followed
by addition of 60 ml of thiourea solution while stirring and finally 60 ml of ammonia solution

was also added while continuously stirring.

Water bath was maintained to be at a constant desired temperature of 80 °C with continuous
stirring of the solution for the different times. The ammonia (NH;) solution was used as
complexing agent. The white precipitates were then formed within 30 s after the solution was
placed inside the water bath. The beakers were removed from the bath at various reaction
time intervals (1, 3, 5, and 10 min). The solution was allowed to stabilize and cool down
overnight in the lab at RT. Finally the solution was filtered and the dry precipitate was
collected, washed several times with 60 ml of ethanol and 60 ml of acetone to remove the
residue and desiccated for a maximum of three days to ensure that they are dried prior to

characterization.

Similar experimental procedure was followed when trying to find “Moderate Zinc Acetate
(ZnAc) Concentrations for the preparation of ZnO using Chemical bath deposition”. The
sample solutions were prepared by dissolving 0.1, 0.12, 0.14, 0.16, 0.18 and 0.2 M of ZnAc
in 60 ml of H,O, respectively, and 0.4 M of ((NH;),CS) and also 98.8 ml of (25 % NH;),
were dissolved into 200 ml of deionized water, respectively. The beakers were removed from
the bath after 10 minutes.

During the synthesis of ZnO nanostructures at various reaction temperatures for the article
“Phase formation of Hexagonal wurtzite ZnO through decomposition of Zn(OH), at various
reaction temperatures using CBD method” the same procedure was followed. Four sets of
samples were prepared under different CBD temperatures (55 °C, 65 °C, 75 °C and 80 °C).
The resulting mixture was continuously stirred using rod-stirrer and the white precipitate was

formed within 30 seconds while continuously stirring.
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Lastly, the synthesis of ZnO nanostructures was also performed similarly at an 80 °C reaction
temperature wherein one sample was prepared to study “The influence of annealing
temperature on luminescence properties of ZnO nanopowders prepared by chemical bath
deposition method”. Furthermore the dried nanopowders were annealed in air at 300 °C and

600 °C prior to characterization.
3.4 Characterization techniques

In order to determine the temperature of possible decomposition and crystallization of the
nanoparticles, the dried nanopowders were subjected to a (Perkin-Elmer TGA 7)
thermogravimetric analyzer and (Perkin-Elmer DSC 7) differential scanning calorimeter. The
crystal structures of the nanopowders were determined with two different XRD systems
(Bruker AXS Discover and Bruker AXS D8 Advanced GmbH X-ray diffractometer) with
CuKa (1.54182\) radiation. Surface morphologies were studied using two different scanning
electron microscopes (Shimadzu model ZU SSX-550 Superscan SEM model with EDS and
JEOL J SM 7800F thermal field emission scanning electron microscope (FE-SEM)) by
mounting the as-prepared nanopowders on conducting carbon tape. The chemical
composition analysis was carried out using an Oxford Instruments AzTEC energy dispersive
spectrometer (EDS), with X-Max80 silicon drift detector (SD D) system, attached to the
FESEM. The optical measurements were carried out in the 200 to 800 nm wavelength range
using a (Perkin Elmer UV/Vis Lambda) 20 powder Spectrophotometer. Luminescence
measurements were done using four different PL systems (Varian Cary Eclipse fluorescence
spectrophotometer with a monochromatized 150 W xenon lamp as an excitation source, mini-
PL UV laser system 5.0 (Photon systems, USA), which uses a NeCu laser with an excitation
wavelength of 248.6 nm, PL laser system 5.0 (Photon systems, USA), which uses a He-Cd
laser with an excitation wavelength of 325 nm and Hitachi F-7000 FLUORESCENCE
SPECTROPHOTOMETER respectively.

3.4.1 Thermogravimetric analysis (TGA)
TGA is the analytical method wherein the mass of samples is measured as a function of time
or temperature while the sample is subjected to a controlled temperature program. It is

usually used to ascertain the possible decomposition, degradation, crystallization, phase
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change and thermal stability of materials during the heat treatment. These techniques consist
of thermo-balance which is the main component, capable of measuring the sample mass as a
function of temperature or time [9]. The changes in mass due to dehydration and oxidation
can also be measured using TGA system. It is useful for compositional analysis of multi-
component materials and used to examine the kinetics of the physio-chemical processes
occurring in the sample [10 — 11].

The following properties of materials can be determined using the TGA technique:

1. The mass of metal catalyst impurity in as synthesized samples,
2. The number of functional groups in the sample and

3. The mass of reactive species absorbed by a functional group.

Quantitative determination of these properties is used to define the purity of the prepared

material and the extent of their functionalization.

TGA spectrums were acquired using the Perkin Elmer TGA7 thermogravimetric analyzer,
under nitrogen atmosphere at a flow rate of 20 ml.min~1. The samples with mass (5-10 mg)

were heated from 30 to 600 °C at a rate of 10 °C.min1.

3.4.2 Differential scanning calorimetry (DSC)

DSC is a quantitative technique used to measure the energy enthalpy changes of the system
and heat capacity associated with phase transitions. The phase transition is the physical
process in which changes like glass transitions, melting and crystallization occur when the
sample or material is heated or cooled at a controlled rate [12]. DSC is used to monitor the
amount of energy absorbed and released during the chemical reaction as a function of change
in temperature. This system was discovered in 1962 by Emmett Watson and Michael O’Neill
who were working for Perkin-Elmer Company [13]. It is used to measure the heat flow range
which is meant to create phase diagram and gather thermo analytical information. The phase
change obtained using DSC system can be either endotherm or exotherm. But if the DSC

curve is constant that means there is no phase change in the sample.

Analysis of samples were carried out under nitrogen atmosphere (20 mlmin~1) using a
Perkin Elmer Pyris-1 differential scanning calorimeter from (Waltham, Massachusetts,

U.S.A). The technique was calibrated using the onset temperatures of zinc and indium
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standard and the enthalpy of indium. The sample masses in the range 5 — 10 mg were used
and heated from 25 to 170 °C at the rate of (10 °Cmin~1) and cooled to 25 °C at the same
rate. The second scan was acquired under the same heating and cooling conditions. The peak
temperatures of melting and crystallization including the melting and crystallization

enthalpies were determined from the second scans to eliminate any thermal history effects.

3.4.3 X-ray Diffraction (XRD)

The X-ray diffraction (XRD) is a non-destructive analytical technique for identification and
quantitative determination of crystalline phases present in powder and solid samples [14].
This useful technique was discovered by the German scientist by the name of Wilhelm
Roentgen in 1895 and he was awarded the first Nobel Prize in Physics in 1901 [15]. It is well
known as a common technique for the study of crystal structures, grain size, lattice constants,
atomic spacing and degree of crystallinity in a mixture of amorphous and crystalline
substances [16]. XRD system uses monochromatic X-ray generated inside cathode ray tube to
gather information. X-rays are produced when high-energy charged particles, such as
electrons are accelerated and collide with a metal target, for example, Cu. The resulting X-ray
are collimated and directed onto the sample. As the sample and detector are rotated the
intensity of the reflected X - rays are recorded. When the geometry of the incident X-rays
striking to the sample satisfies the Bragg law, constructive interference occurs and

characteristic diffraction peak of the sample will be observed [17].

The waves of the x-rays incident to the crystal compound create an oscillating electric field
that interacts with electrons of the compound atoms. The electrons coherently scatter the
incoming electromagnetic radiation. Diffraction occurs when the atoms arranged in a periodic
array scatter radiation at specific angles [18]. The incident angle of the X-rays is equal to that
of the reflected rays. The relationship of the angle and wavelength of the diffracted X-rays in

terms of reflection by the crystal planes is determined by Bragg’s law equation (3.4),

NnA = 2dSin(8) (3.4)
where 4 is the wavelength of the incident light rays, 6 is the angle of incidence, and d
represents the inter-planar spacing that sets the difference between the path and length for the

rays scattered from the top plane and the rays scattered from the next plane parallel to the top

one.
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3.4.4 Scanning electron Microscopy (SEM)

The scanning electron microscope (SEM) is a surface technique that is essentially designed to
characterize the size, shape and morphology of samples by scanning it with a high-energy
beam of electrons in a raster scan pattern [19]. This technique is equipped with an electron
gun, secondary electrons detector, BS detector, and a specimen holder. These important
components are enclosed inside the vacuum chamber. The electrons interact with the atoms
on the sample producing signals that contain information about the sample's surface
topography and composition. Secondary and backscattered electrons that come from the
specimen surface when it is irradiated by primary electrons from the electron gun within the
system are employed to produce specimen images. From secondary electron images we
obtain topographic contrast while backscattered electron images are used to extract
compositional differences on the surface [20]. The SEM technique can operate in connection

with energy dispersive spectroscopy (EDS).

In a distinctive SEM system, an electron beam is emitted from an electron gun fitted with a
tungsten filament cathode and these emitted electrons are directed and focused on the sample
by using an anode and various electromagnetic lenses between the electron gun and sample.
These projected electrons eject secondary and back scattered electrons when hitting the
sample. The ejected secondary and back scattered electrons from the sample are transferred

into electronic signal which is sent to the viewing screen, producing an image.

3.4.5 Energy Dispersive Spectroscopy (EDS)

However, the images from the SEM cannot definitively prove that the obtained
nanostructures actually consist of ZnO. Such information can be obtained from EDS, which
is most commonly attached to the SEM as explained above. EDS technique is useful in
identifying materials and contaminants, as well as estimating their relative concentrations on
the surface of the specimens. During EDS analysis, the specimen is irradiated with an
electron beam inside the SEM. The bombarding electrons collide with the specimen atoms
own electrons, knocking some of them off in the process. A position vacated by an ejected
inner shell electron is eventually occupied by a higher - energy electron from an outer shell.

Thus, by measuring the amounts of energy present in the X - rays being released by a
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specimen during electron beam bombardment, the identity of the atom from which the X-ray

was emitted can be established.

3.4.6 Ultraviolet Visible spectroscopy (UV-Vis)

UV-vis spectroscopy is the technique used to measure the attenuation of a beam of light after
it has passed through the sample or after reflection from a sample surface. It is well known
that the ultraviolet (UV) region ranges from 200 to 400 nm and the visible (Vis) region
extends from 400 to 800 nm. It is useful to characterize the absorption, transmission, and
reflectivity of variety of technologically important materials, such as pigments, coating,
windows and filters [21]. In absorption spectroscopy the amount of light that is absorbed is
measured as a function of wavelength. Both qualitative and quantitative information can be

obtained from the sample using this method.

