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PENGARUH SAIZ PARTIKEL DAN SIFAT PERMUKAAN ZINK
OKSIDA TERHADAP CIRI KEELEKTRIKAN, KEOPTIKAN
DAN KESITOTOKSIKAN CAKERA ZINK OKSIDA

ABSTRAK

Kesan saiz butiran / partikel yang berbeza dan pengubahsuaian permukaan melalui
penyepuhlindapan haba, struktur elektrik, dan sifat optik daripada cakera ZnO tulen dan
koposit (varistor) yang difabrikasi daripada mikro atau nanopartikel ZnO dikaji dalam kajian
ini berhubung dengan ketoksikan mereka. Empat sampel ZnO dengan saiz berbeza iaitu
ZnO-White, ZnO-Pharma, 40mm ZnO dan 20mm-ZnO dicirikan. Sifat keelektrikan dan
struktur bagi cakera-cakera W4, P8, 40nm dan 20nm amat dipengaruhi oleh ambient
penyepuhlindapan, khususnya cakera yang disepuh lindap dalam ambien oksigen. Selepas
rersinteran pada 1200 °C dalam udara, saiz butiran ialah 1.701, 1.523, 2.610, dan 3.423 um
bagi cakera W4, P8, 40nm dan 20nm, masing-masing. Penyepuhlindapan oksigen juga
meningkatkan kehabluran butiran sebagaimana yang digambarkan oleh transformasi tegasan
mampat daripada —0.784, —0.601, —0.349, dan —0.261 terhadap tegasan tegangan ( tensile
stress) pada 0.174, 0.087, 0.697, danl1.046 bagi cakera-cakera W4, P8, 40nm dan 20nm,
masing-masing. Puncak (101) sampel meningkat secara signifikan daripada 20 = 36.195°,
36.212°, 36.334°, dan 36.381° kepada 26 = 36.230°, 36.271°, 36.350 dan 36.385°, masing-
masing. Keamatan puncak menggambarkan darjah kehabluran yang tinggi pada cakera
20nm. Jurang jalur optik berkurangan dengan pertambahan saiz butiran dan berkurangan
dengan pertambahan tegasan tegangan. Cakera-cakera ZnO yang dibuat dari partikel lebih
halas mempamerkan prestasi elektrik yang lebih baik dengan pengurangan voltan pecah
daripada 340V (W4-Disc) kepada 110 V (20nm-Disc) dan kerintangan daripada 362.4
kQ.cm (W4-Disc) kepada 98.86 kQ.cm (20nm-Disc). Struktur fizikal, dan sifat elektrik
cakera ZnO yang difabrikasi dalam kajian ini membuktikan bahawa serbuk nano ZnO boleh
menjadi pilihan yang terbaik bagi fabrikasi varistor ZnQO. Sistem varistor ZnO-Bi,O3;—Mn,05

yang difabrikasi daripada serbuk ZnO dengan saiz partikel yang berbeza berjaya dihasilkan.
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Kesan daripada beberapa penyepuhlindapan dalam atmosfera yang mengoksida dan lengai
dikaji dengan teliti. Pertumbuhan butiran varistor berasaskan ZnO didapati meningkat
dengan penambahan Bi,O; dan Mn,0Os. Pancaran UV optimum diperhatikan dalam varistor
yang disepuh lindap dalam atmosfera O,, yang konsisten dengan keputusan XRD. Ciri-ciri
voltan (I-V) arus bukan linear yang terbaik (I1-V) daripada 20 nm-VDR, dengan voltan pecah
(218 V) yang rendah dan kerintangan (3887.4 kQ-cm) adalah disebabkan oleh sawar
keupayaah yang terbentuk di antara butiran ZnO jika dibandingkan dengan W4-VDR.
Ketoksikan pelbagai saiz partikel dalam cakera ZnO tulen dan komposit (varistor) disaring
oleh asai vitro trypan blue pada sel tikus (L929). Keputusan menunjukkan bahawa W4-ZnO,
P8-ZnO, 40nm-ZnO dan 20nm-ZnO menyebabkan ketidakfungsian sel mitokondria,
apoptosis, perubahan morfologi pada kepekatan 25-100 pg/ml, dan darjah ketoksikan
mempamerkan kebergantungan pada dos. Keto ksikan yang tinggi diperhatikan dalam 20nm-

VDR, dan diikuti oleh 40nm-VDR, P8-VDR, dan W4-VDR.
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INFLUENCE OF ZINC OXIDE PARTICLE SIZE AND SURFACE
PROPERTIES ON THE ELECTRICAL, OPTICAL AND
CYTOTOXICITY CHARACTERISTICS OF ZINC OXIDE DISCS

ABSTRACT

The effects of different particle/grain sizes and surface modification by thermal
annealing process on the structural, electrical, and optical characteristics of pure and
composite (varistors) ZnO discs fabricated from ZnO micro or nanoparticles were
investigated in this study with respect to their toxicity. Four ZnO powder samples with
different particle sizes namely ZnO-White (130 nm), ZnO-Pharma (80 nm), 40nm-ZnO and
20nm-ZnO were characterized. ZnO-White is abbreviated as W4 while ZnO-Pharma as P8.
The structural and electrical properties of the W4-Disc, P8-Disc, 40nm-Disc and, 20nm-Disc
were strongly affected by the annealing ambient, which was more obvious for the discs
annealed in oxygen atmosphere. After sintering at 1200 °C in air, the grain sizes were 1.701,
1.523, 2.610, and 3.423 um for W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc, respectively.
Oxygen annealing also enhanced the grain crystallinity as clarified by transformation of
compressive stress from —0.784, —0.601, —0.349, and —0.261 to tensile stress at 0.174, 0.087,
0.697, and 1.046 for the WA4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc, respectively. The
(101) peaks of the samples increased significantly from 26 = 36.195°, 36.212°, 36.334°, and
36.381° to 20 = 36.230°, 36.271°, 36.350°, and 36.385°, respectively. The intensity of the
peaks reflected the high degree of crystallinity of the 20nm-Disc. The optical band gap
decreased with increasing grain size and decreased with increasing tensile stress. The ZnO
discs made from finer particles exhibited better electrical performance with a pronounced
drop in the breakdown voltage from 340 V (W4-Disc) to 110 V (20nm-Disc) and resistivity
from 362.4 kQ.cm (W4-Disc) to 98.86 kQ.cm (20nm-Disc). The physical, structural, and

electrical properties of the ZnO discs fabricated in this study proved that ZnO nano-powder
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can be the best candidate for ZnO varistor fabrication. The ZnO-Bi,O;—Mn,0; varistor
system fabricated from ZnO powder with different particles sizes was successfully produced.
The effects of thermal annealing in oxidizing and inert ambients were briefly investigated.
The grain growth of ZnO-based varistors can be markedly enhanced by adding both Bi,Os
and Mn,0s. Optimal UV emission was observed in the varistor annealed in O, atmosphere,
which is consistent with XRD results. The superior nonlinear current-voltage (I1-V) behavior
of 20 nm-VDR, with lower breakdown voltage (218 V) and resistivity (3887.4 kQ-cm) was
due to the potential barriers created between successive grains of ZnO if compared with W4-
VDR. The toxicity of various particles sizes of pure and composite (varistor) ZnO discs were
screened by in vitro trypan blue assay on mouse (L929) cells. Results showed that the W4-
ZnO, P8-ZnO, 40nm-ZnO and 20nm-ZnO caused cellular mitochondrial dysfunction,
apoptosis, and morphological modifications at a concentration of 25-100 pg/ml, and the
degree of toxicity exhibited a dose-dependent manner. The highest toxicity was observed in

20nm-VDR followed by 40nm-VDR, P8-VDR, and W4-VDR.
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CHAPTER 1
INTRODUCTION

1.1  Background of study

ZnO has attracted considerable interest of investigators due to its promising use in
varistors, electronics, sensors, and optoelectronics. ZnO has 3.3 eV direct band gap energy at
room temperature and a 60 meV exciton binding energy that provides an extremely high
degree of stability for excitonic transitions. These characteristics make ZnO a promising
substance for UV optoelectronic employments such as UV light emitting diodes and photo
detectors [1-3]. ZnO has a crystalline wurtzite structure that exhibits strong piezoelectric
characteristics because its c-axis is directed perpendicular to the substrate [4, 5]. These
properties of ZnO, as well as its transparency to visible light and gas-sensing capability,
make ZnO one of the most important materials in varistor devices, gas sensors [6, 7], surface
acoustic wave devices [8, 9] and solar cells [10]. These notable essential properties of ZnO
could be enhanced by nanotechnology. ZnO nanoparticles with improved electrical and
optical properties and increased surface areas have the ability to improve varistor, gas sensor,
optoelectronic, and biosensor applications [11].

The development of ZnO varistors has been one of the great successes for ceramics.
In 1970, varistors were initially developed by Matsuoka [12] through solid-state admixture
of ZnO and several of metal oxide additives, and this method is still preferred in the industry
[13, 14]. This method involves mixing of ZnO micro-particles with dopant oxides, such as
Mn,0s, Bi,Os, Sh,0Os, CoO, Cr,0; and NiO. The mixed powder is compressed with a
pressure of 4 ton/cm? and then sintered at elevated temperatures (1200-1300 °C). This
simple preparation method has led to its action in the industrial field. The very low cost
related with the usage of relatively inexpensive oxide powders is likewise commercially

attractive. However, the major disadvantage in use this process is its high manufacturing



temperature (exceeding 1100 °C), which causes zinc to vaporize consequently causing
problems in quality. Moreover, compositional homogeneity is difficult to attain, which is
significant for the construction of the miniature devices desired for modernistic electronic
supplies [13, 14].

Methods of preparation, additive homogeneity, and size of crystallite are evaluative
parameters in the production of better varistor devices [15-26]. Heterogenous
microstructures can cause varistors deterioration during electrical performance [13].
Electronic and electrical behaviors depend on different the microstructure at the ZnO grain
boundaries [14, 24, 27]. Therefore, the microstructure precise control is desired to
manufacture high-performance varistors.

In compared with coarse-grained ceramics, nanoparticles can be sintered at a
minimal temperature due to narrow grain size distribution in nanoparticles [14, 24, 27, 28].
Sintering temperature also depends on the dopants distribution between the singular grains
and the particle size. Nanomaterials have significant volume of boundaries among the grains
and must consequently allow additional effective grain boundaries per unit volume,
permitting the development of a superior device with minimal dimensions. However, precise
control in the growth of grain during sintering process is an essential challenge in ZnO
nanoparticle investigation. Ya et al. [26] used zinc nitrate, ethylene glycol and citric acid to
prepare 20 nm ZnO. But, sintering temperature and dopant additive generated 2 um grains.
At the molecular level, the dopant ions homogeneity between the ZnO grains is achievable
by use wet chemical methods, which is complicated to produce by using any conventional
ceramic method.

Different efforts have been reported for manufacture of the varistor devices by
chemical methods [12, 21, 24, 27]. ZnO nanoparticles with improved electrical properties
and increased surface areas have the potential to produce advanced varistors with better
properties. Moreover, varistors of core—shell type, which made by using coating metal salts

on sintered ZnO nanoparticles yielded excellent electrical behaviors, which were caused by



the superior homogenous dispersion of dopants ions between the grains [12]. Furthermore,
the varistor densification gained by sintering process at 1050 °C was inadequate for optimum
industrial fabrication [12, 19-21]. Therefore, a modern industrial method that can produce a
fully dense varistor with superior electrical properties at lower sintering temperature is
needed. In this work, ZnO nanoparticles were used for fabrication of a high-performance
varistor with lower breakdown voltage compared with commercial samples. ZnO
nanoparticles have high densification at lower sintering temperature.

Thermal annealing process is also vastly applied to develop crystal quality and
reduce structural defects in substances. During thermal treatment, other structural defects,
dislocations, and decomposition/ adsorption may happen on the material surface; so, the ratio
of stoichiometric and structure change (Yang et al. 2008) [29]. The electrical and optical
properties of varistors are controlled by sintering, annealing, or atmospheric temperatures,
which significantly affect the crystallization and densification of thin varistors. A reduction
of varistor resistivity is achieved during the thermal annealing step if microstructure
optimization and formation of free electrons or oxygen vacancies are obtained [28].

Through thermal annealing treatment, diverse diminution ambients with single gas
or two gases have been introduced to improve the electrical conductivity of varistors. In
1992, Butkhuzi et al. [30] used oxygen annealing treatment of ZnO to produce intrinsic p-
type conduction for the first time. Subsequent, Xiong et al. [31] achieved essential p-type
ZnO through modifying the oxygen partial pressure during sputtering. Several studies were
also reported comparable results [31-33]. A considerable number of studies attributed the
formation of defects in materials to the sensitivity of the concentration and type of intrinsic
defects within ZnO to the thermal treatment conditions [34-38].

Studies on thermal annealing of different particle sizes of ZnO powder, such as W4-
Zn0O, P8-Zn0O, 40nm-ZnO, and 20nm-ZnO, remain inconclusive. Further studies are desired
to investigate the surface defect and optoelectronic properties of annealed ZnO under various

atmospheres. The non-stoichiometric chemical component within the materials is related to



the defects formation, predominantly oxygen vacancies. Numerous studies are wanted to
observe and relate the modifications on the surface of ZnO ions and oxygen concentration
after annealing of samples in ambient oxygen-rich or oxygen-deficient environments.
Differences in the properties are attributed to the effects of the band bending of sample
surface and the oxygen to zinc ratio (O:Zn), which will be studied in this work.

In a majority of experiments, the temperatures of thermal annealing were usually
below 700 °C, which was presumed adequate for the effective control of intrinsic defects in
ZnO. Annealing significantly affects the various characteristics of the samples such as
structural properties. At minimal temperatures of annealing process, the crystal quality can
be improved as the defects reduce within the sample. At maximal temperatures of annealing,
recrystallization of the samples changes the amount and type of defect. Different
characteristics could be achieved above the annealing temperature of 700 °C. In fact,
previous studies demonstrated that annealing at high temperatures improves the crystal

quality of ZnO varistors and changes the O:Zn and defects of the sample [39].

1.2 Semiconductor nanoparticle properties

The last few years have shown a significant rise in semiconductor nanoparticles
researches following the great studies related to the study of the quantum size impacts in
these particles by Efros and Efros [40], and Brus [41]. Experimental researches proved that
most of the physical properties were affected by semiconductor nanoparticles size less than
100 nm. For examble, the band gap in the prototypical material, CdS, can be changed from
2.5eV to 4 eV [42], the temperature of melting also varies between 400 °C and 1600 °C [43-
45], and the pressure required to produce conversion from a four to a six-coordinate phase
raised from 2 GPa to 9 GPa [46]. These observed changes in the fundamental properties of
CdS were caused by decreasing the crystal size, not changing the chemical composing.
These changes in the fundamental properties of semiconductor nanoparticles can be

attributed to two factors, namely, the quantum size effects, which are the effects of the



guantum confinement of the charge carriers within the materials, and the large S/V ratio of
the nanoparticle compared with the corresponding bulk semiconductor.

The most important effect of quantum confinement on semiconductor nanoparticles
is the widening of the energy band gap. This electronic structure change leads to major
changes in the optical properties of the nanoparticle compared with its bulk counterpart.
Variations in the electrical and optical properties resulting from variation of a systematic
transformation in the density of electronic energy levels with the particles size are also
observed. Qualitatively, it is likened to a small particle within a box problem, in which the
levels of energy become discrete accordingly the box dimensions are decreased because of
guantum confinement [44]. This illustration gives a depiction of the increment in energy
band gap in accordance with reducing particle size. Several methods have been used for
guantitative investigations of these effects. The most commonly used methods are the
empirical pseudo potential approach [41], effective mass approximation (EMA) approach
[41, 44, 47, 48], and tight binding method [49, 50]. Calculation results of the energy band
gaps by EMA conforms to the experimental results for larger nanoparticles, but are usually
overestimated for smaller particles.

Although several theoretical explanations of the quantum-size effect of
semiconductor nanoparticles exist, UV-visible absorption spectroscopy is most widely
applied in determining the variation of band gap as a function particle size, according to the
absorption threshold compatible to the direct band gap in the sample. The evident blue shift
of the absorption edge in the absorption spectra possible to be caused by the decrease in size
of particles [51]. An important observation in semiconductor spectroscopy is the presence of
the weakly bound Mott-Wannier excitons. These excitons have a considerable impact on the
material optical absorption characteristics. The photon-induced transitions among the
hydrogen atoms, similar to the system of energy levels of the excitons, produce a series of
absorptions peaks in the spectra. Quantum confinement in semiconductor nanoparticles

results in a blue shift of these excitonic absorption features toward higher energies with a



decrease in particle size [51]. This blue shift is observed when the size of the nanoparticle
becomes comparable with the exciton Bohr radius. Furthermore, this shift is caused by the
improved spatial overlap of the hole and electron wave functions with restricted translational
motion of the exciton in the decreasing size of particle. Consequently, the motion of the hole
and electron is enhanced and the exciton binding energy is increased. The increase in exciton
binding energy of nanoparticles allows visibility of excitonic absorption peaks at room
temperature. However, the electron-hole interaction becomes independent and the exciton is
absent when nanoparticles are significantly minimal than the exciton Bohr radius [44].