Fundamentally, the spectrophotometer (single beam) consists of the following elements: a
light source (usually a deuterium lamp for the UV spectral range and a tungsten lamp for the
VIS and IR spectral ranges). In operation light source is focused on the entrance to a
monochromator, which is used to select a single frequency wavelength from all those
provided by the lamp source and scan over a desired frequency range, a sample holder,
followed by the light detector (usually a photomultiplier for the UV-VIS range and a SPb cell
for the IR range) to measure the intensity of each monochromatic beam after crossing the
sample. Lastly, this system consists of a computer to save the reflectance/absorption spectrum
[22].

3.4.7 Photoluminescence Spectroscopy (PL)

Photoluminescence spectroscopy (PL) is a powerful contactless, nondestructive technique of
physically probing the electronic structure of materials. PL is a very useful technique to
disclose the efficiency of charge carrier trapping, immigration and transfer in a
semiconductor [23]. The process of photoluminescence can be achieved using a laser, a
xenon lamp or synchrotron radiation to generate the electron hole pairs in the structure of a
sample, and the light from the source is focused to the sample using lenses. The results
obtained from detected emission are displayed as PL intensity as a function of the emitted

light wavelength. Generally, the photoluminescence emissions on semiconductor materials
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originate from the radiative recombination of photo-generated electrons and holes. The two
major photo-physical processes can give rise to photoluminescence signals. From PL
measurement, we can obtain a variety of material parameters, which includes band gap
determination, Impurity levels and defect detection, recombination mechanisms [24]. There
are so many advanced PL spectroscopy techniques which can be used to measure
photoluminescence, photoluminescence excitation centers and phosphorescent lifetimes.
Within  these  techniques we  have  “Hitachi F-7000 FLUORESCENCE
SPECTROPHOTOMETER” which uses xenon lamp as a source of excitation. The schematic
diagram for this system is presented in Figure 3.1 presenting the signal processing and

control System [25].

3.4.7.1 Operating principle

Signal processing and Control System

The light emitted from the Xe lamp enters the excitation side monochromator, and part of the
light from this monochromator is directed to the monitor detector by the beam splitter. All of
the drive components including wavelength motor, slit control motor and chopper motor, are
operated via signal from the computer. Output signals from the monitor detector and
fluorescence measuring detector (Photomultiplier) go through the A/D converter and are

processed by the computer, and then sent to the PC.

Monitor detector =\
Sample
Xe Lamp
Beam Splitte
Xe [,'a_m.p i Excitation side cam Spitter
Power Supply monochromator /

4 AN

|Ex slit motor -I EX Chopper (Shutter) EM slit motor - - :
wavelength motor r Emission side

B
motor
\ EM monochromator

Fluorescence
measuring detector
. (ph Itiplier)
rc LUsB
Main CPU 5 PU \i |
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SH2 S
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Figure 3.1 Schematic diagram of the PL system at UFS (Qwagwa campus) - (Signal

Processing and Control System).
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3.4.8 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface analytical technique well known as
electron spectroscopy for chemical analysis (ESCA) which makes use of photo-ionization
effect [26]. XPS aims at characterizing elemental composition, chemical state and the
electronic state of the elements on the specimen surface. In principle, when an X-ray beam
illuminates the surface of a specimen, the core electron of an atom on the surface will absorb
the entire X-ray photon energy. If the X-ray photon energy is higher enough, the core
electron will then escape from the atom and emit out of the surface with certain kinetic

energy called photoelectron. This technique is capable of simultaneous measuring of the

kinetic energy (E,) and number of electrons that escape from 1 - 10 nm of the material
surface being analyzed. The kinetic energy E, of these photoelectrons can be determined by
the X-ray photon energy (hv) and the respective binding energies ( E, ) in equation (3.5):
E.=hv—-E, (3.5)
The energy carried by a particular wavelength is equal to a known, and the electron binding

energy (BE) of emitted electrons can be measured using an equation (3.6):

E,=hv—E, —¢ (3.6)

and the binding energy is that of an electron emitted by electron configuration within the
atom, the photon energy being that of the X-ray used, kinetic energy is that of the

photoelectron and ¢ is the work function of the detector [27]. The binding energy of each

atom is unique; hence the energy peaks of different atoms have different energy positions.

XPS PHI 5000 versa probe using 100 um, 25 W and 15 kV Al monochromatic x-ray beam
was used to analyze the samples. It is a very sensitive system to the point that it can identify
almost all elements except hydrogen (H,) and helium (He) by measuring the binding energy
of its core electron. (H,) and (He) cannot be detected by XPS because their electrons come

from the valence band. This causes them not to have unique energy peaks [28 — 29].
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4
Phase formation of Hexagonal wurtzite ZnO through

<)

decomposition of Zn(OH), at various reaction

temperatures using CBD method

\/

4.1 Introduction

Most recently, the study on the luminescence behavior of the hexagonal wurtzite structure of
ZnO has attracted vast attention owing to its unique structural, optical, thermal, electrical, and
luminescence properties which can be exploited to manufacture promising phosphor
materials [1 — 4]. Within various disciplines of nano-research, the control of structure and
morphology has always been under extreme focus due to nanomaterials properties which are
usually size, shape and distribution dependent [5]. The dependence of ZnO properties on the
size and shape of the nanoparticles contributes towards various applications, such as
ultraviolet (UV) photodiodes [6], spin light emitting diodes [7] and solar cells [8]. ZnO is the
key inorganic material with novel applications in the field of nanoscience and
nanotechnology. Furthermore, the n-type semiconductor has many interesting applications
because of its optical transparency in the visible region [9]. It is well known that ZnO has
three stable structures, namely cubic rock-salt, zinc-blende and hexagonal wurtzite [10].
Among all metal oxide semiconductors ZnO is important both scientifically and industrially
due to its wide band gap of 3.37 eV, and large exciton binding energy of 60 meV at room
temperature (RT) [11 —12].

Numerous synthetic methods like sonochemistry [13], combustion method [14], sol-gel
method [15], and hydrothermal process [16] have been used to prepare ZnO nanoparticles at
high reaction temperatures. Some of these synthetic processes usually require long reaction
time, high temperature and some are not good with quality control [17]. To avoid some of
these challenges CBD method was used to prepare ZnO at low reaction time and temperature.
CBD is one of the best solution phase methods for synthesis of compound semiconductors
[18]. It is easy, cheap and user friendly because one can be able to vary parameters such as

PH, time, concentration and temperature [19]. The influence of the reaction temperature on
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the properties of ZnO has been reported by several research groups [20 — 21]. Kumar S et al.
[22] indicated that structure, morphology and luminescence properties of ZnO strongly
depend on the reaction temperature using hydrothermal route. Pawar B.N et al. [23] observed
only the strong near-band edge UV absorption at RT UV-vis results using the low
temperature CBD approach. The phase change in ZnO at different reaction temperatures has

never been reported before using CBD method to the best of our knowledge.

Therefore, the present study aims at preparing ZnO phosphor using CBD method at various
reaction temperatures. Agglomerated flakes-like particles were observed. The effect of these
particles on the structure, optical and luminescence properties was investigated as the
reaction temperature increases. The novelty in this study lies in the enhancement of the
ultraviolet-blue emission which is of great potential in light emitting and biological
fluorescence labelling applications. Due to advances in nanotechnology, it is valuable to
develop a phosphor material in the nano regime to absorb any form of energy and convert it

to visible light.

4.2 Results and discussions

4.2.1 TGA analysis

Figure 4.1 shows TGA curves that display the thermal behaviour of ZnO nanophosphors
prepared at different reaction temperatures. ZnO nanophosphors were found to undergo five
degradation processes. Initially all the samples degrade partially about ~ 2 % weight loss
from 50 — 90 °C due to evaporation of ethanol as the most volatile compound used. This
primary weight loss is followed by ~ 4 % loss in the temperature range 90 — 150 °C as the
result of the dehydration of water, but sample prepared at 55 °C extends to 175 °C as
compared to the others. Between 180 — 200 °C it was observed that ~ 10, 12, 13 and 16 %
weight losses corresponding to samples prepared at 55, 65, 75 and 80 °C, respectively. These
distinct weight losses were attributed to degradation of unreacted acetate ions. Thus it can be
clearly seen that acetate ions degradation increased with the increase in reaction temperature
and this can possibly be due to well dissolved zinc acetate at high reaction temperatures.
From 200 — 250 °C all TGA spectrums revealed ~ 3 % gradual weight loss assigned to the
thermal decomposition of ammonia. Finally the observed 4 % weight loss through all the

spectrums in the temperature range 252 — 430 °C is mainly due to phase transformation from
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Zn(OH),; to ZnO [24 — 25]. The weight loss processes ceased at ~ 430 °C and the stable
residues that extends to 700 °C was ascribed to crystallization of ZnO. The residual masses
during crystallization of material decreased from sample prepared at 55 °C throughout to
sample prepared at 80 °C. These decreases in the residual masses might be due to decreased
organic species with increase in the reaction temperature. Samples prepared at 65 and 75 °C
have moderate thermal stability compared to sample prepared at 55 °C. However, the thermal
stability of the ZnO prepared at 80 °C was slightly better than the rest, indicating that the
increase in reaction temperature increased the thermal stability of ZnO. Khan et al. [26]
reported decomposition of Zn(OH), into ZnO for the sample prepared at 70 °C in agreement
with XRD results.
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Figure 4.1 TGA curves of thermal decomposition of ZnO nanophosphors prepared by CBD
method at different reaction temperatures.

4.2.2 DSC analysis

Figure 4.2 shows DSC endotherm curves of ZnO nanophosphors prepared by CBD method
at different reaction temperatures. The melting and onset temperatures including peak

enthalpies from DSC together with percentage weight loss and residual mass percentage from
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TGA are summarized in Table 4.1. The melting temperature significantly decreases while the
melting enthalpy increases with an increase in the reaction temperature. There is still some
controversy on why the sample prepared at 65 °C showed increased melting temperature and
decreased peak enthalpies in contrast to the behaviour of other samples. The curves in Figure
4.2 confirm the decrease in the melting peak temperature as the reaction temperature
increases. The decrease in melting temperature can be assigned to reactivity of acetate ions at
high temperature which reduces packing of the atoms and inhibit the crystallization of ZnO
[27]. The intensity of the endothermic peaks decreases with the increase in the reaction
temperature but increased to the optimum level for the sample prepared at 80 °C. The sample

prepared at 80 °C has highest endothermic because it is well crystallized compared to the

others.
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Figure 4.2 DSC endotherm curves of ZnO nanophosphors prepared by CBD method at

different reaction temperatures.
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Table 4.1 Summary of DSC heating results for all investigated ZnO samples and TGA %

loss.

Samples Tm/ °C AHn/Jg '  OnsetTo/°C Total W.L% Residue %
ZnO (55°C) 176.73 19249  175.16 21.520 78.566
ZnO (65°C) 186.50 191.65  184.82 23.661 76.538
ZnO (75°C) 160.37 22753  157.64 25.811 74.274
ZnO (80°C) 122.03 409.35 120.39 29.226 70.858

4.2.3 XRD analysis

Figure 4.3 (a) represents the XRD pattern of the ZnO nanophosphors prepared by controlling

the reaction temperature, from 55 °C to 80 °C respectively.
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Figure 4.3 (a) XRD spectra of ZnO nanophosphors prepared by CBD method at different
reaction temperatures, (b) Detail of the (110) peak.

Two different phases were obtained at low and high reaction temperatures. At low reaction
temperature 55 °C there are mainly three diffraction peaks at 20 values 33.5%, 59.5°, and 69.6°
marked with asterisks (*) which are indexed to Zn(OH), phase with data from JCPDS card
no. (38-0356). It can be clearly seen that by increasing the reaction temperature to 65 and 75

°C the Zn(OH), peaks diminishes while ZnO peaks prevails. The sample prepared at
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maximum reaction temperature 80 °C reveals nine diffraction peaks around 31.8°, 34.5°,
36.4°, 47.5° 56.2° 62.9°, 66.4° 68.0° and 69.1° corresponding to ZnO phase. This nine
diffraction peaks indexed to hexagonal wurtzite structure of ZnO are in agreement with data
from JCPDS card no. (36-1451) with lattice constants a = 3.249 A and ¢ = 5.206 A.

Lattice constants a = 3.240, 3.257, 3.259 and 3.261 A and ¢ = 5.193, 5.217, 5.223 and 5.224
A corresponding to 55, 65, 75 and 80 °C reaction temperatures were estimated from (100) and
(002) diffraction peaks. The above estimated lattice constants slightly increased as the
reaction temperature increases and they respectively match with hexagonal wurtzite ZnO
lattice constants. Despite this diffraction peaks no additional characteristic peaks
corresponding to precursors such as zinc acetate were observed, which shows the formation
of pristine ZnO at high reaction temperature 80 °C. These results indicate that temperature
played an important role in the formation of hexagonal wurtzite ZnO crystal structure.
Furthermore, the average crystalline size was estimated using Debye Scherrer’s equation
(4.1) [28],
094
PCos(0)
with the full width at half maximum (FWHM) at the line broadening of (100), (002), (101),
(102), (110) and (103) reflections for the samples prepared at 65, 75 and 80 °C temperatures.

(4.1)

In equation (4.1) A represents the wavelength of Cu-Ka which is equal to 1.5406 A, £ is the
(FWHM) in radians, 6 is the Bragg’s diffraction angle in degrees. The estimated average
crystal sizes in nm were 23.9, 17.0 and 24.1 corresponding to 65, 75 and 80 °C reaction
temperatures respectively. The estimated crystalline size fluctuates as reaction temperature
increases and increased to maximum at highest reaction temperature of 80 °C due to

narrowing of diffraction peak.

Kumar et al. [20] observed an increase in average particle size when increasing temperature
of Teflon (hydrothermal synthesis). The intensity ratio, I(yo2)/I(101) Of the peaks presenting
(002) and (101) is equal to 0.70 which is higher than the corresponding standard value of 0.44
of bulk hexagonal wurtzite ZnO [29]. This ratio determines the preferred orientation of ZnO
structure [30]. From Figure 4.3 (a) it is clearly seen that all diffraction intensities for sample
prepared at 75 °C match perfectly with reference data from JCPDS card no. (36-1451). But
(002) diffraction intensity for samples prepared at 65 °C and 80 °C does not match with the
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reference data. This may be due to high intensity ratio 0.70, thus in our results ZnO
prefers (002) orientation. From Figure 4.3 (b) the (103) orientation reveals a tiny shift to the
lower diffraction angle when the reaction temperature increases. This corresponds to the
increase in lattice spacing as Zn(OH), decomposes into the ZnO. Furthermore, the
diffraction peak becomes narrower and intense. Thus, increasing the reaction temperature
improved crystallinity of ZnO. Figure 4.4 represents XRD diffraction spectra of ZnO
prepared at 55 °C with two phases presented with two different JCPDS standard cards as

explained in Figure 4.3(a).
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Figure 4.4 ZnO nanophosphors prepared at 55 °C with JCPDS cards corresponding to

observed diffraction peaks.

4.2.4 SEM analysis

The surface morphology of the ZnO nanophosphors, prepared by CBD method under low and
high reaction temperature conditions, analyzed by SEM is shown in Figure 4.5 (a) and (b).
The SEM images clearly indicate that there are variations in the surface morphology of ZnO
nanophosphors depending on the reaction temperature. The SEM image in Figure 4.5 (a)
demonstrates incomplete non-uniform flakes highly agglomerated around the spherical
nanoparticles. It is interesting to observe that the spherical nanoparticles disappeared when
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the reaction temperature is 80 °C and fully flakes-like morphology remains as shown in
Figure 4.5 (b). It can be noted that the sphere-like structures accumulates and stack on each
other to give the overall appearance of flake-like morphology [31]. Hence at 80 °C the
nanoflakes are uniform. The results illustrate that temperature acts as a structure-directing
parameter, significantly gathering sphere-like structures together to form flakes-like structure.
The formation of flakes-like morphology can be attributed to the increase in the reaction

temperature of ZnO nanophosphors.

Mag F—— tim
¥ 20000
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Figure 4.5 SEM images of ZnO nanophosphors prepared using CBD method at different
reaction temperatures (a) 55 °C and (b) 80 °C.

Furthermore, the observed change in XRD structure wherein Zn(OH), decomposed into
hexagonal wurtzite which agrees with the observed morphology. Nevertheless, the
mechanism for the formation of nanoflakes at different reaction temperatures can be clearly
explained by chemical process of CBD. It was anticipated that at longer reaction temperature
nanoparticle growth would occur leading to change in surface morphology. Sreekantan et al.
[32] obtained ZnO with different morphologies from spherical nanoparticles to nanoflakes.
Thus the observed spherical nanoparticles are expected to be the building blocks in the
formation nanoflakes morphology. It is believed that the radius of the small spherical
nanoparticles increases linearly with reaction temperature. As the spherical nanoparticles
grow, there is an increase in the phase boundaries and the nanoparticles comes into contact
with one another, thus forming well pronounced nanoflakes morphology. In terms of
morphology, Adnan et al. [33] reported nanoflakes of almost the same size being the key

factor influencing the efficiency of ZnO. Guzman et al. [34] observed the change in
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morphologies of synthesized ZnO from flake like to flower like morphologies using aqueous

precipitation method at 60, 70 and 80 °C of reaction temperature.

4.2.5 EDS analysis

Figure 4.6 Shows chemical stoichiometry of ZnO nanophosphors prepared at 55 and 80 ° C
reaction temperatures. The results presented in Figure 4.6 (a) and (b) shows that the prepared
material contains Carbon (C), O and Zn elements. The observed C was probably coming from
the adventitious carbon which comes from the atmosphere and the conducting carbon tape
used to mount the samples. Apart from those elements no other impurities are present in the
sample. In Figure 4.6 at the top right corners there is a bar graph comparing the weight % of
elements in the samples. The concentration of Zn and O are ~ 77 and ~ 23 % in Figure 4.6
(a) while the concentrations of Zn and O are ~ 80 and ~ 20 % in Figure 4.6 (b), respectively.
When comparing both samples prepared at 55 and 80 °C, it is clear that the amount of Zn

increased while O decreased with an increase in the reaction temperature.
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Figure 4.6 EDS spectra of ZnO nanophosphors prepared using CBD method at (a) 55 and
(b) 80 °C reaction temperatures.

8.2.6 Reflectance analysis

UV-vis spectroscopy is a technique used to determine the optical properties of nanoparticles.
The reflectance spectrum of ZnO nanophosphors recorded as the function of wavelength in

the wavelength range 200 - 800 nm prepared at different reaction temperatures is shown in
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Figure 4.7. It is evident that all the nanophosphors exhibit an absorption edge at about ~ 370
nm and this edge shifts slightly to the higher wavelength with an increase in the reaction
temperature. The absorption edge at around ~ 370 nm is assigned to intrinsic band-gap
absorption of ZnO due to the electron transitions from the valence band to the conduction
band (O2p — Znag) [35].

Furthermore this red shift indicates the shrinkage effect in the band gap energy. Jaber et al.
[36] obtained ZnO which exhibit high absorption band in the UV region (wavelength < 380
nm). The percentage reflectance of the ZnO nanophosphors in the visible is found to decrease
considerably from 94 % to 80 % when the reaction temperature is increased from 55 °C to 80
°C. Thus the loss in the percentage reflection suggests that this material can be suitable for
anti-reflection coating because material absorb more with the increase in reaction temperature
[37].
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Figure 4.7 UV-vis reflectance spectrum of the CBD synthesized ZnO nanophosphors at

different reaction temperatures.
Figure 4.8 represents the relationship (Khv)? versus (hv) from which the optical band gap

of the nanophosphors was determined by extrapolating the linear part of the spectrum.

Equation (4.2) is used to perform the Kubelka—Munk transformation of diffuse reflectance.
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From equation (4.2) K is the reflectance transformed according to Kubelka—Munk, h is

K (4.2)

Planck constant, v is the light frequency, and R is reflectance (%) [38 — 39].

Figure 4.8 represents the plot of (Khv)? versus (hv) for ZnO nanophosphors prepared at
55, 65, 75 and 80 °C reaction temperatures which produced values of energy band gap of
3.27, 3.24, 3.20 and 3.15 eV. Thus the band gap energy of zinc oxide was found to be
dependent on the reaction temperature because it decreased with the increase in the reaction
temperature. Kathalingam et al. [18] also observed a decrease in band gap energy of ZnO as

the reaction temperature increases using CBD method.
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Figure 4.8 Plot to determine the band gap energy of flower-like ZnO nanophosphors
prepared by CBD method at different reaction temperatures using relationship (K * hv) /2 =
f(hv).