Most of the atoms located on the surface of nanoparticles greatly contribute to
optical properties compared with their bulk counterpart. A strong perturbation to the surface
of any lattice results in numerous dangling bonds. In nanoparticles, these dangling bonds
create a high concentration of deep or shallow levels of energy in the band gap. These
surface states act as electron hole recombination centers, causing non-radiative transitions of
holes and electrons prior to the radiative recombination, thereby causing emissions at lower
energies than the nanoparticles band gap energy. Deterioration of the optical properties is
more apparent in nanoparticles than in bulk semiconductors because of the larger
contribution of atoms on the surface of nanoparticles. Passivation techniques have been
employed by bonding the surface atoms with different material that a much larger band gap
to improve the properties [52, 53].

The thermodynamic properties of nanoparticles differ from their bulk counterparts;
the differences are caused by the atoms on their surface. The decrease in particle size results
in the decrease in solid to liquid transition temperature [54-56]. In nanoparticles, a great
atoms proportion are stabilized at the surface accompanied by significant energy, which
accounts for the change in thermodynamic properties. Melting presumably begins on the
surface as a result of the reduction of total surface energy from the solid phase. Smaller

nanoparticle leads to more dramatic reduction of melting temperature. Likewise, the



necessary pressure in solid to solid transformations of nanoparticles differs from that
required by their bulk counterparts [57].

The above mentioned findings are just some of the important characteristics of
semiconductor nanoparticles, which account for the rapid development of this science. The
steady improvement in the range of materials for nanoparticles is expected to continue in the
future. Current developments in semiconductor nanoparticles provide sufficient quality basis
for future generations of experiments on the functional integration of these nanoparticles into
devices. A critical application lies on the dependence of varistor properties on nanoparticle
size; that is, one type of semiconductor can be used to produce different kinds of varistors
with different properties simply by changing the particle diameter. The large surface-area-to-
volume ratio of nanoparticles is currently undergoing research for its applications in

varistors.

1.3 Bioactivity of ZnO nanoparticle

The scientific and technological developments of nanoparticles are accompanied by
a rising exposure of humans to nanomaterials; thus, bioaccumulation and complex physical
and chemical interactions may also arise. These possibilities mandate the development and
validation of protocols used in the characterization of delicate nanodevices and
nanoparticles, which could predict hazardous and toxic reactions. These protocols must
accurately predict and assess positive and negative results, including possible hazards and
health risks related to exposure to nanoparticles, as their use is becoming more extensive in
medicine and manufacturing. With the commercialization of nanotechnology products,
exposure of human to nanoparticles will significantly increase, and an assessment of their
potential toxicity is fundamental. Lately, several manufactured nanoparticles have exhibited
adverse effects in vitro and in vivo [58-60]. These nanoparticles have a number of unique
physiochemical properties attributed to their small size, surface structure, chemical

composition, solubility, aggregation, and shape [58]. Harmful reactions of organisms to



engineered nanostructures cannot be screened because of the lack of information on the
effects of the abovementioned properties on biological systems [61]. Hence, a new sub
discipline of nanotechnology named nanotoxicology has emerged.

Various studies have proposed that in vitro nanotoxicity data can minimize animal
testing by identifying a suitable starting dose for in vivo studies and limiting the quantity of
toxic waste generated [62]. In vitro methods can be applied to evaluate toxic kinetic
parameters affecting organs; thereby increasing the accuracy of predictions and decreasing
animal testing under controlled conditions [63]. Toxic kinetics is essentially the study of
"how a substance gets into the body and what happens to it in the body". Four processes are
involved in toxic Kinetics: absorption, distribution, biotransformation, and excretion. A
considerable number of methods have not been evaluated for relevance and reliability, and
their limitations in diagnosing serious toxicity have not been identified. Furthermore,
published data in the biological activity of ZnO micro- and nanoparticle-size-based discs is
poorly understood. There are only a few published reports on this subject, even though that
Zn0-based discs can induce of inducing apoptosis and cell death or inflammatory responses.
Further research studies are needed to assess the risks and applications of these materials
[64].

The purpose of this experiment was to determine the cytotoxicity level of ZnO
micro- and nanoparticle-size-based discs. The cytotoxicity of these materials was

investigated by mouse skin fibroblast cells (L929) in vitro assay.

1.4 Objectives of study

The aim of this research was to develop the microstructure of high-voltage varistor
materials, with focus on the various particle sizes of ZnO powder and different annealing
conditions. This work dealt with the microscopic characteristics of ZnO and their impacts on
the electrical, optical, and structural characteristics of ZnO varistors. The specific objectives

of the research include the following:



1. To study the effects of different particle sizes of ZnO powder on the electrical,

optical, and structural properties of pure ZnO discs.

2. To study the effect of annealing in ambient oxygen-rich or oxygen-deficient

conditions on the surface properties of pure ZnO discs.

3. To fabricate ZnO-Bi,05—Mn,03 varistor discs and to investigate the effect of
surface modification and different particle sizes of ZnO powder on the different

properties of these varistor composites.

4. To investigate the in vitro cytotoxicity of pure and composite ZnO discs using

connective mouse skin fibroblast cells (L929).

The electrical, optical, and structural characteristics of pure and doped (varistors)
ZnO discs have been studied by several non-destructive and non-contact equipment, which
include structural characterizations, such as transmission electron microscopy (TEM),
scanning electron microscopy (SEM), energy dispersive X-ray (EDX), X-ray diffraction
(XRD), and atomic force microscopy (AFM), whereas the electrical and optical
characterizations include I-V testing and photoluminescence (PL) spectroscopy.

In general, this work gives a superior understanding of the fundamental properties of

pure ZnO discs and ZnO varistors fabricated from ZnO micro- and nanoparticle.

1.5  Scope of study
A possible scope of research was defined to determine the direction for this work;
considering that research on the particle size of ZnO covers a wide area. Only discoveries

and results related to the scope were cited in the thesis.



Nanomaterials can be defined as a length scale of less than 100 nm, either in one
dimension (thin films), two dimensions (nanowires), or in all three dimensions
(nanoparticles). This thesis focused on the three dimensional nanostructured materials. The
main scope of this thesis is to demonstrate how varistor properties can be modified by ZnO
properties either directly by size or indirectly by modification of the oxide additives or
surface modification through thermal annealing under different conditions. This thesis
consists of three main parts:

In the first part, the preparation of pure ZnO discs fabricated from different sizes of
ZnO particles through the conventional ceramic method is investigated. Characterization of
discs that underwent different annealing treatments was also carried out. In this part, the aim
was to obtain the standard conditions for manufacturing ZnO varistors with optimal
properties and lower fraction voltage values.

The second part of this thesis focused on the use of ZnO micro- and nanoparticles
for varistor preparation. This part includes studies on the effect of oxide additives (Bi,O5 and
Mn,05) on the particle growth of ZnO, and a comparison of the electrical optical behaviors
between composite varistors and pure ZnO discs. Furthermore, modifications on the surface
of varistor samples annealed under different conditions were studied.

The last part of the thesis is focused on the cytotoxicity studies of pure and
composite (varistors) ZnO discs in animal cells (L929). These studies provide rule for the

effective use of these varistors devices in both medical and non-medical fields.

1.6 Design of experiment
The experimental techniques applied in this work can be divided into six major
sections, namely sample preparation, annealing process, microstructural testing, electrical

testing, optical testing and cytotoxicity testing.
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Four types of ZnO powder was used to make the ZnO discs and varistors, which
include ZnO-White (W4), ZnO-Pharma (P8), 20nm-ZnO (MK Nano) and 40nm-ZnO (MK

Nano).

Different types of samples were annealed in ambient oxygen or nitrogen at 700 °C.
Moreover, structural, optical and electrical behaviors may be altered through various
annealing conditions such as period, pressure and type of gas, and annealing temperature.

Microstructural tests that were investigated involve particle size test. Transmission
electron microscopy (TEM) and scanning electron microscopy & energy dispersive X-ray
analysis (SEM/EDX). Atomic force microscopy (AFM) was investigated to study the
morphology and surface structure of samples. The crystalline phases were carried out by
using a high resolution X-ray diffractometer (XRD).

The -V behaviors of the materials were obtained employment a high voltage source
measure unit. The values of a, p and V, was evaluated from Current (I) - Voltage (V)
characteristics.

Photoluminescence (PL) spectra were conducted at room temperature. Raman
spectroscopy was obtained as a supplementary tool to determine structural information.

The cytotoxicity test was conducted to show the toxicity level of different samples

towards specific live cells.
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Figure 1.1. Flowchart of experimental techniques applied in this work
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1.7  Outline of study

The thesis contains an introductory chapter on the general properties and usage of
ZnO powder. The development of varistor properties through annealing and nanotechnology
is also introduced. This chapter is intended to be understandable even for the non-physicist.

The objectives, scope, and design of this work is also presented in this chapter.

Chapter 2 gives a brief literature review on other work that has been carried out on
the mechanism of surface modification through the main annealing processes of as grown
and annealed (in oxygen or nitrogen) W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc. Then,
the fundamental properties (physical, structural, electrical, and optical) of ZnO micro- and
nanoparticles are discussed. Subsequently, the definition of the ZnO varistor and its
characteristics are presented. The mechanism of toxicities of various ZnO particles towards

the L929 cell line is also briefly described in this chapter.

In Chapter 3, the basic principles underlying the characterization tools, processing
equipment, and materials are discussed. These principles include the experimental details for
each instrumental set-up, sample preparation, the operating conditions including the
resolution, and the samples. All the samples in this work were prepared by the conventional
ceramic processing method that involved ball-milling, drying, pressing, and sintering. The
ZnO samples characterization was conducted in Nano-Optoelectronic Research (NOR) and
Technology Laboratory in the School of Physics. Structural, electrical, optical, and
morphological characteristics were carried out by spectroscopy and microscopy in the NOR
laboratory, whereas the morphology were studied by TEM in the Electron Microscopy
Laboratory in the School of Biology. The cytotoxicity test for ZnO was investigated in the
Advanced Medical and Dental Institute. This research is multi-disciplinary, which

collaborated with other schools to evaluate the prepared materials for biomedical functions.
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In Chapter 4, Characterization of the different discs was also carried out. The effects
of different particle sizes and various annealing atmospheres on the morphology, physical,

structural, optical, and electrical behaviors of the samples are also discussed in this chapter.

Chapter 5 focused on the characterization results for as grown and annealed W4-
VDR, P8-VDR, 40nm-VDR and 20nm-VDR. The effects of different particle sizes and
various annealing ambients on the morphological, physical, structural, optical, and electrical

characteristics of the samples are also discussed in this chapter.

In Chapter 6, the toxicity reactions induced by pure and composite (varistor) ZnO

disc samples and their effects on animal cells (L929) are explained, and the effects are

related to the particles size of the ZnO grains and additives in the samples.

In the final chapter, a summary of the research and a conclusion are reported.

Several recommendations for future research are also presented.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The theories and principles of this work are displayed in this chapter. In the
beginning of the chapter, the mechanism of surface modification through the main annealing
process is explained briefly. Then, the fundamental characteristics (physical, structural,
optical, and electrical) of ZnO micro- and nanoparticles are discussed. Thereafter, the
definition of ZnO varistor and its properties are presented. The toxicities mechanism of
various sizes of ZnO particles towards the L929 cell line is likewise briefly described in this

chapter.

2.2  Mechanism of surface modification through the main annealing process:
recovery, recrystallization and grain growth

In the thermal annealing process, a ZnO material is heated to the temperature of
recrystallization and then cooled down. The key factor of this process is to develop the
properties of cold work by increasing ductility and retaining most of the hardness. The cold-
worked state is a status of higher internal energy than the unreformed material. Although the
cold-worked dislocated cell structure is mechanically stable, it is not thermodynamically

stable [65].
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Figure 2.1. Overview of processes occurring during thermal annealing and the driving
forces for these processes.

In annealing at an elevated temperature, the microstructure and characteristics may
be partly restored to their initial values by recovery in which rearrangement of the
dislocations take place. In most cases, the modifications in the microstructure during the
recovery process are relatively homogeneous and do not have any effect on the boundaries

among the deformed ZnO grains.
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Figure 2.2. Schematic presentation of a recovery process and dislocation motion during
thermal annealing process.
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During the recovery process, a portion of the stored internal strain energy is relieved
through dislocation via atomic diffusion at the high temperatures. However, the dislocations
are not completely removed during the recovery, which results in a partial restoration of
properties. The process of further restoration is known as recrystallization.

After the recovery process, the grains are still in a partial high-strain energy state.
Recrystallization is the production of new uniaxial and strain-free grain structure that has
low numbers of dislocation motions. The difference in the internal energy among strained
and unstrained samples is the driving force in the formation of new grain structure. The
reduction in free energy because of a diminution in grain-boundary as a result of increasing
grain size is the driving force of the growth of new ZnO particles during the rise in
temperature. Grain size dramatically increases when the new strain-free grains are heated to
a temperature higher than necessary for recrystallization.

Therefore, the recovery process covers all alterations that do not involve the
deformed structure of ZnO grain by migrating high-angle grain boundaries. However, during
the recrystallization process, the crystal orientation of any area within the distorted sample is
changed at least once, which can be observed in high-angled grain boundaries crystals [66].

Upon initiation of recrystallization in strain-free grains, crystals continuously grow
with increasing the annealing temperature; thus, the total grain boundary area reduces. Large
grains still grow at the expense of smaller grains. In particular cases, a number of ZnO with
normal grain growth continues to grow, which is known as abnormal grain growth or
secondary recrystallization.

New ZnO grains nucleate in the grain boundaries between the grains and grow at the
expense of the distorted structure till it is entirely annihilated [67]. Grain boundaries
continue to migrate at a decreasing rate between the new grains, which is also known as
“grain growth” (Fig. 2.3). Generally, all grain boundaries move to a regular size area; but
this motion is confined to only a minority of grain boundaries. Therefore, only specific

grains grow large at the expense of other grains [66].
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Figure 2.3. Schematic presentation of a grain growth and boundary motion during thermal
annealing process.

2.3 Fundamental characteristics of zinc oxide

Zn0O was discovered a long time ago and has been used in commercial products in a
variety of ways such as a white pigment in paint, food and cosmetics additive, UV-absorbing
material in sunscreen, anti-inflammatory component in ointments and creams, and an
additive in car rubber tires and concrete. The widespread use of ZnO is attributed to its
natural abundance and easy preparation by a variety of chemical methods. Furthermore, ZnO
is non-toxic to the human body and is environment-friendly. It is also an air-stable
semiconductor, and a considerable number of studies have focused on its semiconducting
properties for applications in several electronic and optoelectronic devices. However, a
higher level of purity is required for some applications. ZnO is a bilateral chemical substance
from the I1-V1 group and in its pure compose is appear transparent because of its broad direct
band gap, as explained in Fig. 2.4 [68]. ZnO has a very significant electron affinity

(approximately 4.7 eV) and ionization potential (approximately 8 eV) compared with other
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semiconductor materials, which partly explains the ease of n-doping. At room temperature,
an elevated exciton energy of binding (approximately 60 meV) is a unique property of ZnQO,
which allows efficient near-band-edge excitonic emission. The large exciton binding energy
decreases the distance between the hole and electron pairs. As a consequence, ZnO
nanoparticles are fluorescent. Several features of ZnO are worth mentioning, such as its
tolerance for high-energy radiation, availability of significant size ZnO substrates, and its
ability for wet chemical etching. [69, 70]. All these characteristics make ZnO a favorable

semiconductor for novel (opto) electronic applications [71].

Energy (eV)

0 Zn0 2ZnS GaAs GaN InAs Si  SiC

Figure 2.4. The conduction and valence bands energy relative to the vacuum level for
several of semiconductor materials. The space between the top and the bottom bars explains
the bandgap, (taken from ref. [68]).

Early studies on ZnO concentrated on its possible applications and fundamental
properties, such as band structure, doping [72], and lattice parameters [73]. However, interest
on ZnO decreased progressively during the 1980s because of unmanageable impurities and

intrinsic defects naturally generated on the material apart from those generated by methods
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of growth. Moreover, its electrical conductivity cannot be controlled. ZnO is inadvertently n-
type doped, and it is rather unstable when p-doped on purpose. Moreover, the investigation
of stable and reproducible p-type polarity is among the most challenging and has not been
accomplished yet [74]. The p-type ZnO is a fundamental prerequisite for obtaining the p-n
junction that is essential in optoelectronic applications. A considerable number of researches
have been achieved to overcome the p-type doped ZnO through growing thin ZnO films on
different p-type substrates. However, minimal success has been achieved because of lattice
mismatch at the p-n junction interface, which results in poor device performance [75].

ZnO has a unique capability to generate a variety of one-dimensional structures as
nanofibers, nanorods, nanowalls, nanorings and nanocombos [76-116], see Fig. 2.5. Some
nanostructure attracted attention quickly due to their unique characteristics and simplicity of

the synthesis. Here some of the properties of ZnO are highlighted:

Figure 2.5. SEM images of ZnO nanostructures: (a) nanoplates, (b) nanowalls, (c) nanorods
and (d) nanowires, (taken from ref. [116]).

20



2.4  Physical properties of ZnO

Table 2.1 shows several physical characteristics of ZnO at room temperature [69, 82,
95, 118]. The values for the thermal conductivity are still in question because of the presence
of some crystal defects in the material [119]. Moreover, a reproducible and stable p-type
doping in ZnO remains a problem and cannot be obtained. The results regarding the values
related to the mobility of hole and its efficient mass are still debatable. The values of carrier

mobility can be certainly enhanced by effective control of the material defects [119].

Table 2.1. ZnO Basic physical parameters at room temperature, (taken from ref. [15, 16, 24,
26]).