The effective mass model was used to derive equation (4.3) [40], used to calculate the

particle size.
10240.72
- —0.3049\/— 26.23012+W (4_3)
r(nm) =
_ 6.3829 4 24832
A, (Nnm)
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From UV — Vis reflectance spectra in Figure 4.7, the particle size was determined using
equation (3) where 4, (nm) indicates the wavelength of the absorption edge. The obtained
particle sizes are 6.90, 8.10, 11.6 and 17.4 nm corresponding to 55, 65, 75 and 80 °C reaction
temperatures. It can be clearly seen that the particle size increases with the increase in the
reaction temperature. The increase in particle size is a result of red shift in the absorption
edge due to decreasing quantum confinement [41]. Soosen et al. [42] also observed the
increase in the particle size when the temperature increases. As a result it can be concluded
that the energy band gap decrease as the particle size increases and this is also in good

agreement with confinement effects of nanoparticles.

4.2.7 Photoluminescence Analysis

Figure 4.9 (a) shows the PL spectra of ZnO prepared at different reaction temperatures. The
broad deep level emission that starts from UV to the visible region (350 — 800 nm) with the

maximum peak at ~ 475 nm is observed.
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Figure 4.9 (a) PL spectra of ZnO prepared at different reaction temperatures, (b)
Normalized temperature dependent PL emission spectrum of ZnO nanophosphors prepared

at different reaction temperatures.

The PL emission intensity for the sample prepared at 55 °C reaction temperature was the

maximum. The decline in PL emission intensity was observed when increasing the reaction
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temperature to 65 °C. The luminescence efficiency decreased further with the increase in
reaction temperature whereby we observed slightly equal intensities for samples prepared at
75 and 80 °C. The blue emission at ~ 475 nm is assigned to Zn(OH), as confirmed by XRD
and TGA results. Thus, the sudden decrease in luminescence intensity may be due to the
decomposition of Zn(OH), into ZnO. Florica et al. [43] attributed the quenching of
luminescence emission to dehydration of Zn(OH), during formation of ZnO when using

chemical methods including CBD.

Figure 4.9 (b) shows the normalized temperature-dependent PL emission spectra of the ZnO
nanophosphors to study the effect of reaction temperature on peak positions. Three emission
peaks can be seen at the same position ~ 475 nm for samples prepared at 55, 65 and 75 °C
while emission for sample prepared at 80 °C is positioned at ~ 526 nm. The emergence
of green emission at ~ 526 nm is due to formation of pure ZnO. Al-Azri et al. [44] obtained
the green emission which decreased with the increase in the synthesis temperature. Heo et al.
[45] reported that green emission is usually observed in ZnO samples prepared in the

environment with insufficient oxygen which gives rise to oxygen vacancies (v,) and such
emission was attributed to donor v, — acceptor v, recombination. In the present study, the

prepared ZnO using CBD method was without any reducing atmosphere. The environment
was not oxygen deficient so the presence of oxygen vacancies is very unlikely. Thus the
observed green emission at ~ 526 nm is attributed to radiative transition from conduction

band to the edge of the acceptor levels of oxygen antisiteso,, caused by o, as reported by

Murphy et al. [46].

As seen in Figure 4.9 (b), the peak positions are red-shifted from blue emission ~ 475 nm to
green emission ~ 526 nm with the increase in the reaction temperature. The red-shift of the
emission bands can be associated to the increase in the particle size of ZnO with the increase
in the reaction temperature as seen in the UV-Vis results. Furthermore, when increasing the
reaction temperature all emission spectra are broadened. The possible reason for broadening
of PL emission spectra may be related to the increase in concentration of defect related
emissions with the increase in reaction temperature. There are many theoretical studies about
the broadening of the visible emissions in ZnO, and some studies assigned it to Purcell effect

[47 — 48]. The Purcell effect states that, the PL enhancement and broadening in the green
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spectral region is due to spontaneous emission rates of atoms when they are matched in a

resonant cavity [49].

Figure 4.10 illustrates the Commission Internationale de I’Eclairage (CIE) chromaticity
diagram of ZnO nanopowders prepared at different reaction temperatures calculated using
photoluminescence data and color calculator software. It can be seen from the figure that the
PL CIE coordinates (X, y) of (0.215, 0.273), (0.215, 0.257), (0.254, 0.295) and (0.296, 0.332)
correspond to 55, 65, 75 and 80 °C, respectively with the shade of the blue region. The
coordinates are shifted toward the near white light with the increase in reaction temperature.
This is because the emission peaks in Figure 4.9 (b) are red-shifted. Thus, this indicates that

reaction temperature play a major role in tuning the emission of ZnO.
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Figure 4.10 CIE diagram of ZnO nanophosphors prepared at various reaction temperatures.
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4.3 Conclusion

The ZnO nano-powders were prepared successfully by CBD method at low bath temperature
ranges from 55 to 80 °C for 10 minutes per sample. The following changes were observed:
structure, surface morphology and optical properties of ZnO. By increasing the reaction
temperature Zn(OH), decomposed into ZnO and the thermal stability was improved. The
melting temperatures were observed to decrease with the increase in reaction temperature due
to crystallization of ZnO. From the XRD pattern there is an improvement in structure as
reaction temperature increases, and Zn(OH ), decomposed into ZnO. Morphological changes
were observed with the increase in the reaction temperature. Spherical shapes accumulate
with flakes like shapes to form the complete nanoflakes morphology. The EDS analysis
confirmed that the prepared material consisted of pure ZnO. Absorption band of ZnO can be
controlled by changing the reaction temperature. When reaction temperature increases
absorption edge shifts to high wavelength and as a result the band gap energy decreases. Due
to the increase in the reaction temperature ZnO emission was quenched and we observed red
shift in the peak positions. Based on our studies, conclusion can be reached that reaction
temperature has a great influence on properties of ZnO. It is found that by varying the

reaction temperature we can tune the structure and band gap of ZnO nanophosphors.
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5
Effect of reaction time on structural, morphology and
optical properties of ZnO nanoflakes prepared by

chemical bath deposition method

\—/

5.1 Introduction

Owing to their unique optical and luminescence properties, one-dimensional (1D) ZnO
nanostructures have received great attention in the past decade. Photoluminescence (PL)
properties of ZnO nanostructures have been extensively investigated due to potential
application of these materials in light emitting devices [1]. These materials behave differently
from bulk semiconductors. With decreasing the particle size the band structure of the ZnO
semiconductor changes, the band gap increases and the edges of the bands split into discrete
energy levels. This process is called quantum confinement. But researchers have also found
band gap increases in some nanomaterial's having sizes far beyond the quantum confinement
regime [2]. Zinc oxide (ZnO) is an inorganic compound and occurs rarely in nature, generally
appears as a white crystalline powder, which is nearly insoluble in water. It has been under
intensive focus among the researchers because of its special properties such as high electron
mobility with undoped state, high thermal conductivity, good transparency, wide band gap ( ~
3.37 eV), large exciton binding energy (60 meV) and room temperature thermal excited
energy (25 meV) [3]. The following methods have been developed to prepare nanostructured
ZnO and include sol-gel [4], chemical bath deposition method [5], electro deposition [6],
microwave-assisted techniques [7], chemical vapor deposition [8], hydrothermal [9] and
precipitation methods [10]. In this study the ZnO nanoflakes were synthesized by the
chemical bath deposition method (CBD). CBD is one of the solution phase methods useful
for the preparation of compound semiconductors from aqueous solutions [11]. The CBD
method has several advantages such as the use of simple equipment, cost effective, less
hazardous and the low temperature reaction. The low reaction temperature makes this method
attractive and the particle properties such as morphology and size can be controlled via the
CBD process by adjusting the synthesizing time [12]. In this paper, ZnO samples were

successfully synthesized by the chemical bath deposition by varying the reaction times. The
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transformation of the amended cubic phase ZnO to hexagonal (wurtzite) phase was observed

for the first time.

5.2 Results and discussions

5.2.1 Structural and compositional analyses

Figure 5.1 shows the X-ray diffraction (XRD) patterns from ZnO particles produced in 1, 3,
5 and 10 min. At a short reaction time (1<t < 3) the modified cubic ZnO phase [13—15] has
three peaks at 33.51, 59.51, and 69.61, which are consistent with the literature data of JCPDS
21-1486. By increasing the synthesizing time the detected (h k 1) peaks are at 20 values of
31.81, 34.51, 36.41, 47.51, 56.21, 62.91 and 69.11 corresponding to the lattice planes (1 0 0),
(002),(101),(102),(110),(103)and (20 1) respectively, which are in agreement with
the standard JCPDS (card no. 361451) for hexagonal wurtzite ZnO except that the peaks

marked with a star that still represents the modified cubic ZnO structure.

§ §' § - = Zn'(_f)l (JCP[?: 36-1451)
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Figure 5.1 XRD patterns of ZnO nanostructures synthesized at different reaction times using
the CBD method.
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In order to evaluate the mean crystallite size of the particles, the Scherrer formula depicted in
equation 5.1 was used [16] to determine the crystallite sizes of the different ZnO particles.
From Scherrer formula D represents thickness of crystallite, K is constant dependent on
crystallite shape (0.89) A is X — ray wavelength (0.154 nm) 3 is FWHM (Full width at half
maximum) in radians and 6-scattering angle in degrees.
D—_ K4

SCos(0)

Two major diffraction peaks for all samples were chosen to estimate the average size of the

(5.1)

nanoparticles by the least square method. The estimated grain sizes are 24, 26 and 29 nm for
1 min, 5 min and 10 min. It is clear that the estimated grain sizes increases with an increase in
synthesis time. Thus the growth time during synthesis of ZnO by the CBD method plays an

important role on the ZnO nanostructure.

Figure 5.2 (a) and (b) shows the surface morphologies of the ZnO powders prepared at
various synthesis time ranging from 1 min to 10 min. The surface aspects of the SEM images
of both of the ZnO samples consist of agglomerated nanoflakes structures which appear non-
uniform for both. It is discovered that the increase in reaction time did not have a significant

effect on surface morphology.

Figure 5.2 SEM images of ZnO nanostructures synthesized at different reaction time (a) 1
min and (b) 10 min using the CBD method.
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5.2.2 Optical properties

The UV-visible reflectance spectra of ZnO nanostructures synthesized at various reaction
times is shown in Figure 5.3. The spectra of all the samples show good optical quality in the
visible range due to the complete reflectance in the 200—800 nm range. With increasing the
synthesis time, the reflectance in the UV region obviously decrease and the absorption edge
shifts slightly (circled part in Figure 5.3) to a longer wavelength region. The red shift of the
absorption peak should be due to quantum-size effects. The ZnO is a direct band gap
material. The energy band gap of these materials was estimated using the Kubelka—Munk

remission function in equation (5.2) [17],

K = G- R7 (5.2)

where K is reflectance transformed according to Kubelka—Munk, R is reflectance (%), hv is

the photon energy, Eis the band gap at n = 2 for direct transitions.
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Figure 5.3 The reflectance spectra of the ZnO nanoflakes synthesized at different reaction

times using CBD method.