S.No Parameters Values
1 Lattice constant at 300 K a=0.32495 nm, ¢ = 0.52069
nm
2 Density 5.67526 g/ cm?
3 Molecular mass 81.389 g/ mol
4 Melting point 2250 K
5 Electron effective mass 0.28 m,
6 Hole effective mass 0.59 m,
7 Static dielectric constant 8.656
8 Refractive index 2.008, 2.029
9 Bandgap energy at 300 K 3.37eV
10 Exciton binding energy 60 meV
11 Thermal conductivity 0.6-1.16 W/ Km
12 Specific heat 0.125 cal/ g °C
13 Thermal constant at 573 K 1200 mV/ K
14 Electron mobility ~ 210 cm’/ Vs

2.5  Crystal Structure of ZnO

ZnO crystals assume three different forms depending on the conditions during
crystallization. These three forms are wurtzite, zinc blende, and rock-salt (Fig. 2.6). The
wurtzite structure is thermodynamically stable under ambient conditions [74, 120]. If ZnO is
grown on a cubic crystal surface, zinc blende is the expected structure, whereas the rock-salt

structure can be obtained only under high pressure (approximately 10 GPa) [82].
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Figure 2.6. Crystal structures of ZnO, (taken from ref. [117])

The crystal structure of ZnO wurtzite has a unit cell in hexagonal form with a= 0.324
nm and ¢ = 0.521 nm lattice parameters [121]. The ZnO crystal structure contains of a
number of zinc (Zn) and oxygen (O) surfaces paved alternatively along the c-axis. Every Zn
cation is surrounded by four O anions arranged at the tetrahedron edges. The tetrahedral
structure mechanical deformation causes a polarization, i.e. the electric dipole formation at

the microscopic scale, which in turns leads to the piezoelectric property of ZnO [122].

2.6 Electrical properties of ZnO

Fundamental research on the electrical properties of ZnO nanoparticles is critical in
the development of its application in nano electronics. ZnO has a 3.3 eV broad band gap at
room temperature. A significant band gap indicates interesting properties such as higher
values of breakdown voltages, continuous large electric fields, high-energy running, and
high temperature. ZnO has an n-type nature when doping is lacking. Non-stoichiometry is
generally the origin of its n-type character. ZnO nanowires reportedly act as n-type
semiconductor because of various defects such as oxygen vacancies and zinc interstitials.
The main constraint in broad-range applications of ZnO in photonics and electronics rests

within the p-type doping difficulty. Successful ZnO nanoparticles doping of p-type will
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significantly enhance their potential use in nano scale optoelectronics and electronics. N-type
and p-type ZnO nanowires can act as light-emitting diodes (LED) and p-n junction diodes

[123].

2.7  Optical properties of ZnO

The optical characteristics of semiconductor are based on both the extrinsic and
intrinsic defects within the structure of crystalline. Achievements in research on ZnO optical
properties have a long history that began in the 1960s. Recently, its direct broad band gap
about 3.3 eV with high energy of exciton abut 60 meV for ZnO at room temperature has
made it very important among materials with wide band gap. [124]. The high efficiency of
ZnO in radiative recombinations has made it a promising material for optoelectronics
devices. The ZnO bulk and nanoparticles optical characteristics have been obtained widely
by using photoluminescence spectra techniques at different room temperatures. The UV and
a broad emission bands were obtained. The UV emission band is caused by the transition
recombination of free excitons in the near-band-edge of ZnO. An exciton is the state wherein
an electron and a hole are bound by the electrostatic Coulomb force. It is a quasi-particle
present in semiconductors, insulators, and a number of liquids. An exciton can move over the
crystal and transmit energy but cannot influence the charge where it is electrically neutral.
An exciton is generated when a semiconductor absorbs a photon, which leads to the electron

excitation from the valence band.

2.7.1 Defects and luminescence in ZnO

The electrical and optical characteristics of a semiconductor material can be
modified by controlling the nature and amount of intrinsic defects. These defects are
generated in the process of growth or by post-growth treatments such as ion implantation or
annealing. An understanding of the behaviors of these defects in ZnO is very important.

Since the 1960s, the dependence of both intrinsic and extrinsic properties of ZnO
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luminescence on intrinsic and extrinsic defects has been investigated. Particularly, the origin
of intrinsic luminescence in ZnO is still debatable because of native point defects. The ZnO
has acceptor and donor energy levels above and below the valence and conduction bands,
respectively, and these are responsible for the near-band-edge emissions. Furthermore, the
band gap within ZnO has deep levels of energy, which are related to the emissions in the
entire range of the visible region from 400 nm to 750 nm. The source of these deep level
emissions is of interest and remains under review, and a considerable number of researchers
have proposed different origins of these deep level emissions [82, 84, 85, 93, 95, 101, 107,
111, 116, 125-134].

There are also extrinsic and intrinsic point defects that determine the properties of
ZnO luminescence. [82, 95]. Extrinsic point defects are defined as the inclusion of foreign
atoms as impurities. If the defects are composed of only host atoms, the defects are thus
intrinsic. Intrinsic optical recombinations occupy the electrons within the conduction band
and the holes within the valence band [95]. The ZnO deep level emission (DLE) band used
to be attributed to the ZnO crystal structure intrinsic defects such as zinc vacancies (Vz,) [93,
111, 125, 134], oxygen vacancies (Vo) [135-139], zinc interstitials (Zn;) [84, 128], oxygen
interstitials (O;) [116, 129, 131, 132], oxygen anti-sites (Oz,), and zinc anti-sites (Zno) (Fig.
2.7) [140]. The substitutions with Li and Cu are extrinsic defects, which are also proposed to

be involved in DLEs [79, 141].
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Figure 2.7. Schematic illustration of band diagram for some deep level emissions (DLE)
within ZnO dependent on the full potential linear muffin-tin orbital method, (taken from ref.
[140]).

A vacancy defect is created when a host atom C is missing within the crystal,
designate as Vc. Vz, and Vg are the most famous intrinsic defects in the ZnO. The green
emission of ZnO is caused by single ionized oxygen vacancies. The energy required to
formation an oxygen vacancy is minimal than that of a zinc interstitial and controls growth
conditions of zinc. Doubly ionized oxygen vacancies cause the red luminescence of ZnO
[141]. The green emission formation in ZnO is the most debatable, and a considerable
number of experiments have been carried out for this emission [115, 127, 144-150]. Zinc
vacancies were accurately investigated by numerous researchers and were proposed as the
origin of the green emission observed at 2.4-2.6 eV below the ZnO conduction band [93,
125, 151]. Numerous investigators also proposed that oxygen vacancies are the origin of the
ZnO green emission [84, 85, 107, 152]. Extrinsic deep levels such as Cu and oxygen
interstitials lead to the ZnO green emission [120, 153, 154]. Currently, several deep levels
are presumably involved in the ZnO green emission. Combined Vo and Vz, reportedly lead
to the green emission [34, 152, 154]. The blue luminance of ZnO is caused by zinc
vacancies. The blue emission is formation from the recombination among Zn; and Vg,

energy levels, and it is approximately 2.84 eV (436 nm). The method of full potential linear
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muffin-tin orbital shows that the Vz, level location is approximately at 3.06 eV under the
conduction band, and the Zn; level situation is theoretically exited below the conduction
band at 0.22 eV [142].

When an excess D (D refers to any atom within the crystal) atom occupies an
interstitial position among the normal positions within the crystal structure, an interstitial
defect called D; is generated. Zn;and O; are the two popular intrinsic defects in ZnO. Zn;is
usually located below the conduction band at 0.22 eV and has a major role in ZnO visible
emissions. Recombination among various defects and Zn; within the ZnO deep levels, as O;,
Vz, and Vo, generate blue and green emissions [142]. O; is usually located below the
conduction band at 2.28 eV and generate red-orange emissions in ZnO [34, 86, 93, 101, 145,
149, 151, 152, 154-158].

Anti-site defects are generated when atoms occupy wrong sites in the crystal lattice
such as when oxygen occupies the zinc site or vice versa. These defects can be generated by
irradiation or ion implantation treatments. The shifts above the valence band at 1.52 eV and
1.77 eV are attributed to Oz,-related deep levels [140].

Extrinsic defects also have a major role in ZnO luminescence. The ZnO UV
emissions at 3.35 eV are normally related to the excitons bound to the extrinsic defects such
as Li and Na acceptors in ZnO [74]. The emission at 2.85 eV is caused by Cu impurities in
ZnO [79]. The yellow emission was obtained in ZnO thin film doped with Li at 2.2 eV and is
situated below the conduction band at 2.4 eV [159, 160]. Fe, Mn, Li, Cu, and OH are popular
extrinsic defects in ZnO and these defects affect ZnO luminescence. Defects that have
different energies emit the same color, such as ZnO:Co and ZnO:Cu that both emit the green
color [120]. Hydrogen also has a significant role in ZnO luminescence. It is not a deep level
defect and is located below the conduction band at 0.03-0.05 eV [161]. Hydrogen is usually
positive in ZnO and significantly acts like a donor with low ionization energy, more
explanation on this topic can be found in [95, 120]. Investigations on defects and

luminescence in ZnO, along with their abilities to transition, demonstrate that ZnO could
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emit luminescence that covers the entire visible region; thus, ZnO has great potential for use

in the fabrication and improvement of white LEDs [120].

2.8 Zinc oxide nanoparticles

ZnO is usually in the powder form of a white color and is rather insoluble in water.
The ZnO powder is vastly utilized as an additive in ceramics, plastics, glass, cement,
lubricants, paints, rubber, sealants, ferrites, foods (as a Zn nutrient source), fire retardants,
and so on. ZnO is extracted from the crust of the earth as zincite, but most ZnO used for
commercial purposes are synthetic. ZnO is non-poisonous and does not irritate skin of
human; making it a compatible addition for surfaces and textiles that relates to the human
body. The increased surface to volume ratio (S/V) of ZnO nanoparticles may improve the
quality of functions of this material compared with its bulk counterpart. The surface structure
of ZnO has been mathematically obtained using novel atomistic potentials.

The concern in nanomaterials arises from the reality that novel characteristics are
obtained at nanoscle length scale and, equally significant, that these characteristics vary with
their sizes. Several factors in various substances cause the characteristic changes. In
semiconductors, changes are more from the electronic motion imprisonment to a length scale
that is similar to or minimal than the length scale differentiating the electronic motion in bulk
semiconducting substances (named the electron Bohr radius). As the size of a number of
metals is decreased to tens of nanometers, a relatively robust absorption emerges attributed
to collective electron oscillation within the conduction band from one particle surface to
another. This oscillation process among the electrons possesses a frequency, which absorbs
the visible light. This is known as the surface Plasmon absorption. In transition metals, the
reduction in size to the nanometer scale results in an incremented S/V ratio, which changes
the properties of the material. The feature and surface formation of the nanoparticles
primarily determine their function in potential applications. The small size of nanoparticle

results in an unstable surface because of the significant energy of the surface and the
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considerable surface bowing. Therefore, the characteristics of materials alter as nanoparticles
are employed. The structure of the surface can be altered, as well as its chemical nature. In
addition, these nanoparticles require connection to macroscopic objects for example in
varistor applications. Changes in the properties of nanoparticles caused by the disorder at
interconnections could be greater than those caused by quantum confinement or any physical
force contained in the area of the nanoparticles. Hence, the application of these nanoparticles
should be based on their comprehensive properties, particularly, the stability and

characteristics of the surface.

2.8.1 Nanoscale effects

The two most significant properties of nanoscale dimensions are quantum
confinement and the very large surface area [162]. First, this confinement leads to a shift in
the energy levels (band structure more precisely) and therefore the difference between the
highest occupied level and the lowest unoccupied level (or band of levels) may shift, thus
changing the band gap. This phenomenon is known as quantum confinement. The quantum
confinement affects state density (trap/donor carrier concentration), total power, and
thermodynamic stability of semiconductor materials; hence, influencing optical, electronic,
and magnetic characteristics. ZnO nanoparticles tend to exhibit the quantum size effect for
dimensions less than 7 nm, wherein band gap expansion and blue-shifting is apparent in the
test of light absorbance [163, 164]. Second, nanometric dimensions significantly increase the
surface area to volume ratio. For a 1 nm nanosphere that has a density similar to ZnO (5.6
glcm?), the theoretical surface area is approximately 536 m?g [165]. If the nanosphere
includes internal interfaces (grain boundaries), the surface area would be highly increased
just like in metastable structures. The extremely high surface-area-to-volume ratio, together
with a size comparable to the Debye length, results in the high sensitivity of nanomaterials to

surface modification during the annealing process and interactions at the surface (e.g. with
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gas molecules). Moreover, their confinement size facilitates band gap tunability, greater

optical gain, and ultrafast speed of operation [166].

2.9 Definition of zinc oxide varistor

ZnO varistors are electro-ceramic components made of ZnO as the base material
sintered with other metal oxide additives. ZnO varistors provide economical and reliable
protection against surges and high voltage transients, which may originate from inductive
discharges, electrical switching or electrical noise on AC or DC power lines, and lightning
strikes [167]. They were found far superior to transient suppressor diodes in terms of
absorption of significantly higher transient energies and suppression of positive or negative
transients. The structure of the varistor body contains series and parallel P-N junctions
caused by separation of conductive ZnO grains by grain boundaries. P-N junctions make
ZnO-based varistors voltage-dependent devices. Non-linear conduction is performed at
higher voltages, and conduction is blocked at low voltages. Furthermore, ZnO varistors are
bidirectional devices that exhibit a current-voltage (I-V) characteristic similar to back-to-
back zener diodes. This characteristic is attributed to the presence of both forward-biased
and reverse-biased P-N junctions. The sharp breakdown characteristics, which enable

varistors to provide excellent surge protection for devices, are shown in Fig. 2.8.
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Figure 2.8. Typical Varistor V-1 Characteristics, (taken from ref. [168]).

In overvoltage transients, the resistance of the ZnO varistor varies from a huge value
of stand-by to extremely low conductive value (1 Q to 10 Q) [169], thus, the transient is
absorbed and clamped to a safe level to protect sensitive circuit components [170]. The
destructive energy is transferred as current to a neutral or ground wire, which may cause a
dramatic increase in the varistor temperature. High transit voltage may yield high heat
quantities that will be experienced by the varistor device. Ideally, all this energy is absorbed
equally by the entire body of the varistor and heat is evenly distributed to all parts. The rate
of voltage is proportional to the device thickness, heat is proportional to volume, and current
capability is proportional to area [171].

Varistors are fabricated from a non-homogeneous material, allowing a modification
action at the contact points of two particles. Many parallel and series connections identifies
the current capability and the voltage rating of the varistor [172]. The basic features of the

ZnO varistors are listed below.
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ZnO varistors have response time of less than 20 ns to over-voltage transient, so that
the clamping the transient the instant it occurs.

ZnO varistor's capability to absorb energy is very high ranging from a few joules to
thousand of kilojoules with respect to size of component.

Their capacitance is low, which make it appropriate for the protection of digital
switching circuitry.

ZnO varistors can sense and clamp transients frequently, in thousands of times,
without being affected [171, 173].

Their stand-by power is very low, which has led to the difficulty of using the current
in stab-by condition, which means the lowest power used while performing at least
one function.

ZnO varistors have I-V behavior is nonlinear similar to the current-voltage
characteristic of a Zener diode.

ZnO varistors are bidirectional, which mean they can perform suppression of surges
in both forward and reveres biases as two diodes arranged back-to-back.

The insulation of ZnO varistor body is very high and epoxy resin coating gives
protection up to 2500 V, in order to prevent short circuits to adjacent tracks or
components.

They can be used in electronic circuits which employ both direct current (dc) and
alternating current (ac) in a wide ranges of current (1 microampere to kiloamperes)

and voltage (one volt to megavolts) [174].
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Figure 2.9. (Top) Circuit scheme with voltage supply, varistor and load connected in
parallel. Passive components are usually connected close to the protected device for
optimum protective performance. (Bottom) When applied to a voltage surge, the varistor will
cut the surge at the desired protective voltage level and the load will continue to work at non-
destructive voltage levels, (taken from ref. [175]).

Dugan [176] and Clarke [172] examine the advantages of ZnO-based varistors and
noted to the importance of ZnO varistors as compared to other surge protection devices.

Below is an advantages list for ZnO varistor [173, 177].

a) ZnO varistors have high non-linear coefficient values ranging from 10 to 100 which
are substantial for better protective function and fast response.

b) Sharp switching voltage with no slowing that is the reversible of current-voltage
characteristic.

c) High energy-absorption capability with energy density up to 300 J/cm®.
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d) Power loss for varistor is very low ranging from 10 to 100 mW/cm®.

e) ZnO varistor very responsive to over-voltage transients.

f) Gapless design which making ZnO varistors compact.

g) ZnO varistors have small sizes with different geometric shapes.

h) Long lifetime under different environments for more than 10 years.

i) Diverse with different applications from low to up of mega-volt range applications.

j) The price of varistor is very cheap if bought in bulk

k) Wide range of voltage selection from 14 Vgus to 680 Vrys, making the varistor
easier to choose the correct item for any specific application.

1) Available in the form of tape with accurately defined dimensional tolerances which
making the varistor ideal for automatic insertion.

m) Non-flammable even under loading conditions.

n) Non-porous lacquer, making the varistor safe for use in toxic or humid

environments.

2.10 Fundamental properties of zinc oxide (ZnO) varistor
2.10.1 Chemistry and microstructure of varistor

Pure ZnO is a semiconductor with a linear 1-V characteristic; thus, other oxides
must be added to get a non-linear characteristic. Common additive oxides are Bi,Oz, Mn,0Os,
NiO, Cr,03, C030, SiO,, Sh,0; and, Al,O; which have different effects and functions

during the sintering process and in varistor devices [178-181]. As shown in Fig. 2.10.
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Figure 2.10. Summary of elements and phases present in the varistor during the sintering
process and in the final compact, (taken from ref. [170]).

ZnO varistor materials are made of multi-phase polycrystalline ceramics. The basic
components of these varistor samples are grains of ZnO, spinel grains, and intergranular Bi-
rich phases [178, 179, 182]. The main constituents and microstructure of the varistor are

shown in Fig. 2.11.
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Figure 2.11. Scanning electron microscope (SEM) images of the microstructure of a
ZnOvaristor material obtained in secondary electron mode (left) and in backscattered
electron mode (right) [175]. The sample surface is polished and lightly etched. Grains of
Zn0, spinel grains and bismuth-rich phases are observed.

The grains of ZnO range from 10 pm to 20 um in diameter and are the essential
constituents of the ZnO-based varistor. The grains have the similar chemical structure in
spite of the large variations in their geometric shape. The size of these grains may be affected
by temperature and sintering time and also by different oxide additives in the varistor.
Higher temperature and longer extent of sintering cause the increase in grain size [183, 184].
Be and Ti are used to enhance growth of grains, and Si and Sb are used for suppression of
grain growth [185]. Small quantities of dopants, primarily Mn and Co, settlement and
formation in the ZnO grains.

The spinel grains (Zn;Sb,0;,) are ranging from 2 to 4 um in diameter and may
impede the growth of the ZnO grains during the sintering process by pinning the migrating
ZnO grain boundaries. The spinel grains range from 2 pm to 4 pm in diameter and may
impede the grains growth through the sintering process by pinning the migrating boundaries
among the grains. These spinel phases are usually in massive clusters encompassed by Bi-

rich phases, but they may also be individually formed between, sometimes even within, the
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ZnO grains. Spinel grains resulted from reaction by ZnO with (Zn,Bi3Sh3044) during the

early stages of sintering according to the following Equation (2.1) [180]:

2 anBi3Sb3Ol4 +177Zn0O < 3 Zl’l7Sb2012 +3 Bi203 (21)

Addition of dopants, such as Mn, Co, and Cr, to the varistor enhances the formation
of spinel grains [178]. These grains do not have any direct impact on the non-ohmic
properties of the varistor despite being effective insulators [185]. More precisely, high
concentrations of dopants such as Co, Mn, Ni and Cr, can be investigated in the spinel grains

[180].

There are three major parts from bismuth-rich phases:

o crystalline Bi,O;
e an amorphous bismuth-rich phase

° perChlore (anBigsb3014)

All these three phases create a network in three-dimensional through the varistor
volume. Bi,O; crystalline is initially found in triple and double junctions of grains within
varistor samples and is formed during reducing temperature to normal temperature. The
morphology of the sintered varistor material depends mainly on the sintering temperature
and atmosphere, cooling rate, and the composition [182, 183]. The stable high temperature o-
Bi,Os, which has a high degree of turbulence, is formed as a result of melt crystallization
[186]. Thereafter, the 5- phase may transform into the metastable  and y forms or the stable
low temperature polymorph a-Bi,O3. The phase composition of Bi,O3; has a considerable
impact on the varistors non-linearity behavior [187]. All polymorphs, except the a

polymorph, can melt large amounts of other elements [188]. The emergence of several metal
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additive stabilizers can be attributed to the metastable and high temperature 6 forms at room
temperature. The continuous network of crystalline bismuth-rich phases is a result of the
transport of O into the material during annealing [172].

Pyrochlore formation varies with different ZnO varistor materials. Pyrochlore is first
formed during heating and reacts with ZnO to form Bi-rich liquid and spinel phases in the
early stages of sintering [180, 181, 183, 186-190]. During cooling process to room
temperature, Pyrochlore established again, which decreases the cooling rate [172]. The
pyrochlore content also increases with decreasing sintering temperature [180]. Small
quantities of Ni, Co and Mn detectable in the pyrochlore and the pyrochlore crystallographic
detail is taken from reference [181].

The amorphous Bi-rich phase is stabilized mainly between the grains at boundaries,
particularly in the interfaces of ZnO/ZnO grains, which accounts for the appearance of

Schottky barriers in the ZnO/ZnO junctions [191].

2.10.1.1 Interfacial Microstructure

Most studies on ZnO varistor materials have focused on the grain boundaries
because they have an observed impact on most of the varistor behaviors. The grain
boundaries function as barriers against electrical conduction, which leads to the
improvement in non-linear current/voltage characteristics of ZnO varistors. Generally, most
of the grain boundaries in polycrystalline materials grow indiscriminately and do not have
identical high-angle grain boundaries. Occasionally, special grain boundaries, such as
inversion twin boundaries, appear in polycrystalline materials, which may lack electrical
activity and show morphology completely different from the general types of grain
boundaries.

These results are also compatible with the grain boundaries found in ZnO varistors.
Preliminary researches on the varistors microstructure achieved that the ZnO grains were

entirely surrounded by a crystalline phase [170], However, more recent studies concluded
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that the crystalline Bi-rich phase is located primarily in the ZnO triple and multiple grain
junctions [182]. The boundaries between two grains of ZnO can be divided into two different

types with different structural properties as follows [192]:

e interfaces formed by impurities incorporation of up to two atomic layers, and
o interfaces with a second phase characterized between the two grains, which are

usually suitable for the nanometer scale.

The first type is the ZnO/ZnO grain boundaries. Electron microscopy revealed that
these boundaries do not contain intergranular film but has segregated Bi atoms [193-196]. Bi
segregation in the grain boundaries has also been reported by X-ray photoelectron

spectroscopy [197] and Auger electron spectroscopy [198].

amorphous

film

Figure 2.12.  Schematic illustration of a ternary junction among the grains at
thermodynamically equilibrium [199]. Crystalline Bi,Os; is present in the triple grain
junction, with a thin amorphous Bi-rich film lies continuously among the crystalline phases
in the varistor.
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The second type is composed of interfaces between grains of ZnO, and electron
microscopy studies showed that these interfaces contain a constant amorphous Bi-rich phase

[181, 193, 194, 200].

2.10.2 Electrical characteristics of ZnO varistor
The ZnO-based varistor is a voltage-dependent, mutable resistor, non-linear device
whose resistance reduces as the voltage raises across the device. The relationship between

voltage and current in the ZnO varistor can be defined by the following equation:

| = KV@ 2.2)

_log (11 /1)

where:
log (V1 /V2)

(2.3)

K : Is a constant value based on the materials and geometry of the varistor sample.
a : Shows the non-linearity degree of the conduction of varistor.

(V1,V,) and (I,1,) are the voltage and current values used to calculate o.

The typical electrical properties of ZnO varistors are mentioned in Table 2.2 [172,
201]. Most varistor characteristics are based on semiconducting properties, which include the
placement of impurity donors, the presence of depletion layers, very short response time, and
the presence of boundary capacitance. All properties of the ZnO varistor are related to the P-
N junction phenomena of silicon MOSFET devices such as the very high resistivity in the

varistor [202].
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Table 2.2. Electrical properties of ZnO varistor.

ZnO Varistor Characteristics Electrical Characteristic Values
Depletion Layer Thickness 50 — 100 nm
Grain-boundary Resistivity 10° — 10 Q.cm

Grain Resistivity 1-10Q.cm
Donor Density about 10" / cm®
Interfacial Trap Density about 10*/ cm?
Voltage Drop at Grain Boundary 1 -4V per boundary
Nonlinear Voltage Range 1V 10kV
Nonlinear Coefficient (o) 10— 100
Grain-boundary Capacitance about 0.2 uF / cm®
Apparent Relative Dielectric Constant 10° — 10°
Energy Absorption Capability 100 -300J/cm®
Response Time 5-30ns
Power Loss 10 — 100 mW / cm®

2.10.2.1 Nonlinear current — voltage characteristics of ZnO-based varistor

The ZnO varistor has a very strong semiconducting behavior and significant
nonlinear current—voltage (I-V) characteristics, making it the focus of a considerable number
of prominent varistor scientists such as Matsuoka [12], Clarke [193], and Gupta [173].

The 1-V graph for the ZnO varistor shows a considerable variation in terms of its
shape and turning points (Fig. 2.13). This phenomenon resulted from the manufacture of
varistors using several voltage and current ratings that led to large variations in their
diameter and thickness; from a few millimeters to 400 millimeters in diameter and from
micrometers to 40 centimeters in thickness [201]. Therefore, if the varistor has large
variations in physical properties, it must explain the current and voltage values with respect
to a certain denominator; that is, current is represented by the current density J (A/cm?) and

the voltage is represented by electric field E (V/cm).

The I-V curve is divided into three regions, namely, the pre-switch region (sleep

mode), the switched region (triggered mode), and the upturn region (high-current zone).
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Figure 2.13. 1-V Characterization of a ZnO varistor,(taken from ref. [203])

2.10.3 Optical properties of ZnO varistor

Research studies on optical properties of ZnO varistors, as well as their refractive
properties, have been discussed a lot during the past years. The first study on the ZnO began
in the 1960s [156, 204]. The interest in ZnO has grown tremendously in fields of
optoelectronics because of its direct broad band gap at room temperature (3.3 eV), as well as
its 60 meV exciton energy and functional radiative recombination. The 25 meV thermal
energy at room temperature and the significant exciton binding energy that is significantly
greater than that of GaN (25 meV) can confirm an effective exciton emission under low
excitation energy at room temperature.

The optical characteristics of ZnO include photoluminescence, optical absorption,
reflection, transmission, and so on. In the next section, an introduction on the
photoluminiscent and optical properties of a semiconductor is explained first. Second, UV
emission and the sources of the deep level emission (DLE) band in the varistor

photoluminance spectra are briefly discussed. Third, the surface recombination is described
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in detail. Finally, the impact of surface band bending on the ZnO nanoparticle-based varistor
is discussed as a large ratio of S/V in nanoparticles.

The photoluminance spectrum of the varistor is characteristic of a UV and a broad
emission bands (Fig. 2.14). At normal temperature, the peak of UV emission forms from a
near-band-edge transition of ZnO, which is the free excitons recombination. The broad peak
ranging from 420 nm to 700 nm spotted in almost all varistors irrespective of growing states
is known as the DLE band. The presences of the DLE band may be attributed to the various
types of defects in the crystal structure, including oxygen vacancy (Vo) [85, 107], oxygen
interstitial (O;) [116], zinc vacancy (Vz,) [93, 111], zinc interstitial (Zn;) [84], and extrinsic
impurities as substitutional Cu [79]. In the present study, the DLE band was investigated,
and a few defect generates (Vz, and V) with several optical properties were identified as

contributors to the DLE [86, 115].
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Figure 2.14. PL spectrum of ZnO varistor, obtained at 5 mW excitation power at room
temperature with 325 nm excitation wavelength, (taken from ref. [110]).
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2.10.3.1 Recombination process

There are two main types of mechanisms of recombination process in
semiconductors, namely, radiative and non-radiative recombinations. In radiative
recombination, the energy released from one photon is equal or close to the band gap energy
of the semiconductor (Fig. 2.15) [96]. In non-radiative recombination, the electron energy is
transformed to vibrational lattice atomic energy (phonons); thus, the electron energy is
transferred to heat. For these causes, the occurrence of non-radiative recombination is

undesirable in LED devices.

Basically, There are three mechanisms via which non-radiative recombination can

occur:
¢ Non-radiative via deep level.
e  Auger recombination.
e  Surface recombination.
(@ (b) Vibrating atoms (phonons)

Free electron

Figure 2.15. (a) Radiative recombination of an hole-electron pair conjugated by the phonon
emission with energy hv= E, (b) In non-radiative recombination incidents, the energy
emanate during the electron-hole recombination is converted to phonons, (taken from ref.

[96]).
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0] Non-radiative via deep level

Non-radiative recombination is frequently generated from the crystal structure
defects, such as native defects, impurities, dislocations, and several defect clusters. In
compound semiconductors, native defects, such as vacancies, interstitials, and antisite
defects, are present. These defects are known for their ability to form one or more of the
levels inside the semiconductor forbidden gap. The investigated energy levels of defects in

ZnO from previous research studies are illustrated in Fig. 2.16 [90, 91, 106, 108].
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Figure 2.16. The energy levels calculated of defects within ZnO, (taken from ref. [90, 91,
106, 108]).

(i) Auger recombination

The third carrier (an electron in the conduction band) gains energy and undergoes
excitation to a upper energy level without jumping to different energy band. After
interaction, the third carrier will normally get rid of its excess energy in the form of thermal
vibrations. The recombination of carriers by Auger process is described schematically in
Figure 2.15 (b). In this process, interactions among the three particles are significant only in
non-equilibrium conditions when the density of carriers is very high. Generation by the

Auger process is not simple because the third particle causes an unsuitable high-energy state.
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(iti)  Surface recombination

From the structural viewpoint, compared with the material bulk counterpart, the
structure of the surface is entirely different when the crystal growth is dangling bond. The
crystal lattice periodicity is strongly disturbed at the surface. The model of the band diagram
is apparently based on the strict periodicity of the lattice. Thus, it is certain that the band
structure will be adjusted by the surface because of the termination of periodicity. As a
consequence, additional electronic states will be generated in the semiconductor within the
forbidden gap, which will behave as non-radiative centers that will strongly suppress the

efficiency and intensity of the luminescence of the material.

2.11  ZnO micro and nanoparticle-Bi,O3-Mn,O3-based varistor system

ZnO varistor ceramics have been generated in massive numbers in the 1970s. The
electronic components fabrication produced from ceramics is still an manufacturing
challenge despite several improvements. Several problems may emerge in a ceramic
procedure because of numerous industrial operations that require particular attention such as
raw materials quality, slip identity, pressing, spraying processes, and so on. Synthesis after
sintering is difficult because a considerable oxides with huge vapor pressure are applied as
arresters in power transmission in standard ZnO varistor production. Composition is
probably modified through sintering step attributed to vaporization of components. In the
domination of varistors electrical behaviors, problems in production, including furnace
lifespan and vaporized oxide (Bi and Mn) toxicity, are most probably present.

Given the superior nonlinear behavior and low leakage current of varistor devices,
they have been used in electronic and electrical systems such as surge protection systems for
several years. During the operation process, a varistor is connected between the ground and
the power source. If the electric field overrides the switching field, the surge is absorbed and

shunted by the varistor, and in this way, it protects the electrical circuit. Controlling the
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characteristics of the varistor is therefore desirable to improve particular protection
requirements.

The breakdown voltage and resistance of these varistors rely heavily on
microstructural conditions; thus, the grain size and microstructural homogeneity are the most
significant parameters. One way to achieve these objectives is to use homogeneous zinc
oxide nanoparticle powder for varistor manufacturing. Homogeneous ZnO nanoparticle
powder is a requisite for the production of high-performance ZnO varistors because it
increases the microstructure homogeneity, which is necessary to improve the electronic and
electrical characteristic of these varistor ceramics.

Many researchers have researched the impacts of microstructure and processing on
the electrical conduction in varistor system [14, 205]. They reported that varistors with
inhomogeneous microstructures frequently suffer from a significant deviation in the I-V
behaviors because of elevated local currents and overloads due to single massive grains,
which lead to the quick degradation of the varistor in electronic and electrical procedures.
Hence, controlling the ZnO microstructure is required to achieve the good nonlinear
exponent and breakdown voltage.

ZnO nanoparticles have various chemical and physical properties compared with
bulk materials. High homogeneity, good sinter ability, and other unusual characteristics may
be anticipated caused by their large surface areas, nano-sized crystallites, and various surface
properties. Thus, the fabrication of varistors with ZnO nanoparticle powder could
dramatically develop new and better features.

In the current research, the effects of nanoparticle powder on the structural,
electrical, and optical characteristics of the 40nm-VDR and 20nm-VDR were investigated
and compared with those of the W4-VDR and P8-VDR, (VDR means a Voltage Dependent
Resistor). A conventional ceramic method was used to fabricate varistors using ZnO micro
and nanoparticle powder with certain additives. Thermal annealing process in oxygen and

nitrogen ambients was applied on the varistor. The effect of ambient treatment on the o and
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breakdown voltage of the varistor was studied. The degradation of the ZnO-based varistors’
voltage barrier when thermal treated in nitrogen atmosphere and the subsequent retrieval of
this voltage barrier by annealing in oxygen ambient indicate that the interface states’
chemical origin may be the oxygen chemisorption on the grain surfaces.

Bueno et al. [206] distinguished the nature of the potential barrier within ZnO-
Bi,03;—Mn,0; varistor systems by Mott—Schottky and complex plane analysis techniques and
observed that these varistor systems have a Schottky-type nature (electrostatic potential
barrier). These results are very important because they prove that the nature of nonlinearity
within ZnO-Bi,0;—Mn,0; varistor systems may be attributed to a Schottky-type barrier at
the boundaries among grains. Given that the nonlinear electrical behaviors of the varistors
are dependent on the nature of the grain boundary, they are somehow connected to the
capacitance of the barrier layer at the grain boundary. The oxygen that adsorbs at the grain
boundaries during the annealing process has a substantial function in the mechanism of the
generation of the potential barrier at the grain boundaries. The literature includes numerous
studies on the effect of heat treatment of varistor ceramics in oxidizing or reducing (N, gas)
atmospheres on the electrical behaviors [207-209].