In Figure 5.4 the energy band gaps were measured with the help of reflectance spectra
plotting graphs of (Khv)™ versus f(hv) [18]. However, it is notable that the absorption

spectra are composed of two absorption edges for samples synthesized for 5 and 10 min
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(Figure 5.4). The absorptions at the low energy side are ascribed to the absorption of bulk
ZnO nanostructures from which band gaps are estimated to be 3.34 + 0.06 and 3.26 + 0.07

eV for samples prepared at 5 and 10 min, respectively.

The dependence of the band gap energy of the ZnO on synthesis time is illustrated in Figure

5.5. It can be seen clearly that the band gap energy of the ZnO nanoflakes decay nearly

exponential with synthesis time. The highest band gap energy is obtained for sample

synthesized at 1 min, with its estimated band gap energy of 4.01+ 0.08 eV. The shift of

absorption edge and the change in band-gap energy may be attributed to the slight changes in

particle sizes.
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Figure 5.4 Plot to determine the band gap energy of ZnO nanoflakes prepared by CBD

method.
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Figure 5.5 Dependence of band gap energies of the ZnO nanoflakes on the reaction time.

5.2.3 Photoluminescence properties

The PL measurement of the ZnO nanostructures was carried out using a Xenon lamp. The
excitation spectra obtained by monitoring the emission of ZnO at around 473 nm is depicted
in Figure 5.6. It can be seen that the excitation spectrum consists of a broad band with a
maximum peak at 316 nm whose intensity decreases with the increase in reaction time. The
excitation peak corresponds to the band to band transition in the band gap of ZnO
nanoparticles [19].

Figure 5.7 shows the photoluminescence emission spectrum of the ZnO nanoflakes
synthesized at various reaction times, excited by the 316 nm wavelength. One obvious broad
peak is observed; the blue emission band is from 375 nm to 675 nm and the center value is
473 nm, which ascribed to electron transitions from Zn; to V,,, [20]. Lin et al. [21] calculated
the energy levels of intrinsic defects in undoped ZnO and figured out the energy level draft of
the intrinsic defects. The maximum emission intensity was obtained for the ZnO nanoflakes
synthesized for 1 min. The location of blue emission does not change while the intensity has

become weaker with increase in synthesis time. A possible reason for the blue emission
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diminishing may be related to increase in particle size with increasing synthesis time which

causes an increase in surface defect density.

Figure 5.8 shows the plot of intensity versus the reaction time for ZnO prepared by the CBD
method. It can be seen clearly that the luminescence intensity in the visible region decay
nearly exponential with synthesizing time. The higher reaction time resulted in a substantial

decrease in luminescence intensity.
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Figure 5.6 PL excitation spectra of ZnO nanoflakes emitted at A,,,, = 473 nm.

64



350

300 -

- N N
a1 o a1
o o o
1 1 1

Intensity (a.u.)

100 -

50 -+

_x o 316 nm

1 min
— = 3 min

5 min
— + = 10 min

e IR

\
.\*

350 400

450

500 550 600 650
A

nm

Figure 5.7 PL emission spectra of ZnO nanoflakes excited at A, = 316 nm.
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Figure 5.8 The effect of time on luminescence intensity of ZnO nanoflakes synthesized at

different reaction times.

65



5.3 Conclusion

The CBD method was successfully used to prepare ZnO nanostructure at different reaction
times. Increasing reaction time showed a noticeable effect on structural, morphological,
optical and luminescence properties of ZnO. XRD showed that as the synthesizing time
increased the modified cubic phase of ZnO changed to hexagonal wurtzite ZnO. SEM images
depict homogenous agglomerated ZnO nanoflakes. UV spectroscopy showed that the highest
band gap energy is obtained at ZnO synthesized for 1 min, with its estimated band gap energy
of 4.01+ 0.08 eV. The band gap energy of the ZnO nanoflakes decreased with an increase in
the reaction time. The PL intensity was found to be a maximum for ZnO nanoflakes
synthesized for 1 min and thereafter luminescence intensity decreased with an increase in

reaction time.

66



5.4 References

[1]

[2]

[3]
[4]

[5]
[6]

[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

H.J. Zhou, M. Wissinger, J.F. Allert, R. Hauschild, F.S telzl, C. Klingshirn, H. Kalt,
Appl. Phys. Lett. 91 (2007) 181112 - 1 —181112-3

C.W. Chen, K.H. Chen, C.H. Shen, A. Ganguly, L.C. Chen, J.J. Wu, H.l. Wen, W.F.
Pong, Appl. Phys. Lett. 88 (2006) 241 905-1 — 241905-3

J.P. Borah, J. Barman, K.C. Sarma, Chalcogenide Lett. 5 (2008) 201 — 208

M.S. Takumoto, S.H. Pulcinelli, C.V. Santilli, V. Briois, J. Phys. Chem. 107 (2003)
568 — 574

L.F. Koao, F.B. Dejene, R.E. Kroon, H.C. Swart, J. Lumin. 147 (2014) 85

A.B. Moghamad, T. Nazari, J. Badraghi, M. Kazemzadeh, Int. J. Electrochem. 4
(2009) 247 — 257

X.L. Hu, Y.J. Zhu, S.W. Wang, Mater. Chem. Phys. 88 (2004) 421-426

J.J. Wu, S.C. Liu, Adv. Mater. 14 (2002) 215 — 218

H.J. Zhai, W.H. Wu, F. Lu, H.S. Wang, Mater. Chem. Phys. 112 (2008) 1024 — 1028
M. Bitenc, M. Marinsek, Z. C. Orel, J. Eur. Ceramic. Soc. 28 (2008) 2915-2921

P. Duran, F. Capel, J. Tartaj, C. Moure, Adv. Mater. 14 (2002) 137 — 141

J.K. Behera, MSc thesis, National Institute of technology, India. pp. 11 — 35

T.H. Aeugle, H. Bialas, K. Heneka, W. Pleyer, Thin Solid Films. 201 (1991) 293-304
M. Parhizkar, N. Kumar, P.K. Nayak, S. Singh, S.S. Talwar , S.S. Major, R.S.
Srinivasa, J. Colloids and Surfaces A: Physicochem. Eng. Aspects 257-258 (2005)
445 — 449

Y. Liao, X. Wu, Z. Wang, Y.F. Chen, J. Solid. Sate. Chem. 184 (2011)1603 — 1607

G. RangaRao, H. RanjanSahu, Proc. Indian Acad. Sci. (Chem. Sci). 113 (2001) 651 —
658

J. Tauc, R. Grigorovici, A. Vancu Sharma, Phys. Status Solidi. 15 (1966) 627 — 629
M. Xiangyang, Z. Hui, J. Yujie, X. Jin, Y. Deren, Mater. Lett. 59 (27) (2005) 3393 —
3397

W.Q. Peng, S.C. Qu, G.W. Cong, Z.G. Wang, Mater. Sci. Semicond. Process. 9
(2006) 156 — 159

M. Willander, O.Nur, J.R. Sadaf, M.l. Qadir, S. Zaman, A. Zainelabdin, N.Bano, I.
Hussain, Mater. 3 (2010) 2643

B.X. Lin, Z.X. Fu, Y.B. Jia, Appl. Phys. Lett. 79 (2001)7

67



@

o)

6

of ZnO nanoparticles via chemical bath deposition

Influence of zinc acetate concentration in the preparation

\/

6.1 Introduction

Zinc oxide (ZnO) is a metal oxide semiconductor material with wide direct band gap energy
equal to 3.37 eV [1]. It is an n — type semiconductor which has a moderate high exciton
binding energy of 60 meV at room temperature [2]. This large exciton binding energy
indicates that efficient excitonic emission in ZnO can persist at room temperature and higher
[3]. From the first half of the 20th century ZnO has been under great focus even up-to-date it
is still drawing attention due to its unique structure and morphology [4]. This wurtzite n —
type semiconductor has potential applications because of various properties that include good
transparency, high electron mobility, and strong room temperature luminescence [5].

Simply because ZnO has good optical properties it can be used in solar cells and light
emitting devices [6]. Recently nanotechnology is playing a major role in optimizing metal
oxide for various applications in the fields such as electronics, material science and optics [7].
Lifen et al. [8] showed that ZnO has different morphologies ranging from the hexagonal
shape up to the rhombohedron shape which can be obtained by different methods of
preparation. Several techniques have been employed recently to prepare ZnO and include

solution combustion method [9].

Three dimensional flower-like morphologies have been synthesized through facile
hydrothermal process by Lu et al. [10] at 95 °C for 24 hrs who obtained well dispersed
flower-like ZnO structures. Koao et al. [11], reported on the Properties of flower-like ZnO
nanostructures synthesized using the chemical bath deposition (CBD) technique. They found
that by varying the amount of ZnAc there was no change in morphology and crystal structure,
due to high concentration of ZnAc that was used. Following the work of Koao et al. [11], we
prepared ZnO at low ZnAc concentration to study its influence on structural, morphology,
optical and luminescence properties using CBD technique.

The current study confirms the consistency of CBD method for the formation of flower-like

morphology. The CBD method is preferred due to sample preparation at low temperature and
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it is relatively inexpensive way of preparation hence it provides a good control of particle size

and a uniform morphology.