Varistors are ceramic-based semiconductors that are applied in numerous areas of
electronics and communication technology. A varistor senses and limits over-voltage surges
and works constantly without decreasing the performance. ZnO-based varistors are prepared
by the conventional ceramic processing method that involves mixing of ZnO with other
metal oxide dopants such as Bi,O3; and Mn,0O3. The additives responsible for the behavior of
the varistor are cations, such as Bi [210], with large ionic radii and low solubility in ZnO.
These additives are often called varistor formers. Other oxide additives, such as Mn,03, are
added to develop the non-ohmic behaviors of the varistor. This simple processing method
has led to its exploitation on an manufacturing range. Furthermore, the low cost related with
the usage of inexpensive oxide powders is commercially attractive. However, the major fault

of this method is the high manufacturing temperature that causes the zinc content to
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vaporize, thereby leading to quality problems. Therefore, the usage of ZnO nanoparticles is a
promising solution to the problem because its high surface-to-volume ratio can reduce the
manufacturing temperature of the varistor.

The other fault of this processing method is the difficulty of achieving structural
homogeneity, which is essentially critical for the manufacturing of varistor systems that are
desired to protect electrical devices. The crystallite size, additive homogeneity, and
preparation methods are significant parameters needed to generate a good varistor system.
Particularly, inhomogeneous structures of varistor can lead to varistor degradation during
electrical functionality. The electronic and electrical characteristics of a varistor can be
changed by diverse the microstructure at the boundaries among grains. Consequently,
controlling the microstructure is necessary to form an ideal varistor. Nanoparticles exhibit a
narrow grain-size distribution and can be sintered at a minimal sintering temperature
comparison with microparticle ZnO varistors. The sintering temperature also depends on the
particle size and the distribution of oxide additives between individual ZnO grains.
Nanoparticle materials contain significant volumes of boundary among the grains and
subsequently produce widely active boundaries per unit volume, thereby developing a good
varistor system with small dimensions. But, dominant the development of ZnO grain during
the sintering process is a challenge for nanomaterial study. Nano-ZnO with oxide additives
like Bi,03 and Mn,0; can be utilized to fabricate varistors with improved breakdown voltage

and electrical properties of varistor device.

2.11.1 Bismuth and manganese oxides in varistor ceramic microstructure

The interaction between ZnO and Bi,Os in varistors is supposedly significant for the
I-V properties. Notably, the Bi atoms are fairly concentrated in the regions of grain
boundary in varistor materials [188, 193, 211-213]. A considerable portion is in the form of
Bi,0; existing in the triple junctions. Moreover, the Bi atoms are more or less in amorphous

Bi,0; phases, which cover the ZnO grains, or as individual atoms that deck the grain
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boundary [191, 212-215]. The concentration of Bi within the ZnO grains is relatively low,
and Bi also appears as the Zn condensation in the Bi,Os; phase at the triple junctions is
apparently low despite the considerably high concentration of Bi and Zn in the spinel phase
[198, 216].

The phase diagram for the ZnO and Bi,O3; mixture by Rousset and Peigney [217]
suggested that mixing of these oxides fundamentally caused separation of phases into pure
ZnO and Bi oxides of extremely low Zn concentration. Analysis of XRD of sintered Bi,O;
and ZnO mixtures shows the formation of Bi,O3 f-phase on ZnO grains [217]. Therefore,
establishing a representative process for Bi in ZnO [218] and Zn in Bi,03[219] to obtain an
understanding of the separation of the Bi,Ozand ZnO phases is interesting.

Meanwhile, Mn additive had considerable impacts on ZnO conductivity, though the
degree of doping is relatively low. The Mn-doped ZnO electrical conductivity was
significantly less than that of the pure ZnO, and the resistivity within the boundary of grains
was superior than within the grain itself. Mn presumably works as a deep donor within ZnO,
and it decreases the intrinsic donors concentration at the temperature of sintering process. If
the temperature were rapidly reduced to room temperature, the state during the high
temperature possible to be retained, and the intrinsic donors concentration also reduced [220,
221]. Owning to the similar impacts of the 3d transition metal on the oxygen adsorption
within the boundary area among the grains, the Mn additive impact was more considerable
on the grain boundary rather than the grain, consequently, the boundary area was higher
resistive than the ZnO grain. Furthermore, Mn is generally used as a additive in varistor,

which forms the potential barrier within the boundary area.

2.12  The In vitro toxicity test on ZnO-based varistor
The cytotoxicity test was conducted to underline the toxicity effect on the industrial
environment where the varistors were being fabricated. As mentioned under the preparation

and fabrication methods, the as-synthesized varistors were milled and sintered at high
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temperatures. During this process gases such as CO,, CO and NO are usually evolved. These
gases can enter into human system via two routes. First, the gases and ZnO powder can
diffuse into human respiratory system, flow through the blood and reached to human tissues.
Second, the gases penetrate can be through the skin. Similar to our observation that ZnO
powder is toxic on normal cell, several studies revealed its toxicity to be concentration and
time dependent.

The varistor by-products can increase the risk of developing different type of cancers
such as leukemia, lung, and lymph cancer. Different organs possess different response to
ZnO. Srikanth showed that the cytotoxicity of hanomaterials possesses specific selection in
cells [222]. Usually, factories employed several workers of different ages, and where likely
to experience and be affected differently. The result of cytotoxicity test in chapter three on
normal cells showed ZnO powder was toxic to normal cell (L929), at low doses and at short
exposure periods. In addition, the cell death increased at high concentrations. Thus the safety
of ZnO varistors should be highly considered when dealing with the samples either during

fabrication or during application.

2.12.1 Cytotoxicity

According to the mentioned in medical dictionary by Farlex it means the degree to
that an agent takes possession of a certain destructive action on specific cells. Any material
or substance capable of destroying or killing live healthy cells, such as animal lymphocytes
or snake venom, is called cytotoxic [222].

ZnO nanoparticles have been consumed as component in several cosmetics and in
many dermatological equipments. The nanoparticles size increase the probability of reaction
with DNA, and DNA has reportedly damaged a human epidermal cell line (A431). The
genotoxic impacts are presumably intermediated by oxidative stress and lipid peroxidation
mechanisms. Cytotoxicity developments with increasing the ZnO concentrations for the

samples and length of exposure or treatment period [223]. Comparably, ZnO nanoparticles
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have been studied to produce cytotoxicity in L2 cells [224]. Another research demonstrated a
time- and concentration dependent increment in intracellular [Ca?*] levels, oxidative stress,
and damage of cell membrane in a cultured BEAS-2B cell line. The modifications in gene
term as a result of apoptosis and oxidative stress were considered to be the major reasons
that caused the cytotoxicity [225]. ZnO nanoparticles (8-10 nm) have produced more
toxicity than ZnO microparticles (< 44 mm) toward human colon cancer cells (RKO). Both
particle sizes were established to agglomerate to particles in micrometer-sized within media
of cell culture and produce toxicity effects via apoptotic pathways [226]. At high
concentration or superior doses, the nanoparticles have produced small cytotoxic responses
in epithelial cell/macrophage co-cultures, and primary alveolar macrophages [227]. Zhao et
al. [228] reported depolarization-caused neuronal injury in rats through activation of voltage-
gated Na* channels by exposure to ZnO nanoparticles. Thus, these nanoparticles can possibly
lead to neuronal apoptosis [219].

Treating live cells with the cytotoxic component can lead to a variation of cell deaths

as follows:

e Necrosis: Through this process, the healthy cells lose membrane solidity and then
die immediately as a lysis result. Cells during rapid necrosis usually present
instantaneous swelling, shut down metabolism, lose membrane integrity, and
liberated (released) their contents out to the environment (Fig. 2.17). These cells in
vitro do not possess enough energy or time to activate apoptotic machinery and do

not express apoptotic indication [222].
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Viable Cell Cell Debris

Figure 2.17. Cell undergoing necrosis, (taken from ref. [222])

Apoptosis: In this process, a variation in refractive index happens first; followed by
cytoplasmic shrinkage and unclear intensification. Spikes or blebs protrude from the
cell membrane as part of the dying process, and they form apoptotic bodies
depending on the type of cell. These cells also discontinue the maintenance of the
integrity of the phospholipid cell membrane. Furthermore, the mitochondrial outer
membrane is also subjected to alterations that include loss of its electrochemical
gradient. Then, macrophages or adjacent cells phagocytose the dying cell and
apoptotic bodies. There is no any inflammatory response such as in the previous the

case (Fig. 2.18).
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Figure 2.18. Cell undergoing Apoptosis, (taken from ref. [229])
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Morphology modifies during apoptosis: the cell membrane starts to show spikes or
blebs, depending in cell type. Finally, these separate from the dying cell and from the
apoptotic bodies, which are phagocytosed by neighboring cells.

The following diagram (Fig. 2.19) shows the area within a cell, where a particular

cytotoxicity test would act up. The test and their effecting region are as follows:

Membrane integrity (LDHe)

Metabolic activity (GLU)

Respiratory chain activity (XTT/MTT)

Total protein synthesis (SRB)/below mentioned

DNA content and (CVDE) and

Lysosomal activity (PAC, NR)

Cytotoxicity Test Systems

ACID PHOSPHATASE GLUCOSE
) - General physiological

cell state
- Glucose consumption

NEUTRAL RED
- Lysosomal activity
- Membrane permeability

T & MTT/XTT
A - Mitochondrial metabolism
_ MeLrEggne (ﬁ. e - Respiratory toxicity
permeability N,
SULFORHODAMINE B\ CRISTAL VIOLET

- Cell proliferation 2 - - Cell proliferation
- Total protein synthesis rate - DNA

Figure 2.19. Cytotoxicity Test Systems, (taken from ref. [229])

2.12.2 Toxicity mechanisms of ZnO nanoparticles
The toxicity mechanisms of ZnO nanoparticles are most based on the reaction

among biomolecules and nanoparticles, and the toxicity effects fundamentally include
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protein unfolding [230], enzymatic activity loss, thiol cross-linking, and fibrillation. The
potential mechanisms that demonstrate why ZnO nanoparticles exert toxic impacts are
discussed below: oxidative stress, coordination effects, and non-homeostasis effects (Fig.
2.20).

Fig. 2.20 (a) explains the mechanism of the ZnO nanoparticles’ entry into the cells.
Nanoparticles can diffuse through the cell membrane immediately if the particle size is small
adequate, when positive ions are present on the surface of nanoparticle, or when another
variable exists [231]. At the same time, transporter proteins and ion channels allow
nanoparticles to pass over the plasma membrane. Several nanoparticles enter the cells via
endocytosis. The membrane of cells wraps around them, and vesicles carry the nanoparticles
into the cells. The Zn** solute from ZnO nanoparticles can enter the cells through transfer
and voltage-gated ion channels [232, 233]. The intracellular ROS impact generated by the
ZnO nanoparticles is displayed in Fig. 2.20 (b). ZnO nanoparticles can immediately react
with oxidative organelles, such as mitochondria. The ions (e.g., Zn**) generated by the
nanoparticles stimulate ROS production in the cells by several chemical reactions, and redox
active proteins can induce ROS within the cells. ROS have ability to produce DNA strand
breaks and influence gene expression. Furthermore, Zn** ions can induce chelates with
biomolecules or remove the metal ions in certain metalloproteinase, leading to disruption of
protein function (Fig. 2.20 (c)). The Zn*" induced by the ZnO nanoparticles develops their
local concentration and inactivation cellular metal cation homeostasis to cause toxicity of

cells (Fig. 2.20 (d)).
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Figure 2.20. Schematic diagram of the toxicity mechanisms of ZnO Nanoparticles. (a)
Potential mechanisms of ZnO nanoparticles’ entry into cells; (b) The ROS impact of
intracellular ZnO nanoparticles; (c) The coordination impact of Zn®** released from
nanoparticles in cell; (d) The non-homeostasis impact disrupted by Zn**.

2.12.2.1 Oxidative stress

Oxidative stress production and ROS creation are the main toxicological
mechanisms of ZnO nanoparticles. Significant ROS quantities could be produced when little
guantities of ZnO nanoparticles are integrated into the cells [234]. Nanoparticles can directly
generate ROS the moment that they react with oxidative organelles, such as mitochondria, or
subjected to the lysosomes’ acidic environment [235]. ZnO nanoparticles can interact with
biomolecules because of their huge surface-to-volume ratio with high electronic density and
reactive activity. Through this process, chemical interactions occur and enhance superoxide
radical (O, ) formation, which causes ROS aggregation and oxidative stress induction [236].
ROS are oxygen derivatives that originates in an oxygenated environment and contains of
superoxide anions (O, ), hydrogen peroxide (H,0,), and hydroxyl radicals (-OH). ROS have

ability to interact with biomolecules, leading to an imbalance among the reactive oxygen
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generation and the biological system’s efficiency to reform the product damage or detoxify
interactive intermediates [237].

Nanoparticle-stimulated ROS generation can cause wide biological responses that
based on the ROS generation proportional multitude, the anti-oxidant response element that
is utilized in the oxidative stress, and the cellular pathway type [237]. The oxidative stress
generated by ZnO nanoparticles was examined by exposing living cells to nanoparticles. The
findings indicated that the amount of -OH within the ZnO nanoparticle suspensions were
higher than in bulk ZnO, and oxidative stress and oxidative damage were produced in the
absence of light [62]. The -OH radical is one of the most toxic ROS that can oxidize most
cellular compositions. The extracellular -OH produced by nanoparticles may lead to
oxidative harm on cell membranes, inducing toxic impacts in organisms. Studies have
confirmed that oxidative stress present a general mechanism for cell destruction caused by
nanoparticles, and this mechanism has been validated in several cytotoxicity research [238].
During entering the cell, particles cause intracellular oxidative stress by disturbing the
balance among oxidant and anti-oxidant processes. Extravagant oxidative stress process may
also change the nucleic acids, proteins, and lipids, thereby catalyzing the anti-oxidant
defense system or causing death of cells. Moreover, with rise amount of ROS induction,
nanoparticles can damage the DNA or produce single- or double-strand breaks [239]. Several
illnesses such as cardiovascular, lung, and autoimmune illnesses have been related to

oxidative stress.

2.12.2.2 Coordination effects

The reactions among ZnO nanoparticles and proteins in vivo or in vitro include
coordination and non-covalent reactions. The proteins that bind with ZnO nanoparticles can
cause main structural modifications and unfolding property of the periplasmic range of the
ToxR protein by the essential reduction in the a-helical content of the free protein [230].

Metal cations support the protein folding or bind to folded proteins to promote, variety, or
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decrease their work. Several of all familiar proteins include metal cations, and Zn*" ions can
bind to proteins under physiological conditions [240]. When mutations take place in metal-
binding sites, the activity and structure of the protein may be decreased or wasted [241].
Solubility is the major factors that lead to toxicity. Zn*" ions can induce chelates with donor
molecules. A significant biomolecules number in organisms include coordination atoms,
fundamentally O and N atoms, which have the ability to donate lone electrons to produce
chelates with Zn?*. The biomolecule coordination atoms are normally existing in active sites.
Thus, coordinating with biomolecules may present chances to disrupt them, predominately
by deteriorating the functions that preserve normal physiology procedures, thereby leading to
toxicity. The metal cation affinity for a specific lig and is controlled via the metal’s charge,
charge-accepting ability, and ionic radius/ polarizability. Various metal ions have different
binding sites and attraction toward a functional protein [242]. Dudev and Lim [240] reported
that if Mg ion binds with a particular protein, it could be ejected via Zn*" ions because Zn**
have ability to accept more charge from the lig and than Mg®* and the Zn** compound is
more stable. Coordination have the ability to indirectly and directly enhance cellular DNA
destruction. ZnO nanoparticles can cause physical harm to the genetic substance by an
immediate reaction with the DNA or DNA-correlated proteins due to nanoparticles have the
ability to diffuse through the compounds of nuclear pore or gain entrance while the nuclear
membrane dissolves through mitosis if the nanoparticles are sufficiently small [243].
Proximal perinuclear nanoparticles can prevent cellular translation and transcription
machinery. Freed metal ions cause cytoplasmic mMRNA decay through reacting with mRNA-
stabilizing proteins that include metal responsive ranges. Nanoparticles can react with
cellular signal molecules, which induce the signaling cascade activation and lead to

destruction of DNA and death of cell [244].
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2.12.2.3 Non-homeostasis effects

Functional metals have serious functions in vivo. Certain metals role separately, but
another have composite functioning. Zn?* ions perform major functions in preserving an
organisms’ homeostasis, and high or low Zn levels can disrupt the homeostatic mechanisms.
When the homeostasis alteration exceeds the physiological tolerance range, toxicity takes
place. Furthermore, ZnO nanoparticles may release Zn**, which increases the metal ion local
concentrations and cause the disruption of metal cation cellular homeostasis. Oxidative stress
can catalyze the enhance of the intracellular Ca** concentration [237]. The variation in
intracellular Ca®* flux and Ca** homeostasis have key functions in the pro-inflammatory
effects of ultra-fine particles. Moreover, intracellular Ca** can control a considerable variety

of cellular processes [245].

2.12.3 Cell viability

Cell viability is known as the healthy cells amount within a sample, whether they are
quiescent or actively dividing. Viability of cells experiment are predominantly beneficial
when non-dividing cells are separated and retained in culture to set superior culture
conditions for cell populations. The most direct method for selecting number of viable cell is
determining cell count using a hemocytometer. Cell viability can be based on morphology
alone; however, trypan blue staining is necessary [246].

In this state, viability is determined by the cells ability with uncompromised
membrane integrity to select the dye cells. Otherwise, metabolic activity can be examined as
an designation of cell viability. Typically, metabolic activity is investigated in cells
populations via incubation with a tetrazolium salt, such as trypan blue, MTS, MTT, XTT,

and WST-1, that is cleaved into a colored formazan production via metabolic activity [246].
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2.12.4 1929 cell line

The L929 cell line is a known model that has been deeply used by global
organizations, such as the U.S Food and Drug Administration (FDA) to estimate safety and
potential toxicity of various products e.g. ocular, dermatological etc. In the industry of
contact lens, the cell line was also usually used in evaluating the contact lens packaging
solution and biocompatibility of lens care solution. The model was founded during 1940 as a
subclone of the parental L strain. The L strain was produced from a normal subcutaneous
areola and adipose tissue of a 100-day-old male C3H/An mouse (ECACC No0.85011425
Mouse C3) [247].

In the work, L929 cell line was used to achieve the interaction of ZnO with the cells.
The cell line was determined as it is commonly used in in vitro researches to assess
cytotoxicity of contact lens solutions. Furthermore, it is also a cost efficient, reliable and
reproducible cell line. The L929 cells also grow into a confluent cell layer through 3-5 days,

which was suitable for the time constraints associated with this study.
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CHAPTER 3
METHODOLOGY

3.1 Introduction

This chapter briefly discusses several techniques that were used in the preparation
and characterization of structural, optical, and electrical characteristics of the pure ZnO discs
and composite varistors. The cytotoxicity protocols are also briefly described in this chapter
includes limitations, operating conditions, and capabilities of the scientific set-up, as well as

the resolutions of the instruments. Finally, a summary will be given.

3.2  Experimental Details
The experimental techniques applied in this work can be divided into six major
sections, namely sample preparation, annealing process, microstructural testing, electrical

testing, optical testing and cytotoxicity testing.

0] Sample preparation

ZnO discs were prepared via the conventional ceramic processing method involving
ball milling, drying, pressing, and sintering, as explained in Fig 3.1. Four types of ZnO
powder was used to make the ZnO discs, which include ZnO-White (W4), ZnO-Pharma
(P8), 20nm-ZnO (MK Nano) and 40nm-ZnO (MK Nano). Photos of some of the main
equipments used for this work are shown in Fig. 3.2: (a) for test ball mill, (b) for cold
pressing machine, (c) sintering furnace and (d) annealing furnace. The ZnO discs were
sintered at 1200 °C in air.

Details on the sample preparation are explained in section 3.3.
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Figure 3.1. Experimental flowchart for sample preparation

(i) Thermal annealing

Different types of ZnO powders were annealed in ambient oxygen or nitrogen at 700
°C. In this work, the annealing process was done by using a tube furnace model LENTON
VTR/12/60/700 that was presented in Fig. 3.2 (d). The furnace has a extreme operating

temperature at 1200 °C, and heat is prepared by a resistance wire wound onto the center of
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the horizontal ceramic tube. In science of materials, thermal annealing process is a very
simple technique, whereby the material is heated at certain temperature and time and then
gradually cooled. This heat treatment increases ductility, softens, reduces internal stresses,
and rearranges the atomic structure of a material. Moreover, optical and electrical behaviors
may be altered through various annealing conditions such as period, pressure and type of

gas, and annealing temperature [248-250].

Figure 3.2. Photos of equipment (a) Test ball mill with teflon cylinder, (b) Test pressing
machine with hydraulic pressure, single punches and die, (c) CARBOLIRE sintering
furnace, and (d) Annealing tube furnace.

(iii) Microstructural testing
Microstructural tests that were investigated involve particle size test (Malvern

Mastersizer 1.2b tester), polished surface test (GRINDER-POLISHER, model: Metaserv
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250, BUEHLER), Transmission electron microscopy (TEM, model Phillips CM12) and
scanning electron microscopy & energy dispersive X-ray analysis (SEM/EDX, model: JSM
— 6460 LV). Atomic force microscopy (AFM, model: Dimension EDGE, BURKER) was
used to study the morphology and surface structure of samples. The crystalline phases were
carried out by using a high resolution X-ray diffractometer (XRD, model: PANalytical X'
Pert PRO MED PW3040) with Cu Ko radiation (1=1.5406A).

The photos in Fig. 3.3 (a), (b), (c), (d) and (e) clarify the equipments used for the

mentioned tests. Details on the microstructural analyses are laid in sections 3.4.
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Figure 3.3. Photos of microstructural measurement equipments (a) Grinder-Polisher
machine to do the polishing process for the discs, (b) Transmission electron microscopy, (c)
Scanning electron microscopy with EDX function to make microstructural and elemental
analyses, (d) Atomic force microscopy to analysis the morphology of the samples, and (e) X-
ray diffractometer to make structural analysis.

(iv) Electrical testing
The 1-V behaviors of the materials were investigated by using a high voltage source

measure unit (KEITHLEY instruments 246 high voltage supply). The resistance R was

64



evaluated from Current (I) - Voltage (V) characteristics in accordance with Ohm's Law. The
photos in Fig. 3.4 (a) and (b) show the equipments used for the mentioned tests.

Section 3.6 provides more explanations on the electrical experiments.

(b)

Silver Paste [Voltmeter
Power Supply
1 Disc v

o,

Multimeter

Figure 3.4. Photos of electrical measurement (a) Keithly Current-Voltage testing
equipment, and (b) Typical experimental set-up for electrical measurement.

(V) Optical testing

Photoluminescence (PL) spectra were conducted using a Jobin Yvon HR 800 UV
spectrometer system at room temperature. Raman spectroscopy was investigated as a
supplementary tool to determine structural information (514.5 nm, argon ion laser, Labram-
HR).

Details on the optical tests are explained in sections 3.5.

3.3  Sample preparation
3.3.1 Raw materials

The raw materials applied in this work were of significant purity and quality. Below
are the raw materials list and their corresponding properties. The technical specifications of

the raw materials are posted in Table 3.1.
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Table 3.1. Raw material technical data.

Material Chemical Purity Mean size Supplier
formula (%)
Zinc Oxide Zn0O >99.8 0.23 um Approfit,
(White) Malaysia
Zinc Oxide Zn0O >09.8 0.19 um Approfit,
(Pharma) Malaysia
Nanoparticles Zn0O >09.9 20 nm MKNANO
Zinc Oxide Canada
Nanoparticles ZnO >97 40 nm MKNANO
Zinc Oxide Canada
Bismuth Bi,O3 >99 10 um SEGMA-
Trioxide ALDAICH
Manganese Mn,0; >99 0.7 pm SEGMA-
Trioxide ALDAICH

Addition to each 200-g batch of sample, the materials mentioned below was added

to produce varistor slurry with better rheological properties.

i. 40 grams of binder (polyvinyl alcohol PVA) or 6.0% of the formula.
ii. 40 grams of deflocculant (sodium silicate) or 1.0% of the formula.
iii. 170 grams of distilled water or 50% of the formula.
iv. 4 grams of antifoam.
v. 8 grams of bismuth trioxide and 4 grams of manganeses trioxide also added in order

to prepare the doped ZnO discs (varistors).

The binder has the capability to maintain homogeneity, to prevent oxides
sedimentation, and to support in the following pressing process [251]. For better fluidity
during ball milling process, the deflocculant was applied. The slurry possessed a significant

solid content of about 67% that is the similar condition used in the industry of varistor.
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3.3.2

Batching and ball milling

The ball mill (model: 9 Variable Speed) employed in this experiment was made of

Teflon that is very appropriate for varistor ball milling because of its extinction and its

inability to produce impurities. The milling nylon jar has a length of 19.2 cm length and

diameter of 9.1 cm. Zirconia cylinders with 0.95 cm length and 0.95 cm diameter were

employed as the grinding media. The zirconia cylinders were stabilized with magnesia to

prevent introduction of impurities into the slurry [252].

used:

For better cascading ball milling [253], the following optimized conditions were

The zirconia cylinders occupied around 60% of the jar volume whereas the slurry
occupied half of the volume of jar.

The weight ratio of zirconia cylinders to the oxides was about 7:2. In other words,
700 grams zirconia to 200 grams oxides.

The angular speed of the milling nylon jar was 40 revolutions per minute, which was
around 75% of the rotation critical speed (rotation critical speed is the speed in
which the zirconia cylinders are taken to the revolution summit) [252, 253].

The milling time was 6 hours.

Table 3.2. Varistor batch preparation details.

Sample Weight of | Weightof | Weight of Ball Special
oxides binder + distilled milling conditions
(9) deflocculant water time
(9) (9) (h)
W4-Disc 200 40 170 6 ZnO (Approfit
Whight)
P8-Disc 200 40 170 6 ZnO (Approfit
Pharma)
20nm-Disc 200 40 170 6 ZnO (Aprofit 20
nm)
40nm-Disc 200 40 170 6 ZnO (Aprofit 40
nm)
Varistors 200 40 170 6 Doped ZnO
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One special condition was applied on the varistor is a mixture of ZnO with bismuth

trioxide (Bi,Os3) and manganese trioxide (Mn,O3).

3.3.3 Drying and granulating

Hot-plate drying and granulating processes were done manually. The ZnO slurry
from the ball milling was poured into a beaker, which was putted on a hot plate at 60 °C, and
stirred with a quartz rod. It lasted about one hour to expel the water content and then sample
was granulated by sieving through a 20-mesh sieve.

After sieving, the granules had a size of between 50 and 150 micron, and with about
0.6% of moisture content. The granulated powder kept in plastic containers of at least 24

hours for ageing process to allow the humidity to homogenize.

3.3.4  Pressing
For every ZnO disc, the granulated powder was weighed separately by using a 4-
decimal weighing scale (Sartorius model 3311318) and pressed at 4 ton/cm? pressure. Table

3.3 lists down the details of pressing process.

Table 3.3. Pressing specifications.

Parameters Specifications Remarks
Disc Weight 4109 Tolerance £ 0.0010 g
Disc Diameter 26 mm Pressing area = 530.66 mm?
Disc Thickness 3 mm Tolerance £ 0.010 mm
Pressing Force 4 — 10 tones Different particle sizes had
differences in force
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Depending on the specifications in Table 3.3, the green density (the initial density of
the pressed disc before sintering process) of the pressed discs can be calculated to be around
3.55 g/lcm® that are 62% of the theoretical density (5.72 g/cm®). The varistor green density
and pressing pressure were identical to that used by many varistor manufacturers.

More than 250 discs have been pressed through the experiment. Several pressing
problems were encountered owing to disc delaminating problem, which is a horizontal
cracking [253, 254]. Within that time, 60% of the pressed discs were rejected because of the
cracking problem. The problems were solved while the granules moisture content was
adjusted to around 1.0% and the granules were sieved by a 100 micron sieve; in other words,
the granules were become finer and wetter to support the pressing process in next step.

For every disc, pressing process had to be performed many times because of high
rejection rate for the pressed discs. And for every pressing cycle, about 50 discs were
generated at a rejection rate of 50%. Disc rejection owned too few of these reasons; non-
uniform thickness, incorrect thickness, poor filling or delaminating cracking. Poor filling is
case whereby the disc green density is not uniform and a process to check for poor filling is
via visually checking for spots (on the surface of disc) that are “poor-shining” or “over-
shining”. Most of the pressing activity time was wasted on performing this manual disc
inspection. However it is necessary to examine for these pressing defects due to it is a
precautionary measure that can prohibit rejection during the electrical testing. Based on the
researcher's experience in varistor manufacturing, each non-uniformity at the pressing step
can lead to cracking/puncture rejects when the varistor discs are subjected to significant
current surge of over than 50 A peak current.

An overall of 20 cycles of pressing activity have been completed in order to perform
5 good batches for the 5 sample types, and over than 200 discs have been pressed in the
experiment. A total of about 250 pieces of quality green discs have been investigated with
good uniformity in green density and thickness that meet the rigorous pressing specifications

listed in Table 3.3.
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3.3.5 Sintering

The pressed discs were placed inside a box of furnace. The samples were sintered at the
same temperature and time; this stage was significant in order to prevent any difference in
sintering conditions among the discs.

The varistor sample discs were stacked horizontally on the base that made of varistor
material (to avoid impurities that may generated by contact with the furnace). All the
samples were exposed to the similar amount of heat and same atmosphere type.

The firing cycle was about 2.5 °C per minute for ramp-up, one hour soaking at 1200
°C and 6 °C per minute for ramp-down. In other words, heating time was 8 hours from room
temperature to 1200 °C, soaking were 1 hour at 1200 °C and cooling time was 4 hours with
exit temperature of 70 °C. To summarize, the whole sintering cycle was around 12 hours in
normal atmospheric air.

The discs had a diameter shrinkage of about 15% (26 mm to 22 mm) and a thickness
shrinkage of about 13% (3 mm to 2.6 mm) with nearly no warping problem. The color
changed from green to black in doped discs. Whereas the color still white for undoped discs,

as shown in Fig. 3.5.

Figure 3.5. Photos of (a) pure discs and (b) doped discs, after sintering process
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3.3.6  Electroding and encapsulating

The sintered samples were labeled via the screen-printing method where silver paste
was screen-printed on each face of the sintered sample. The silver paste involved a little
percentage (10%) from low-melting glass frit. After every silver printing, the disc was dried
in 100 °C for 30 minutes. The silvered samples were then sent for heat treatment. The peak
temperature was around 650 °C with soaking of 30 minutes. Every silver electrode layer had
a diameter of 15 mm with a disc diameter of 26 mm.

Wire leads were stuck to the both surfaces of discs in a gripping manner and they
were dipped into a solder bath involving tin-plumbum alloy solder material at a temperature
of around 230 °C. Then the soldered discs were ultrasonically cleaned to remove impurities.
Lastly encapsulation was done on the discs by submersion them in epoxy resin and cured at
80 °C for 1 hour, and then at 145 °C for 2 hours. After encapsulation, the epoxy-coated

samples were prepared for electrical and optical testing.

3.4 Microstructural analyses
Microstructural analyses of ZnO discs at different particles size and various

annealing conditions were performed including the following testing:

3.4.1 Transmission electron microscopy

The transmission electron microscope (TEM) is one of the popular multilateral and
efficient instruments for materials labeled ionization. The fundamental advantages are the
very significant spatial resolution (approximately 1 A) and the broad range of secondary
signals produced by the electron beam. These secondary signals are similar to those found in
the SEM system; however, electrons are transmitted through the sample in TEM. Several
produced signals could be detected by modern analytical TEMs and thus be used in the
investigation of various properties of materials. The spatial resolution of the information

obtained from TEM is superior to that from SEM, whereas the interaction volume is
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significantly smaller because of the thin specimen (< 0.5 pum) required for electron
transparency.

The transmitted electrons carry crystallographic information from an extremely
small volume, which makes the TEM a strong tool for diffraction experiments on a
centralized level. If the sample is crystalline, several of the electrons will elastically scatter
in accordance with Bragg’s law, which reflects structural information. Lost energy from
electrons as a result of inelastic interactions in the sample can be detected byan electron
energy-loss spectrometer that will classify the electrons by energy-loss and generate an
energy-loss spectrum. These electrons carry considerable information on structural
arrangement and local chemical composition.

The transmitted electrons form either a diffraction pattern or image of the specimen.
The image formation in TEM can be understood using a methodical ray diagram (Fig. 3.6).
The diffraction spots generate by diffraction waves on the back focal plane. In an electron
microscope, electron lenses allow the visualization of the regular arrangement of diffraction
spots on a screen; thus, a pattern of electron diffraction is obtained. The transmitted and the
diffracted beams intervention on the image results in an observable magnified image (image
of electron microscope). The area where the diffraction pattern is generated is known as the
reciprocal space, whereas the area of a specimen or image plane is called the real space.

In TEM, both the diffraction patterns (information in reciprocal space) and the
microscopic image (information in real space) can be investigated through modification of
the electron lenses. Thus, both methods of observation can be related successfully in order to
analysis of nanoparticle materials. In an electron diffraction pattern investigation, the
electron microscope image is first observed and a diffraction pattern of the area is
investigated by inserting a selected area aperture in a specific space and modifying the
electron lenses. The latter mode of observation is known as selected area electron diffraction.
The crystal structure and reciprocal orientation relationship among adjacent grains can

readily be identified because the chosen area diffraction pattern can be investigated from
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each ZnO grain within a polycrystal. The observational dimension identified from the object
is generally selected to approximately 0.1 pm in diameter. However, the diffraction pattern
of an area with a diameter close to a nanometer can be investigated using the micro
diffraction mode. An image with enhanced contrast can be seen by passing the transmitted or

diffracted beams over a slot and varying the method of imaging.
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Figure 3.6. Schematic ray diagram showing the optical system of the transmission electron
microscope in imaging (left) and diffraction modes (right), (taken from ref. [255]).

In the present work, particle morphology of the powder samples were inspected by
TEM, and high-resolution lattice imaging was employed for the detection of inter-planar
spacing. The particle morphology was investigated using a Phillips CM12 transmission
electron microscope working at 200 kV. Several of the characteristic features of the Phillips
CM12 are as follows:
e The electron gun is a LaB6 filament operating at 200 kV.

e The gun brightness is 3x106 A/cm®.

73



e The coefficient of spherical (C;) aberration for objective lens is about 1.7 mm.

e The optimum defocus is about 770A and the limit of interpretable resolution is
around 3A.

e The through-focus images involving the value of optimum defocus are registered at

the magnification in the domain of (2 to 5) x 105.