6.2 Results and discussions

6.2.1 Structural analysis

Figure 6.1 (a) presents the XRD patterns of ZnO prepared at various concentrations of ZnAc
ranging from 0.1 to 0.2 M. All the XRD diffraction peaks observed between 0.1 to 0.18 M
match with hexagonal wurtzite structure JCPDS card no. 36-1451, with calculated average
lattice constants a = 3.245 A and ¢ = 5.177 A. There was no effect on lattice constants as
ZnAc concentration increases. At higher ZnAc concentration 0.2 M there is a mixture of ZnO
diffraction peaks marked with circles (°) and ZnAc diffraction peaks marked with asterisks
(*). The Scherrer’s equation [12], was employed to estimate the ZnO mean crystalline size
using the full width at half maximum (FWHM) of all the diffraction peaks. The average
estimated mean crystalline size of ZnO powders was ~ 23 nm, and there was no change in the
crystalline size when increasing ZnAc concentration. From Figure 6.1 (b) it is observed that
the preferred (101) orientation of the ZnO powders, have slightly shifted to higher diffraction
angles when the ZnAc concentration was increased. This corresponds to the decrease in

lattice spacing with more Zn®" ions incorporated into the ZnO.
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Figure 6.1 XRD patterns of (a) ZnO nanoparticles prepared at different concentrations of
ZnAc using the CBD method as well as the JCPDS standard spectrum, (b) Detail of the
(101) peak.
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6.2.2 SEM analysis

The SEM images of the ZnO nanoparticles prepared using the CBD method by varying ZnAc
concentration are shown in Figure 6.2 (a) — (d). In Figure 6.2 (a) the image reveals highly
agglomerated flower-like particles for the samples prepared at the low concentration of ZnAc
0.1 M. The image in Figure 6.2 (b) shows a slight increase in size of flower — like particles
for 0.14 M concentration. Figure 6.2 (c) shows a sample prepared at 0.18 M concentration
with more pronounced flowers in which big voids occurs. Such voids are also available in
between flower-like structures presented in Figure 6.2 (a) and (b), and are caused by the
evaporation of water molecules when drying the samples and the addition of ZnAc created
more surface defects. With increasing the ZnAc concentration to 0.2 M we observed an
alteration in the structure wherein small flower-like structures are grown on big diamond like
structure as shown in Figure 6.2 (d). We assume that the observed big chunks are caused by
the unreacted ZnAc. When comparing the results presented from Figure 6.2 (a) — (c) it can
be seen that the morphology is non-uniform flower-like structures, except for the sample

prepared at 0.2 M which also showed ZnAc impurities in the XRD spectrum.

Figure 6.2 SEM images of ZnO nanoparticles prepared at different concentrations of ZnAc
using the CBD method, (a) 0.1 M (b) 0.14 M (c) 0.18 M and (d) 0.2 M.
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6.2.3 UV-vis analysis

Figure 6.3 shows diffuse reflectance measurements of the ZnO nanoparticles in the
wavelength range 200 — 800 nm. The percentage reflectance in the visible region increased
from ~ 78.5 % at 0.1 M and reached ~ 94.7 % maximum at 0.14 M ZnAc concentration. This
indicates that the ZnO absorbs more at low ZnAc concentration. When increasing the ZnAc
concentration from 0.1 M to 0.18 M we observed no shift in the absorption band. As
illustrated in Figure 6.3 there is a blue shift in absorption band for the sample prepared at 0.2
M ZnAc concentration. This blue shift may be due to ZnAc impurities observed in the XRD
spectrum and the formation of diamond like structure observed in the SEM morphology at

0.2 M ZnAc concentration.
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Figure 6.3 shows the comparison between diffuse reflectance curves of the ZnO prepared at
different concentrations of ZnAc.

The optical band gaps (Eg) for the ZnO powders was calculated from the Kubelka Munk’s
function [13], by extrapolating the linear portion of the graph to (Khv)? = 0 as shown in
Figure 6.4. It is demonstrated in Figure 6.4 that the optical band gaps (Eg) shows no
appreciable change for ZnO powders prepared at 0.1 to 0.18 M ZnAc concentrations. The
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non-change in band gaps can be because of no change in crystalline size when increasing
ZnAc concentration. The average estimated energy band gap for ZnO powders prepared at
0.1 to 0.18 M ZnAc concentrations is ~ 3.20 eV. The inset in Figure 6.4 shows the increase
in band gap for the sample prepared at 0.2 M ZnAc, which is equal to ~ 4.60 eV. The
increase in band gap energy due to increase in the ZnAc to 0.2 M concentration also relates to

ZnAc impurities and structural morphology observed in Figure 6.1 and Figure 6.2 (d).
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Figure 6.4 Estimate of the direct energy band gap of ZnO for different concentrations of
ZnAc.

6.2.4 Photoluminescence analysis

Figure 6.5 shows the room temperature PL spectra of the obtained ZnO flower-like structure
prepared at different concentrations of ZnAc. It can be seen that the emission spectrum
consist of a broad band in the visible region with two observable peaks. The PL spectrum for
the sample prepared at the low ZnAc concentration of 0.1 M exhibits a dominant band
emission in the blue region at ~ 450 nm, and a weak green band emission at ~ 528 nm. The
luminescence band emission at ~ 450 nm is caused by the electronic transitions from zinc

interstitial levels (Zn;) to the valence band [14].The observed weak green emission at ~ 528
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nm has been attributed by several authors to the oxygen vacancies (Vo) [15], therefore the
green emission is due to radiative recombination of photo generated hole with an electron
occupying the oxygen vacancy at the local level in the band gap [16]. It is clear that with
increasing ZnAc concentration from 0.1 M to 0.18 M the blue emission is quenched while the
green emission is enhanced, and there is a small red-shift in the green emission. This
phenomenon can be clearly seen in the inset in Figure 5 wherein the spectra for 0.2 M ZnAc
is not included. Further increasing of the ZnAc concentration to 0.2 M enhanced the
luminescence intensity, indicating an increase in the density of defects such as zinc interstitial

(Zn;) and oxygen vacancies (Vo) within the ZnO nanoparticles.
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Figure 6.5 Room temperature PL spectra for ZnO flower-like structure prepared at different
concentrations of ZnAc.

Gaussian fits were performed on the PL spectrum of ZnO prepared at 0.1 M ZnAc
concentration as shown in Figure 6.6. The de-convoluted spectrum shows two peaks centred
at ~ 440, and ~ 520 nm except the peak centred at ~ 450 nm observed in Figure 6.5 above. It
is well known that a visible emission of zinc originates from intrinsic and structural defects
[17]. The blue emission is observed at ~ 440 nm because of surface defects in ZnO, this

emission is attributed to Zn interstitials (Zni) [18]. The weak green emission observed at ~

73



520 nm is well attributed to singly ionized oxygen vacancy in ZnO [19]. The weak green
emission at ~ 520 nm typically associated with the recombination of electrons trapped in

singly ionized oxygen vacancy (V,") with photo generated holes [20].
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Figure 6.6 De-convoluted spectra of ZnO sample prepared at 0.1 M ZnAc concentration.

6.3 Conclusion

ZnO nanoparticles were successfully prepared using CBD method by varying molar
concentrations of the ZnAc. There was no change in the crystalline size when increasing
ZnAc concentration. Non-uniform flower-like structure indicated that the morphology cannot
be completely controlled by the ZnAc concentration. UV-vis spectroscopy shows no
appreciable change in band gap energy of the flower-like structure when the ZnAc
concentration increases. PL showed that the emission of the ZnO nanoparticles also depends

on the ZnAc concentration.
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The influence of annealing temperature on

luminescence properties of ZnO nanopowders prepared

by chemical bath deposition method

\_/
7.1 Introduction

In the recent years wide band gap semiconductors such as ZnO are extensively studied by
nano-scientists at the nanometer scale in order to optimize and widen the applications of
nanomaterials. ZnO is a compound that is composed of group Il and group IV elements, and
it is mainly important because of its wide direct band gap of 3.37 eV and a large exciton
binding energy of 60 meV [1]. Extensive experimental and theoretical studies have been
conducted on ZnO due to its outstanding properties such as electrical, optical and
luminescence which depends on the size of the nanomaterials [2 — 4]. ZnO is the active
subject of research in nanoscience and nanotechnology [5], and it is commercially used as a
phosphor for cathode ray tubes in flat panel displays [6]. Its applications include luminescent
materials [7], and it consists of the visible light emission which is mainly important for white
— light emitting diodes (WLEDs) [8].

Nano-sized ZnO materials have been prepared by various methods, such as wet chemical
methods [9 — 10], combustion method [11], sol-gel method [12] and pulsed laser deposition
(PLD) [13]. But these methods are too expensive, they take long periods to synthesize and
usually require high temperature. The influence of the annealing temperature on the
properties of ZnO has been reported by several research groups [14, 15]. But to the best of
our knowledge, there is no report available on the influence of annealing temperature on the
ZnO prepared using the chemical bath deposition (CBD) method on phosphor powder
materials. Huang W-Y et al. [16] showed that the CBD method is good with crystal
distribution for the formation of homogenous ZnO membrane and thermal annealing
temperature has the effect of enhancing the crystal structure. Nehru et al. [17] reported the
drastic increase in the blue emission intensity of ZnO influenced by the increase in annealing

temperature.

In the present study, ZnO nanoparticles were synthesized by the CBD method, which is a

simple approach with a low cost to synthesize ZnO nanoparticles at a low reaction
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temperature. The CBD was the preferred choice because it is one of the solution phase
methods useful for the preparation of compound semiconductors from aqueous solutions [18].
The effect of annealing temperatures on the crystal structure, morphology, optical and
luminescence properties of ZnO synthesized by CBD are investigated. The novelty of this
study lie’s in the possibility that ZnO nanopowders with low intensity prepared by CBD

method might be used as a source for blue light in LED’s in future.

7.2 Results and discussions

7.2.1 Thermal TGA analysis

The TGA of the dried as-prepared ZnO nanopowders is shown in Figure 7.1. The TGA
traces of the ZnO shows an initial ~ 4 % weight loss from 70 — 120 °C, which is attributed to
Zn(OH), decomposition [19]. It is followed by gradual weight loss of 15 % from 120 - 160
°C, which corresponds to the loss of surface adsorbed water. The further 2% weight loss in
the range 220 — 350 °C is assumed to be due to decomposition of unreacted zinc acetate. A
gradual weight loss of ~ 5 % is observed in the range 310 - 430 °C and is assigned to
dehydration of residual ammonia and nitrate ions, and in the range 380 - 440 °C there is 3%
weight loss which is due to the volatilization and combustible organic species present in the
ZnO nanopowders [20]. The slightly clear plateau is observed in the temperature range 460 —
700 °C indicating that the ZnO nanopowders starts to become thermally stable without further
weight loss. Hence the as-prepared ZnO nanopowders were annealed at 600 °C for
crystallization. Motloung et al. [21] indicated that the minimum annealing temperature to
start forming metal oxide such as ZnO is 400 °C. Thus, the annealing temperature needs to be
higher than 300 °C to remove all impurities and to improve the crystal structure of ZnO.
These results agree with what is experimented in XRD analysis wherein Zn(OH), peaks are
removed after annealing and decomposed crystalline ZnO is formed by annealing at 600 °C.
The observed high residual yield could be due to the annealing temperature being just above

the crystallization temperature of ZnO.

7.2.2 Thermal DSC analysis

Figure 7.2 shows the DSC spectra of the as-prepared ZnO nanopowders. The DSC spectra

show an endothermic peak around 155 °C with the onset temperature of 153 °C together with
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enthalpy of 240.55 J/g. The observed endothermic peak is attributed to conversion of zinc

hydroxide to zinc oxide [22]. This illustrates that the decomposition of OH ™ has taken place.
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Figure 7.1 TGA spectra for thermal decomposition of as-prepared ZnO nanopowders.
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Figure 7.2 DSC spectra of thermal decomposition of as-prepared ZnO nanopowders.
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7.2.3 XRD analysis

Figure 7.3 (a) shows typical XRD patterns of ZnO nanopowders prepared by the CBD
method and dried at room temperature. These nanopowders were further dried at 300 °C and
600 °C to study the effect of annealing on the structure of ZnO. For the as-prepared ZnO
nanopowders there are two diffraction peaks marked with asterisks at 20 of 33.03 and 58.40
degrees attributed to Zn(OH), impurities. It can clearly be seen from the spectrum that at
room temperature the ZnO structure was still forming because the (002) diffraction peak was

unresolved due to Zn(OH), impurity lying next to it.
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Figure 7.3 XRD pattern of (a) ZnO nanopowders prepared by CBD method annealed at
different temperatures, (b) Detail of the (110) peak.

After annealing at 300 °C all the impurities were removed and ZnO diffraction peaks were
intensified with the (200) peak still developing. For the ZnO nanopowders annealed at 600
°C, all diffraction peaks are resolved. The XRD pattern at 600 °C clearly shows ZnO well
consistent with hexagonal wurtzite structure with lattice constants a = 3.25 A, ¢ = 5.18 A
indexed to JCPDS card no. 36-1451. An improvement in ZnO crystallinity is observed for the
ZnO nanopowders annealed at 600 °C and these results are consistent with that of TGA.

The average crystallite size of ZnO nanoparticles was evaluated using familiar Scherrer's
equation [23]. The calculated average crystal sizes were in the range of 17 to 25 nm and were
found to change with an increase in annealing temperature. The observations suggest that

annealing ZnO nanopowders plays a role in formation of pure hexagonal ZnO structure.
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Kumar et al. [24] indicated that as-prepared ZnO have an amorphous nature, while the

annealed ZnO have a hexagonal wurtzite structure.

From Figure 7.3 (b) it is clearly seen that the (110) orientation of the ZnO nanopowders is
slightly shifted to higher diffraction angle when the annealing temperature increases. This
corresponds to the decrease in lattice spacing as Zn(OH), decomposes into the ZnO. Lupan
et al. [25] also observed the shift in diffraction angle to higher 26 value with the increase in
annealing temperature. Thus the diffraction peak becomes more intense and narrower with
increasing annealing temperature indicating that the annealing temperature improves the
crystallinity of ZnO. Peng et al. [8] observed a similar behaviour where the Zn(OH), peaks
disappear as the annealing temperature increases and the diffraction peaks of hexagonal ZnO

becomes narrower and more crystalline as the annealing temperature increases.

7.2.4 SEM analysis

The SEM images of the as-prepared and annealed ZnO nanopowders are shown in Figure
7.4. The as-prepared nanopowders dried at room temperature shows clearly defined
nanoflakes like morphology in the entire field of view. By annealing the ZnO nanopowders at
300 °C the nanoflakes can still be observed but oriented differently compared with the as-
prepared nanopowders. With further annealing to high temperature of 600 °C, ZnO
nanoflakes become agglomerated as a result forming irregular shapes. Therefore ZnO surface
morphology deforms with increasing annealing temperature. Raoufi et al. [3] on the study of
the effect of annealing temperature on the morphology of ZnO nanoparticles indicated that as
the annealing temperature increase the ZnO nanoparticles aggregates and becomes larger in

diameter due to the increase in the reaction rate at higher annealing temperature [26].

- : | .
SEM HV: 10.0 kV WD: 13.76 mm Ll ! SEM HV: 10.0 kV WD: 13.95 mm L L SEM HV: 10.0 kV WD: 13.94 mm

View flold: 9.54 pm Det: SE View fleld: 9.54 pm Det: SE View field: 9.54 pm Det: SE

SEM MAG: 20.0 kx _ Date(midly): 06/09/14. SEM MAG: 20.0 kx  Date(m/dly): 06/09/14. SEM MAG: 20.0 kx  Date(midiy): 0611014

Figure 7.4 SEM images of ZnO nanopowders annealed at different temperatures.
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7.2.5 XPS analysis

The surface and sub-surface elemental composition, defect analysis and oxidation states of
ZnO prepared using CBD method at room temperature and ZnO annealed at different
temperatures were investigated by the XPS technique. Figure 7.5 shows three XPS survey
scans of the as-prepared and annealed ZnO nanopowders (a) before 30 s of Ar® sputtering
and (b) after 30 s of Ar" sputtering, obtained before acquiring high resolution scans for Zn
and O. This survey scans we acquired with 100 pm 25 W 15 kVV Al monochromatic x-ray
beam. As presented in both Figure 7.5 (a) and (b), only photoelectron peaks of the main
elements namely C, O and Zn and Auger O KLL and Zn LMM were detected for as-prepared
and annealed samples. The detected carbon is mainly referable to the carbon tape used to
mount the samples and the carbon adsorbed on the surface the moment samples were exposed
to ambient atmosphere. We observed no peaks indicating contaminants in our material. The
binding energy (BE) scale for all the spectra was calibrated for the charge shift using the

adventitious carbon (C - 1s) peak centred at 284.6 eV as reference [24,27].
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Figure 7.5 XPS broad survey scans of as-prepared ZnO nanopowders and that annealed at

different temperatures (a) before sputtering (b) after 30 s of Ar* sputtering.

The chemical state of Zn in ZnO nanopowders is analysed in details by investigating the Zn
2p peak as presented in Figure 7.6. As shown in both Figure 7.6 (a) and (b) the high
resolution spectra of the as-prepared and annealed ZnO nanopowders in the Zn 2p region
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revealed two photoelectron peaks. From the as-prepared samples we observed metallic Zn
with (BE) of 1021.5 and 1044.5 eV corresponding to Zn atoms at regular lattice sites in the
ZnO crystal [28]. The doublet was observed at (BE’s) of 1021.2 and 1044.2 eV for annealed
samples corresponding to the energies of Zn-2pz, and Zn-2py,, respectively [29]. However,
we observed a slight shift in Zn 2p peak positions between as-prepared and annealed samples
before and after Ar* sputtering. The chemical shift in the peak positions from high energy
towards low energy as the annealing temperature increased was caused by alterations in
charge transfer from Zn®* to O ions caused by vacancies [30]. Tay et al. [31] explained that,
in the presence of O vacancies, the amount of charge transferred from Zn* to O* ions would
be effectively lesser, thus shifting the (BE) of Zn 2p to lower values. The average doublet
(BE) separation between the vertical reference lines was measured for annealed samples and
found to be 23.0 eV, which lies nearer to the standard reference value of ZnO [27]. The
calculated doublet (BE) separation and the measured (BE) values in Zn 2p peaks for annealed
samples, show that the Zn atoms are in the Zn?* oxidation state. Kushwaha et al. [32]

reported the shift of Zn 2p peaks to higher (BE) for ZnO annealed in oxygen.
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Figure 7.6 High resolution XPS spectra of Zn 2p core levels corresponding to as-prepared
ZnO nanopowders and that annealed at different temperatures (a) before sputtering (b) after

30 s of Ar” sputtering.

The deconvoluted spectra of O 1s peak for as-prepared and annealed ZnO nanopowders fitted
using Gaussian functions with the help of Multipak 8.2C software are shown in Figure 7.7.
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The high resolution spectra of the O 1s peaks were acquired before and after 30 s of Ar” ions
sputtering. The asymmetric O 1s peak for the as-prepared as well as annealed samples
consists of three components: O3, O, and O3 respectively as shown in Figure 7.7. The
corresponding peak positions are presented in Table 7.1.

Table 7.1 Peak positions of different O1s peaks before and after 30 s Ar” ions sputtering.

Annealing Temperature (°C) Peak name  Before sputtering After sputtering

Peak position (eV) Peak position (eV)

As-prepared 0, 528.7 528.5
0, 530.0 530.0
05 531.2 531.4

Annealed (300) 0, 529.4 529.3
0, 530.7 530.3
05 531.9 531.5

Annealed (600) 0, 530.8 531.0
0, 531.5 -
05 532.7 532.6

The three fitted (BE) peaks approximate the results of Lupan et al. [25], Wang Z.G et al. [33]
and Wang H et al. [34], who observed the shift in the peak positions when the annealing
temperature was increased. The (BE) (O; peaks) around 528.5 — 528.7 observed in the as-
prepared samples can be ascribed to oxygen from H-ZnO surface [35]. The peak positioned
around 529.3 and 531.4 originates from the lattice oxygen and the defect oxygen such as that
in vacancies, respectively [36 — 40]. Hence, the changes in the intensity of this component
may be partially linked to the fluctuations in the concentration of oxygen defects (V, and 0;)
[11]. Bar et al. [41] indicated that one can find the (BE) of O 1s for ZnO between 530.0 —
530.9 eV and for Zn(OH), between 531.5 — 532.3 eV. The component on the highest (BE)
side (Og3) corresponds to chemisorbed or dissociated oxygen or hydroxyl (OH") species (such
as CO3 and O,) on the surface of the ZnO [42 — 43]. The intensity of O; peak increased with
the increase in annealing temperature before and after Ar* ion sputtering which indicates
strong Zn-O bonding.
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Figure 7.7 Deconvoluted O 1s spectra of as-prepared and annealed ZnO nanopowders

obtained before and after Ar+ sputtering.
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It can be seen from Figure 7.7 and Table 7.1 that the binding medium (BE) O, peak is
present in all the samples except the ZnO annealed at 600 °C after Ar® sputtering. The
intensity of the O3 peak decreased with the increase in annealing temperature before and after
Ar" sputtering except for sample annealed at 600 after Ar* sputtering due to decreased O,
intensity. Furthermore the intensity of O3 peak has decreased after sputter cleaning due to the
removal of surface contaminants. This implies that, the high BE component can be removed

in part by thermal treatment and Ar" ion sputtering.