3.4.2 Scanning electron microscope

The scanning electron microscope (SEM) is an instrument that generates an image of
the surface of the specimen by scanning with high-energy electron beams in a scan pattern
[256]. The electrons react with the specimen atoms, which produces several signals that
consist of specimen information such as composition, surface topography, and so on. The
types of signals generated by an SEM contain transmitted electrons, property X-rays, back
scattered electrons, current of specimen, light (cathode luminescence), and secondary
electrons. Each signal requires specialized detectors, which do not generally exist in a single

machine.
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Figure 3.7. Schematic diagram of the scanning electron microscopy, (taken from ref. [257]).
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The SEM schematic image is illustrated in Fig. 3.7 where the SEM employs
electrons to generate an image instead of light. An electron beam is formed at the upper of
the microscope by heating of a metallic filament. The beam passes through the lenses, which
focus the beam down towards the sample. Other electrons, such as secondary or
backscattered electrons, are ejected from the specimen when hit by the beam. Detectors
gather the backscattered and translate them to a signal, which is move to a display screen
identical to the one in a normal television; thus, producing an image.

The SEM gives information on the sample surface morphology that can aid in the
detection of growth. The SEM generates images in 2D and detects topographic
characteristics of the specimen that enables us to inspect the shape, diameter, density, and
particles length. However, the images obtained by SEM cannot confirm the composition of
the nanoparticles, that is, if the nanoparticles are composed of ZnO. The confirmation of the
composition can be carried out by EDX that is generally attached to the SEM system.

A JSM-6460 LV SEM was used in our experiments to characterize the
morphologies of ZnO discs. The chamber pressure was approximately 6—10 mbar. The gun
voltage was 0.3-30 kV. A maximum resolution of approximately 3.0 nm to 4.0 nm for the
secondary-electron image and backscattered-electron image, respectively, can be obtained.

general-purpose sample chamber can accommodate a 150 mm diameter sample.

3.4.3 Energy-dispersive X-ray spectrometry
Between other signals, the essential electrons produce X-rays when interacting with
the specimen. When a core electron of an atom in the sample is knocked out by an incident
electron, the atom enters an excited state. The atom reverts to its ground state by filling the
core hole with an electron from an external state, and the excess energy will be released
either as an Auger electron or as a photon [257].
The electronic energy state is specific for every element; thus, the X-rays created by

the fall of electrons from a higher to a lower state will also be element-specific. An energy-
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dispersive X-ray spectrum was investigated by detecting X-rays from the specimen and
plotting the intensity against energy. The elements present in the sample can be identified by
comparing results with tabulated values. Hence, energy-dispersive X-ray spectrometry
(EDX) is suitable for qualitative chemical analysis of an unknown sample. A number of
factors, such as sample thickness, absorption, background radiation, escape-peaks,
fluorescence, sum peaks, and k-factors, should be considered for better quantitative analysis
[258-260].

For this work, all samples were tested for the SEM-EDX testing. The aim of this
elemental analysis was to observe the impacts of W4-ZnO, P8-ZnO, 40nm-Zn0O, and 20nm-
Zn0O and annealing process in oxygen and nitrogen ambients on the elements that might be
existent at the grain boundary and inside the grain. Moreover, the relative atomic percentages
possible to be obtained from the EDX scan. Fig. 3.8 show the micrograph photos of a couple
of the SEM-EDX images (at 4000 times magnification) in which the site of the EDX scan for
the ZnO grain interior is situated at a spot labeled “SPOT1” whereas the location for the
grain boundary scanning is situated at the triple junction and is labeled “GB”.

However, the EDX scan can only reveal elements that are more than 1 atomic
percent in the sample depending on the SEM (Ortec) equipment manual; thus, only four

elements, namely, Zn, O, Mn and Bi, can be detected in the varistor specimens.

2 Element Weight%  Atomic%
%" 0 K 17.63 51.92
4 Mn K 3.28 2.41
Zn L 71.90 44,39
Bi M 7.19 1.28
0
m“ i Total 100.0 100.0
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Figure 3.8. SEM-EDX micrograph photos showing locations of EDX scanning at the grain

interior (SPOT1) and at the grain boundary (GB) for ZnO varistor.
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3.4.4  Polishing process and grain size analyses

Micrographs of the polished sample surface are necessary for the study of the
development of varistor grains after sintering and annealing. A specimen holder must be
fabricated to clasp the samples in place during polishing.

Polishing forms a smooth and shiny sample surface using an abrasive and a work
wheel and resulting a surface with lower diffuse reflection and large specular reflection.
Polishing is also employed in several applications such as removal of oxidation,
enhancement of the appearance of the samples, and generating a very flat surface, which is
appropriate for inspection by microscopy.

Complete polishing involves several stages. First, rough abrasion is applied until the
required finish is obtained. The abrasive removes nicks or scratches on the sample surface.
After this stage, the buffing is achieved by hand or automated equipment. There are two

kinds of buffing motion as follows:

e acut motion that provides a smooth, uniform, semi-bright surface finish, and

¢ acolor motion that provides a bright, clean, shiny surface finish.

Rough sand paper (number 800 or 500) is initially used in polishing, which
possesses a fineness of approximately 3—5um. Fine polishing is achieved when polishing or
grinding reaches the midpoint of the samples. A silicon carbide sandpaper with
approximately 2 pm fineness was employed followed by sandpaper with 1 um fineness.

In this work, the polishing process was done by using a Grinder-Polisher (Metaserv
250, BUEHLER).

The average size of grain was obtained by the boundary-crossing method as

explicitly explained in Appendix A.
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3.45 X-Ray diffraction

X-ray is an electromagnetic radiation with a 1 A wavelength at the region of
gamma-rays and ultraviolet, which is similar with the atom size. The first using of X-rays in
1895 allowed researchers to investigate crystalline structure at the atomic level [258-260].

One obtains a diffraction pattern when X-rays interact with a crystalline material
(phase) [261]. An introduction on the crystal lattice is necessary in understanding
fundamental principles of X-ray diffraction (XRD). The distribution of atoms in a crystal is
not random. The distribution is a uniform three-dimensional pattern that forms the crystal
lattices. These lattices are composed of parallel planes in spacing distance d. The atoms
generally segregate within a number of directions in the crystal resulting in several planes
with various orientations, each of them possessing its own particular d spacing. Fig. 3.9
shows the X-ray image generated from two planes of atoms within a crystal. On the basis of
the Bragg’s law, diffraction exists when X-ray beam with A wavelength is released at 4 angle
onto a crystal lattice, and the rays distance reflected from planes varies by a wavelengths

number n that provides Bragg’s Law:

nA= 2 d sin(0) (3.1

whereby n is an integer 1, 2, 3..... (Commonly equal 1), d is inter atomic spacing in
angstroms, / is wavelength in angstroms (1.54 A for copper), and 8 is the diffraction angle in
degrees. Deviations in the angle 6 as a result of the various d-spacing within the
polycrystalline material satisfy the conditions of Bragg’s Law. Plotting the intensities and
angular positions of the consequent radiation-diffracted peaks yields a characteristic pattern
of the materials.

A multitude of physical and structural information about a substance can be obtained
using the XRD principle. XRD has been applied in two major purposes, namely, fingerprint

description of crystalline samples and the their structure definition. Approximately 95% of
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all solid materials could be classified as crystalline. Each crystalline solid possesses a unique
XRD pattern, which employed as a “fingerprint” for its similarity. Currently, around 25,000
organic and 50,000 inorganic single compounds, diffraction patterns, and crystalline phases
have been compiled as standards. Once the substance has been specified, XRD applied to
obtain its structure; that is, the atoms arrangement, interatomic distance, angles, and so on in
the crystalline state. Altogether, XRD has become a powerful and important tool for

structural description in materials science.

X-ray beam
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Figure 3.9. Shows a schematic diagram of Bragg reflection from crystalline lattice planes
having interplan distance “d” between two lattice planes, (taken from ref. [262]).

In this work, the crystalline phases were studied using a high resolution X-ray
diffractometer (XRD), model PANalytical X’ Pert PRO MED PW3040.
The radiation source is Cu-ko where their wavelength is 1.5406 A. Tow type of

XRD measurement are performed; 20-® symmetric scan and also ® symmetric rocking curve

(RC).
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3.4.6  Atomic force microscope

Even today, atomic force microscope (AFM) has become one of the strong tools for
imaging and measuring nanomaterials [263]. Gerber, Binnig, and Quate fabricated the first
AFM equipment in 1986, which is a type of scanning probe microscope with significant
resolution in nanometer scales, 1000 times above the optical diffraction limit. In the name of
AFM, “microscope” implies imagery as it provides information on the morphology of the
surface, which is collected by “feeling” the surface with a mechanical probe.

Fig. 3.10 explains the AFM block diagram [263, 264]. The AFM system is
constructed from a microscale cantilever that end with a sharp probe to scan the surface of
sample. The cantilever is generally manufactured from silicon or silicon nitride. During the
measurement process, a semiconductor tip or fine ceramic scans the surface of the specimen.
As the tip approaches the surface, Van der Waals force among the sample and the probe
cause a cantilever deflection. The deflection magnitude is hold by a laser. The laser
deflection image gives the resolution of the valleys and hills that represent the topography of

sample surface.

Detector and
Feedback

Electronics

Photodiode

, Laser

S
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Figure 3.10. Block diagram of Atomic Force Microscope, (taken from ref. [264])
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The AFM has many features more than the SEM as follows [263, 264]:

the SEM provides 2D image of a specimen, whereas it gives 3D surface profile;

the specimens used for an SEM generally need some coatings, which may
irreversibly damage or alter the specimen, to improve the surface conductivity to
improve resolution, whereas, the specimens can be directly measured by AFM
without any pre-treatment or preparation;

a high-vacuum environment is always necessary for suitable operation in SEM,
whereas, most AFM methods can operate completely in air atmosphere or also in a
liquid surrounding, which allows research of biological macromolecules and even
living organisms; and

AFM has been shown to provide true and high atomic resolution within ultra-high

vacuum ambient, which means it can obtain superior resolution than SEM.

In this work, we employed AFM (AFM model Dimension EDGE, BURKER) to

study the surface morphology of specimens. It makes surface structure measurements with

significant resolutions within the nanometer scale potential as they are common in scanning

probe microscopy.

3.5

Optical testing

Vital PL spectroscopy and Raman spectroscopy were applied in this work to study

the optical properties of the ZnO discs with different grain sizes and annealing conditions.

The details on the PL and Raman spectroscopies are discussed below.

351

Photoluminescence spectroscopy

Photoluminescence (PL) is the automatic light release from a substance under optical

excitation [265]. PL measurement is a nondestructive and powerful technique, which has

been implemented on most semiconductors. Until today, various kinds lasers have been
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widely employed in the PL spectroscopy set-up such as Nd: YAG pulsed laser with 266 nm.
A pulsed excitation laser emits by pump laser, and the PL lifetime can be carried out. The
set-up is then designated Time-Resolved PL (TRPL). Photons are absorbed and excitations
are generated as light of sufficient energy illuminates a substance. These excited carriers
relax and release a photon, and the PL spectrum can be obtained and analyzed. However,
absorption only occurs in substances with photon energy equal to or greater than the band
gap. Subsequently, it has to select various sources of excitation appropriate for each material
with diverse electronic band structure. The position of the PL peaks reflects transition
energies, and the PL intensity includes the proportional rates of radiative and non-radiative
recombination. PL can be altered by external parameters such as excitation power,
temperature, and used outer disturbance (electrical or magnetic field), which allow in the
comprehension of bands and electronic conditions.

The ideal PL experimental set-up is shown in Fig. 3.11. Excitation of specimens was
carried out by a pulse laser or continuous-wave. The luminescence was diffused with a
monochromator, and measured by a significantly sensitive detector appropriate for the
detection range. A CCD or a Hamamatsu R5509-72 InP/InGaAs nitrogen-cooled
photomultiplier tube is used for UV, whereas, a germanium detector is used for near infrared

emission, visible, and near infrared emission.

OptiLab
program

spectrometer
-~ lenses=7
sample
~ M
——
filter

Figure 3.11. Typical experimental set-up for PL measurements, (taken from ref. [266])
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The PL measurement has three major steps as follows:
o First, the semiconductor is excitated optically to generate electron—hole pairs. Nd:
YAG of wavelengths of 266 nm are applied for the excitations in ZnO. The laser
beam is thereafter projected on the semiconductor specimen with the support of a
set-up as explained in the schematic diagram.
o Next, the excitated electron—hole pairs recombine radiatively and release light.
e In the last step, the emitted light is revealed and scattered by a paired grating
monochromator and photomultiplier detectors. The definitive spectrum is gathered

and analyzed in a computer.

PL characterizations in this work were investigated by applying a Jobin Yvon HR
800 UV spectrometer system at room temperature. This system employs a visible and
ultraviolet spectroscopes, which is especially beneficial in the characterization of
semiconductor substances and able to give knowledge immediately associated to the optical

and electronic characteristics of the specimen.

3.5.2 Raman spectroscopy

Light scattering can be divided into two kinds, namely, Rayleigh Scattering and
Raman Scattering. In Rayleigh Scattering, the photon is elastically dispersed without shifts
in frequency. In Raman Scattering, the photon is dispersed inelastically associated with
frequency alteration [267]. The shift in frequency of Raman scattered light is associated to
the excitation frequency. Notably, the magnitude of the shift is not based on the excitation
frequency but on the structure of the crystal. Hence, this “Raman shift” can be a result of an
intrinsic characteristic of the sample. Undoubtedly, Raman Scattering is a strong light-
scattering technique for the diagnosis of the interior structure of crystals and molecules
[268]. In this work, we performed the Raman spectra by employing a Jobin Yvon HR 800

UV spectrometer system which described previously in section 3.5.1.
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3.6 Electrical testing

The 1-V characteristics, including the resistance R and the sheet resistance, of the
samples were investigated. In this research, we related the difference in electrical behaviors
of ZnO disc with the variation in the size of ZnO grains and annealing conditions. The

details of the electrical testing are shown below.

3.6.1 Current —voltage (I — V) measurement

For I-V measurement, the current is the independent variable, whereas the voltage is
the dependent variable. The current was chosen as the independent variable because of its
electrical transient nature, and it can be varied in orders magnitude for a varistor [269].

The | — V properties of the samples were performed by applying a high voltage
source measure unit (KEITHLEY instruments 246 high voltage supply). The resistance R

was evaluated from Current (I) - Voltage (V) characteristics in accordance with Ohm’s Law.

3.7  Cytotoxicity test

The cytotoxicity test was conducted to show the toxicity level of different samples
towards specific live cells (L929). This section describes the general methods, reagents, and
instruments used in this test. The standard cell culture techniques used to freeze, thaw, and

grow the cells prior to treatment with different treatments are described.

3.7.1 Materials required
This testing method required the following basic materials:
e Bio-safety cabinet: This was required to conduct experiments in a sterile
contamination free environment.
e 37 °Cincubator: It is a conditioned environment for cell culture and cell storage.

e Inverted microscope: It was used for conducting cell counts.
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e Reagents: Trypsin, PBS (Phosphate Buffer Saline), DMEM (Dulbecco’s Modified
Eagle Medium), Sodium Dodecyl Sulfate (SDS) and Blue dye.

o Readily available cell culture: Fibroblasts L929 mouse cell lines were used in this
study due to their fast growth and proliferation in media culture.

The image of L929 cells are shown in Fig. 3.12.

Figure 3.12. Mouse skin fibroblast cell L929 (No: ATTC CCL-1 (Designation L929)

e Test material: 8 types of ZnO materials; W4-ZnO disc, P8-ZnO disc, 20nm ZnO
disc, 40nm ZnO disc, W-ZnO varistor, P-ZnO varistor, 20nm ZnO varistor, and
40nm ZnO varistor. The amount of material used per assay, was according to the
standard specifications for cytotoxicity testing. According to the standard, the
contact surface per ml of DMEM has to be 6 cm?ml or 3 cm?/ml depending on the
thickness of the material and for powder materials it has to be 10 mg/ml of DMEM.

e Centrifuge: Required for separation of material from DMEM.

o Vortex Mixer: Required for mixing the material with DMEM.
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e Other handling equipments: Sterile Microtiter Plates (2x6=12 well plate), Multi-
channel pipette, Sterile tubes (2ml), Serological pipettes and Sterile pipette tips

(200p1, 100p1, 50pl).

The photos in Figure 3.13 (a), (b), (c), and (d) clarify the equipments used for the

mentioned tests.

Figure 3.13. Photos of cytotoxicity equipments (a) Bio-safety cabinet, (b) 37 °C incubator
with 5% CO, (c) Laboratory centrifuge device (d) Layout of Hemocytometer counting
chamber with trypan blue and inverted microscope.
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3.7.2 Experimental procedure
3.7.2.1 Cell culture

All cell culture processes were carried out inside the bio-safety cabinet under
appropriate aseptic conditions. L929 cells with batch No. ATCC CCL-1 was used in all
experiments. This cell line is derived from healthy subcutaneous areolar tissue (fibroblast
connective tissue) of 100-day old male C3H/An mouse (ECACC No. 85011425 Mouse C3)
[247].

The L929 mouse fibroblast cells were maintained in DMEM containing high
glucose, and complemented with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin
10000 units.ml/streptomycin 10000 pg.ml™ solutions. The supplemented essential cell
culture medium is henceforward referred to as “growth medium”. L929 cells were cultured
in growth medium and incubated at 37 °C with 5% CO, in a humidified air incubator before
use.

All cytotoxicity experiments described in this work were performed using L929 cells
between cell passage 8 and 21. In cell biology, cell passage is known as the number of times
that cells split to enable L929 cell growth in vitro. For example, passage 8 refers to the

eighth splitting of the cells.

3.7.2.2 Growth media preparation

Careful execution of techniques is critical to avoid contamination of the medium,
which affects the cells. The medium used for growing L929 cell line was DMEM. FBS
(10.0%) was poured into 500 mL DMEM. After which, 0.5% of streptomycin/penicillin was

added. The media was then shaken and kept inside a freezer at 4 °C for further use.