7.2.6 UV-vis analysis

Figure 7.8 shows the UV-vis reflectance spectrum in the wavelength range of 200—800 nm
for the as-prepared and annealed ZnO nanopowders. As illustrated there is a slight redshift of
the absorption edge with an increase in the annealing temperature, due to the size effect of
nanostructures [44]. Hence the observed redshift corresponds with the variation of the
nanoparticle sizes as reported by Irimpan et al. [45]. Lupan et al. [25] also observed the

redshift in the absorption edge as the annealing temperature increases.
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Figure 7.8 UV-vis reflectance spectra for ZnO nanopowders annealed at different

temperatures.
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The energy band gap of these materials was estimated using the Kubelka—Munk remission
function (7.1) [18],

2
K _ A=R)
2R

where K represents reflectance transformed according to Kubelka—Munk, R is the percentage

(7.1),

(%) reflectance, hv is the photon energy and E, is the band gap energy at n = 2 for direct
transitions. The optical (E;) for the ZnO powders was calculated by extrapolating the linear
portion of the graph to (Khv)? = 0 as shown in Figure 7.9. The average band gap of ZnO
was determined as 3.21 + 0.02 eV for all the nanopowders. The band gap energy slightly
decreased when the annealing temperature increased. The decrease in band gap can be
attributed to the increase of particle size [46]. Therefore, the red shift of the optical

absorption edge to the lower energy should be related to the band gap narrowing.
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Figure 7.9 Plot to determine band gap energies of ZnO nanopowders.

7.2.7 Photoluminescence Analysis

Figure 7.10 show the PL spectra of ZnO nanopowders recorded at room temperature in the

wavelength range 310 — 650 nm. A strong broad DLE which extends from the UV region to
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the visible region is observed in Figure 7.10 (a) for the as-prepared nanopowders. This broad
emission is de-convoluted into three Gaussian type sub-peaks centered at ~ 415, ~ 473 and ~
550 nm, which originates from structural defects [47]. The maximum ultraviolet-blue peak is
observed at ~ 415 nm and the blue emission peak is observed at ~ 473 nm. We assume that
these two emission peaks originates from Zn(OH), because XRD results confirmed the
presence of Zn(OH), as an impurity. TGA results showed that the amount of Zn(OH),
decay with an increase in annealing temperature. The weak yellow emission is observed at
550 nm typically associated with the (V) [48].
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Figure 7.10 PL spectra of ZnO prepared by CBD method (a) de-convoluted spectra for the
as-prepared ZnO nanopowders, (b) as-prepared ZnO nanopowders and ZnO nanopowders

annealed at various temperatures.

Figure 7.10 (b) shows the comparison between as-prepared and the annealed ZnO
nanopowders to study the influence of annealing temperature on ZnO nanopowders. The as-
prepared ZnO has the maximum intensity positioned at 415 nm, a decrease in luminescence
intensity is observed for the ZnO nanopowders annealed at 300 °C. This sudden decrease in
luminescence intensity may be due to the decrease in Zn(OH), content as the annealing
temperature increases [49]. It can be seen that after annealing at 300 °C the small emission
peak at 430 nm appears in the range 400 — 500 nm. The 430 nm emission is induced by the
electron transition between the shallow level of zinc interstitials Zn; and the valence band

[50]. Finally, after annealing at 600 °C we observed further quenching of the blue
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luminescent efficiency now positioned at 440 nm. This 440 nm blue emission also originates
from the level of Zn; to valence band regulated by transition of excited electrons. This
observation confirms Zeng et al. [51] results, who indicated that the extended Zn; states can
be formed during annealing process due to the defect ionization reaction. Therefore
concentration of Zn; related defects is drastically decreased. The broad intense blue emission
observed in this study is promising for fluorescent materials. Zeng et al. [52] confirmed the
viability of blue light source efficient for semiconductor UV emitters. The UV excitonic
emission is not resolved in the presented results; Kundu et al. [53] indicated that UV
emission cannot appear if there is high intensity of visible emission due to increased defect
density. Because as the annealing temperature increases the luminescence intensity quenches,
the weaker emission for the ZnO nanopowders annealed at 600 °C is an indication of higher

crystalline quality [54], and it is confirmed by the XRD results.

In Figure 7.11 (a) we have the normalized PL emission spectrums for the as-prepared and
annealed ZnO nanopowders to study the effect of annealing temperature on the peak
positions. Three emission peaks can be seen at various wavelengths ~ 415, ~ 430, ~ 440 nm
in the blue region. There is a redshift in the peak positions as the annealing temperature is
increased and this observation agrees with the reflectance measurements. Peng et al. [8]
managed to obtain yellow emission around 580 nm for as-prepared samples and he associated
that emission with Zn(OH),, after annealing those samples the yellow emission disappears
and meanwhile a green emission peak at around 490 nm occurs, which is due to known V.

Other researchers also proved that the annealing treatment modify the green emission [55].

In our work (Figure 7.11 (a)) we were able to observe the redshift in UV region as the
annealing temperature increased and again at 600 °C there was modification of DLE at
around ~ 550 nm. The defect-related visible emission around ~ 550 nm is related to V,. It is
believed that this phenomenon is due to band transitions from Zn; to V, defect levels in ZnO
[46]. The observed redshift in the position of the band edge emission is due to band gap
narrowing as the annealing temperature increases [56]. After annealing at 600 °C the
spectrum shifted back to 430 nm, and this blue shift is due to band renormalization and band
filling [57]. Figure 7.11 (b) illustrates the Commission Internationale de I’Eclairage (CIE)
chromaticity diagram of as-prepared and annealed ZnO nanopowders calculated using

photoluminescence data and color calculator software. It can be seen from the figure that the
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PL CIE coordinates (x, y) of (0.181, 0.260), (0.212, 0.268) and (0.233, 0.273) correspond to
25, 300 and 600 °C, respectively with the shade of the blue region. The coordinates for the
annealed samples are shifted a bit toward the near white light from the as-prepared sample.
This is because the emission peaks in Figure 7.11 (a) are red-shifted compared to as-
prepared sample. Thus, this results shows that the ZnO emission can be tuned by annealing.
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Figure 7.11 (a) Normalized PL emission spectrum of as-prepared and annealed ZnO
nanopowders to study the effect of annealing, (b) CIE diagram of ZnO nanopowders

annealed at various temperatures.

7.3 Conclusion

In this study CBD method was employed to synthesize ZnO nanopowders using zinc acetate
and thiourea as the solutes and Ammonia and deionized water as solvents. Thermal studies
were carried out by TGA and DSC for the decomposition of ZnO. XRD results showed
improved crystallinity of hexagonal wurtzite structure of ZnO nanopowders. ZnO
nanopowders of flakes like morphologies were successfully fabricated at 80 °C, hence the
annealing temperature has an influence on morphology of ZnO particles. XPS measurements
confirmed presence of I, observed in PL results. The UV-Visible study showed the red shift
in the absorption edge. The direct band gap energy of ZnO nanopowders was found to be
3.21 + 0.02 eV less as compared to their bulk counterpart. The luminescent properties of
ZnO were studied. PL spectrum showed broad DLE from ultraviolet blue to green region.

The luminescence intensity decreased with increasing annealing temperature.
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0 8

Summary and Future Work
u J
Conclusion

In this thesis, the preparation of ZnO nanostructures using a cost-effective, simple and
environmentally friendly synthesis technique (chemical bath deposition) was studied
successfully. These inorganic semiconductors were prepared at different parameters such as
reaction temperature, reaction time, concentration of the precursors and annealing
temperature. The whole idea for preparing this material was to optimize growth conditions
for ZnO and to investigate its luminescence properties. The salient results are summarized in

this chapter and the conclusion is drawn from investigations.

From TGA results Zn(OH), decomposed into ZnO and we observed significant weight loss
due to removal of adsorbed species and the thermal stability was improved when increasing
both reaction and annealing temperatures. In both cases, the degradation process started at ~
100 °C and ceased at ~ 440 °C, whereby crystallization of ZnO begins. The DSC analysis of
the samples attests on the endothermic reaction that took place. The melting temperatures
were observed to decrease with the increase in reaction temperature due to crystallization of
ZnO.

The XRD spectra of the samples prepared at low reaction temperature, time, precursor
concentration and annealing temperature respectively, confirmed the initial formation of
Zn(OH), structure, and hexagonal wurtzite structure emerged with the increase in reaction
temperature, time, precursor concentration and annealing temperature. The formation of
hexagonal ZnO is due to decomposition of Zn(OH), through nucleation and crystallization
mechanism. Too much (increase in) concentration of the precursor resulted into extra peaks
which are due to unreacted zinc acetate. During the formation of hexagonal wurtzite structure

the particle size was increased and crystallinity of ZnO was improved.

The SEM observations of ZnO nanostructures showed the formation of flakes like

morphology. At higher reaction temperature, time, precursor concentration and annealing
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temperature respectively, these nanoflakes were highly agglomerated. But the precursor
concentration and reaction temperature were shown to have strong influence on diameter of
the flakes. EDS results confirmed the presence of Zn and O, and their contents increased as
ZnO crystallizes.

The optical properties of the nanostructures were investigated; it was found that the
reflectance spectra depict a red shift of the absorption edge when increasing reaction time and
the band gap energies decreases due to confinement effects. But for low precursor
concentration we observed no appreciable change in absorption edges and band gap energy of
the nanoflakes. When evaluating the effect of reaction temperature form 55 — 80 °C,
absorption edges shifts to the high wavelength. The same behaviour was observed with the
annealed samples and the direct band gap energy of ZnO nanoflakes was found to be less as
compared to their bulk counterpart.

The room temperature PL characteristics were also systematically studied. In the case of
reaction time blue symmetric emission at 473 nm was observed while precursor concentration
reveals dominant blue asymmetric emission at ~ 450 nm. From temperature dependent PL of
the annealed samples and samples prepared at different reaction temperatures we observed
strong broad DLE which extends from the ultraviolet region to the visible region. It is
illustrated that this emission quenches and shifts to the higher wavelength as Zn(OH),
decomposes into ZnO. It has been reported that when using chemical methods such as CBD
the emission intensity quenches as Zn(OH), dehydrates into ZnO. The broadening of the

visible emissions in ZnO is attributed to the Purcell effect.

Suggestions for future work

From the results obtained in the current study we managed to obtain new research directions
to be continued in future. In the current study Chemical bath deposition (CBD) method
showed outstanding results and it is found to be a structure directing technique, thus the
future approach is on optimizing properties of ZnO by doping with transition and rear earth
metals. It is clear that different morphological structures of ZnO can be obtained using
different preparation methods. Thus, research should be conducted to compare different

methods of preparation in order to find out which is the most effective and capable of
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reproducing desired morphology over large scale. The investigation might also include the

ways on how to control the agglomeration of the ZnO nanoparticles. The study could also be

extended by incorporating ZnO nanoparticles into polymer nano-composites. This would

assist in clarifying whether the polymers can play major role in preventing ZnO from ageing.

Lastly, it would be ideal to improve the luminescence properties of ZnO by doping and co-

doping with metals and lanthanides for improvement of white light emission.
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