3.7.2.3 Freezing of L929 cells
L929 cells were produced from a confluent cell layer grown in a cell culture flask

and detached from the flask by trypsinization (explained in Section 3.7.2.5) and re-
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suspended in the growth medium. Prior to long-term usage, cells were kept in liquid nitrogen
at a low temperature (< 150 °C). L929 Cells were counted and cell suspensions were
prepared with 1 million cells in 500 pL of 10% (v/v) dimethyl sulfoxide (DMSO) in FBS.
DMSO was used in this test as a cryoprotective agent. The suspensions were kept in properly
labelled cryovials stored overnight at -80 °C for slow cooling. The cryovials were then

transferred to a cryogenic freezer with liquid nitrogen at a temperature of -150 °C.

3.7.2.4 Thawing of L929 cells

The frozen L929 mouse fibroblast cell line was used. The frozen cells from the
liquid nitrogen cell storage were retrieved, rapidly thawed and then submerged in water at 37
°C. The contents of the cryovial were then transferred to a 15 mL centrifuge tube, followed
by the addition of 5 mL pre-warmed DMEM to the cell suspension. The suspensions were
centrifuged at 1200 rpm for 10 min. Meanwhile, 15 mL DMEM was pipetted into a T-75
flask.

After centrifugation, the supernatant was removed and 1 mL DMEM was gradually
added to re-suspend the pellet. The suspension was transferred slowly into the flask and
slowly shaken to ensure even distribution of cells, and floating cells were observed using the
integrated microscopic Zeiss-Axiovert 40-C. The cells were then placed inside a 37 °C

humidified incubator supplemented with 5% CO,. The cells were closely monitored for 24 h.

3.7.2.5 Cell passage (subculture)

The cells were grown in a T-25 cell culture flask. Cell passage or splitting occurred
when cells reached 80%-100% confluency. Cell confluency was assessed by a light optical
microscope. The cells were examined carefully for signs of contamination or deterioration.
Prior to cell passage, the old growth medium in the flask was discarded and the flask was
rinsed with 2.5 mL sterile phosphate buffered saline to flush out all traces of serum that will

inhibit the action of trypsin. Trypsinized solution (2 mL) was added to coat the surface of the
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flask. The flask was then incubated at 37 °C in CO, for 5 min. The trypsinization was
continued until 90% of the cells aggregated and floated. Trypsin was deactivated by adding 2
mL of DMEM containing 10% (v/v) FBS, and the ratio between the DMEM and trypsin was
1:1. The cells were dispersed into the single cell suspension by repeated pipetting on the
surface of the culture flask. The single cell suspension was then transferred into 15 mL
centrifuge tubes and centrifuged at 1500 rpm for 5 min. Simultaneously, 7.5 mL of
completed growth medium was transferred to two separate fresh flasks. The supernatant was
discarded from the centrifuge tube (falcon tube), and 2 mL DMEM was added to re-suspend
the pellet. Finally, 300 pL of cells was mixed with 7.5 mL medium in the culture flask.
When the cells were stable and confluent in the flask, 1 mL of the cell suspension was
transferred into a conical tube. Then 50 pL of the cell suspension were mixed with 50 pL
trypan blue in the falcon tube. A portion of the cell suspension was dropped into the chamber
grid. The numbers of live cells z were counted using a light microscope. The initial 20000
cells seeded in each well were used as the control, and the number of suspended cells added

to the 6 well-plate y was determined from the ratio as below:

z cells _ 1000 &1
10000 cells y &l

(3.2)

3.7.2.6 Extraction process

The extraction protocol was in accordance with 1ISO standard 10990-12 that allows
the determination of possible toxicological risk without leading to a considerable alters to the
sample parts or change the chemical construction. On one hand, the samples were incubated
in a 15 mL extraction apparatus containing DMEM inside a 50 mL centrifuge tube under
strict sterile conditions (Fig. 3.14 (a)) for the indirect method. On the other hand, the samples

were incubated in a 3 mL extraction apparatus containing DMEM inside 6-well plates (Fig.
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3.14 (b)) for the direct method. The materials were placed in an incubator with CO, at 37 °C

for 72 h for the indirect method and 24 h for the direct method.

Figure 3.14. Photos of extraction process for (a) indirect method, and (b) direct method

After incubation, the cells stabilized and attached to the well-plates. The media were
subsequently removed and changed with new media. For the indirect method, the samples
were harvested from the media and treated media was then dropped into the cell culture. The
cell treatment was achieved in triplicate. The cells morphologies were determined under a
light microscope (Olympus CKX41) after 24, 48, and 72 h incubation. For the direct method,
the morphologies of the cells were observed directly, without removal of the samples from
the media, under the microscope after 24, 48, and 72 h incubation. A negative control

(without ZnO sample) was prepared for purposes of comparison.

3.7.2.7 Cell counting

Cell counting was carried out using trypan blue solution 0.4% (Sigma) after 72 h
incubation. The trypsinized cells were transferred into falcon tubes (conical) and centrifuged
for 5 min at 1500 rpm. The supernatant was then discarded, and 2 mL of DMEM was moved

in to tube and re-suspended. When the cells were stable and confluent in the flask, 50 pL of
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mixture were mixed with 50 pL trypan blue stain in a falcon tube and suspended until the

solution and cells were homogenous.

Sample introduction
point Cover glass

i. _.~ Counting 0.1mm
v chambers sample depth
|~ Cover slip

Mounting support

Figure 3.15. Layout of Hemocytometer counting chamber

A portion of the stained cells were pipetted into the counting chamber grids
(hemocytometer). The chamber was placed on the microscope stage, and the microscope was
focused until a clear cells image was visible via the eyepiece. The four corners of squares
each have 16 squares within an area of 1.0 mm?. Each laboratories have various counting
protocols, however there is a general rule stating that cells touching the upper and left limits
should be counted, whereas cells touching the lower and right limits should not be taken into
account. An enlargement of a corner square indicates that cells should be included in the
count, wherein the stained (dead cells) should be ignored, and unstained cells (live cells)

should be counted.
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Figure 3.16. Illustration of Hemocytometer counting chamber

Number of live cells (z) was calculated. The number of live cells (A) were calculated

by using the equation 3.3.

A =2z X2 X 2500 (3.3)

The number of stained (dead cells) and unstained cells (live cells) were calculated
using a hemocytometer and then matched with the control set. The levels of samples toxicity

were selected from observation the viability of cells.

3.8 Summary

The instrumentations with their basic characterization methods and materials used in
this study have been described briefly in this chapter. The experimental sets up as well as the
details of the ZnO materials used have also been discussed. Table 3.4 summarized the

instruments and the information revealed from each of them.
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Table 3.4. Techniques, instrumentation types and the information that are revealed in this

study.

Technique

Instrument

Information revealed

Ball Milling

BALL MILL, 9 Variable Speed

Grind materials into
extremely fine powder

Pressing Process

CARVER

Formation discs

Sintering Process

CARBOLIRE sintering furnace

Consolidation of powder
particles

Polishing process

GRINDER-POLISHER
Metaserv 250, BUEHLER

Flat surface

Annealing Process Tube Furnace, LENTON Heat treatment
VVTR/12/60/700
TEM Phillips CM 12 Internal structure of
materials
SEM JSM — 6460 LV Image the sample surface
and near surface
XRD PANalytical X'pert Pro MRD Crystal structure, chemical
PW 3040 composition, and physical
properties of materials

EDX JSM — 6460 LV Elemental analysis or

chemical characterization
of a sample
AFM Dimension EDGE, BURKER | Morphology of sample and
image the topography of
surface
| —V Testing KEITHLEY 237 Current and Voltage
measurement
PL Spectroscopy Jobin Yvon HR 800 UV Energy band gap , discs
quality
Raman Spectroscopy Jobin Yvon HR 800 UV Study vibrational,

rotational, and other low-
frequency modes in a
system

Bio-safety cabinet

ESCO
Class Il BSC

Conduct experiments in a
sterile contamination free
environment

37 °C incubator

Thermo Scientific Heraeus
Incubator BB 15

Conditioned environment
for cell culture and cell

storage
Centrifuge Thermo Scientific Heraeus Separation of material from
Megafuge 16 DMEM
Inverted microscope OLYMPUS Conducting cell counts
CKX41

Integrated microscope

Zeiss-Axiovert 40-C

Cell morphology
observation
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CHAPTER 4: RESULTS AND DISCUSSION 1

PURE ZnO: EFFECT OF PARTICLE/GRAIN SIZE AND SURFACE
MODIFICATION ON THE STRUCTURAL, ELECTRICAL AND OPTICAL
PROPERTIES OF PURE ZnO MICRO/NANOPARTICLE BASED DISCS

4.1 Introduction

In this chapter, the successful fabrication of pure ZnO micro/nanoparticle-based
discs is discussed. The results of the investigation on the different physical, structural,
electrical, and optical properties of these discs at different annealing conditions were related
to the various structures of ZnO discs, different particle sizes of ZnO powder, and different
annealing conditions. The chapter also focused on the probable mechanisms of surface
modification by annealing. Several mechanisms are proposed for the results and observations
obtained. The structural properties of samples are investigated by SEM. The optical
characteristics of the discs are investigated by using Raman and PL spectroscopes. The
electrical behaviors were extracted from a high-voltage source. The conclusions are

summarized in the last section of the chapter.

4.2  Physical transformation

Fig. 4.1 explains the physical transformation of the raw material from the green form
(granules) into the green compacts (discs). The green discs were sintered at 1200 °C for 1 h
to form hard discs; white in color for pure ZnO discs and black in color for composite disc.
At this phase, the electrical properties of the samples were completely formed. Electroding
by applying a thin silver layer onto both surfaces of each disc was carried out. These silver
electrodes provide the conducting interface (ohmic contact) with the insulative ZnO discs
(little effects of silver contact on discs properties). To test for suitability, the silver-electrode

discs were connected to conducting lead wires by dipping them in a soldered bath.
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Eventually, the lead-soldered discs were encapsulated by epoxy resin for insulation and

protection of the connections.

Figure 4.1. Pure and composite ZnO-based disc transformation from granulated form to
finished form.
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4.3  Structural properties of pure ZnO discs prepared from ZnO micro and
nanoparticles size

4.3.1  Transmission electron microscopy (TEM)

The precise morphological structure and particles sizes in two dimensional imaging
were inspected by TEM micrographs. Fig. 4.2 shows TEM micrographs of ZnO-White (W4),
Zn0O-Pharma (P8), 40nm ZnO, and 20nm ZnO. All samples exhibited varying morphologies
such as micro/nanoplates, tetrapods, tripods, and pebble-like structures. Micro/nanoplates
with lengths ranging from 60-250 nm were observed in ZnO-White (Fig. 4.2 (a)). Different
morphologies were observed in the cluster of micro-or nanoparticles, including nanoplates,
tripods, and tetrapods. The wurtzite crystalline structure of the ZnO discs was verified by the
hexagonal drum-like structure shown in the inset of Fig. 4.2 (a). Notably, the hexagonal ZnO
structure reveals the wurtzite crystalline property of ZnO-White

The ZnO-Pharma (Fig. 4.2 (b)) is rich in rod-like structures with width ranging from
30-120 nm. Moreover, the nanorods have rounded or tapered ends. ZnO-Pharma tends to
have minimal particle size than ZnO-White caused by the smaller size of rod-like structures
compared with that of plate-like structures. As a result, ZnO-Pharma particles also have
higher S/V ratio than ZnO-White, which accounts for the differences in optoelectronic and

biological properties.
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Figure 4.2. TEM micrographs of (a) White ZnO (W4), (b) Pharma ZnO (P8), (c) 40 nm
Zn0O, and (d) 20 nm ZnO and (INSET) a higher magnification of each ZnO type.

Fig. 4.2 (c) is a TEM micrograph of the ZnO nanopowder used to make the ZnO
discs. The 40nm ZnO are present as granules with spindle-like shapes, and the average
particle size was approximately 40 nm, which are polycrystalline in nature and uniform in
shape.

Fig. 4.2 (d) is a TEM micrograph of the 20 nm ZnO nanopowder, which consisted of
agglomerates of pebble-like ZnO nanoparticles with a diameter of approximately 20 nm.

Fig. 4.2 (c) and (d) (inset) show the pebble-like morphology of the ZnO

nanoparticles with a highly porous appearance.
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4.3.2 Scanning electron microscopy (SEM)

Fig. 4.3 shows the SEM micrographs of W4-Disc, P8-Disc, 40nm-Disc and 20nm-
Disc, which were sintered at 1200 °C and then annealed at 700 °C in the oxygen and nitrogen
ambients. In different types of ZnO discs at various annealing ambient, SEM images present
that the morphology of the samples surface was basically dependent on the annealing
temperature and the grains grew larger, more structured and resembled polygons (hexagon)
compared to the as-sintered discs, and the pores became smaller as shown in Fig. 4.3. High
temperatures are known to provide a large driving force for the internal atomic diffusion
responsible for grain growth and pore elimination, and assist in developing a well-oriented
crystal lattice.

Fig. 4.3, shows that W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc samples at
different annealing conditions have a strong structure without pores. However, the average
grain size of the discs annealed in nitrogen increased marginally compared with that in
ambient oxygen, with the exception of the P8-Disc, in which the average grain size
decreased in ambient nitrogen. Annealing in ambient O, induced a rather dense morphology,
whereas annealing in ambient N, resulted in a partially porous morphology. On the one hand,
the increase in the grain sizes in W4-Disc, 40nm-Disc and 20nm-Disc could be attributed to
the generation of oxygen vacancies in the nitrogen ambient (as vacancy concentration
exponentially grows with raising temperature) that may impact the grain growth kinetics via
changing the diffusion flux of oxygen vacancy types. On the other hand, the decrease in
grain size in the P8-Disc could be due to the destruction of disc surface caused by the
contamination of hydrogen atoms that react with oxygen species on the surface; thus,
weakening crystallinity as explained by the following XRD analysis.

The 20nm-Disc exhibit the largest particle size compared with the W4-Disc, P8-Disc
and 40nm-Disc samples (Table 4.1). This phenomenon maybe attributed to the high S/V

ratio in the nanoparticles. Two major factors dominating the characteristics of nanomaterials
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are their size and surface features [270, 271]. These mentioned factors are correlated
attributed to the S/V ratio raises as the size is reduced (Fig. 4.3).

The size of the nanoparticles is clearly significant in the determination of
fundamental properties as discussed in the later sections of this thesis. In sintering, a large
number of atoms will be exposed to high temperature, absorb more oxygen during the
annealing process and then grow bigger.

Notably, tiny white spots in the 20nm-Disc (approximately 80-100 nm) were clearly
present during oxygen annealing, which were not observed in the W4-Disc, P8-Disc and
40nm-Disc. Larger white spots might be agglomerates of these nanoparticles. Presumably,
the sintered ZnO provided the excess free zinc that was oxidized into ZnO during the
oxygen-rich annealing treatment. This phenomenon is not reported elsewhere to the best of
our knowledge.

A layer-by-layer growth of several grains in the 20nm-Disc was also observed (Inset
of Fig. 4.3 (d)). This secondary layer-growth occurred during the oxygen-rich annealing.
Figure 4.3 (d) shows SEM micrographs of the polycrystalline layers with thickness of 80—
120 nm. These multilayer growths were localized in several grains only; thus, a high
concentration of free zinc allowed the secondary layer-growth.

Notably, significant grain growth has occurred in the 20nm-Disc in addition to a
secondary growth involving ZnO nanoparticles and multilayer grains. This interesting
phenomenon may be attributed to the strong surface reaction during annealing as a result of
the significant surface area of the 20 nm nanoparticles used to make the ZnO discs.

The thermal annealing process resulted in compression of the ZnO grains toward the
center of the W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc, which resulted in the growth in
grain size. Annealing increased oxygen concentration in the disc and caused a distortion.
This result indicates the presence of tensile stress within the ZnO discs, as discussed in the

following XRD analysis.
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The EDX data (Fig. 4.3) show that the oxygen content in all disc samples increased
with annealing in oxygen because of the increase in the oxygen diffusion energy. The high
oxygen content in the annealed sample may be attributed to the interaction of ZnO with
atmospheric oxygen during the annealing process under ambient conditions. The EDX
results also reveal the presence of trace amounts of other elements (impurities) in the ZnO

discs, which were introduced during the preparation and annealing processes.

Note that the method used to measure average grain size can be seen in APPENDIX
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Figure 4.3. Typical SEM-EDX images of (a) W4-Disc, (b) P8-Disc, (c) 40nm-Disc, and (d)

20nm-Disc annealed at different ambients.

Table 4.1 summarizes the SEM results for ZnO discs fabricated with different

particle sizes at different annealing conditions. Variation in the grain size is then plotted as a

function of the different particle sizes (Fig. 4.4).
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Table 4.1. Summary for SEM images of ZnO discs with different annealing atmospheres.

Sample Annealing ambient Grain size
(pm)
W4-Disc As-grown 1.113
0, 1.701
N, 2.830
P8-Disc As-grown 0.911
O, 1.523
N2 3.302
40nm-Disc As-grown 1.441
0, 2.610
VP 3.921
20nm-Disc As-grown 1.544
0, 3.423
N, 5.204
6
as-grown
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Figure 4.4. Plot of grain size of as-grown and annealed ZnO samples as a function of
different particle sizes.
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4.3.3 X-ray diffraction (XRD)
The XRD pattern of the W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc are presented

in Fig. 4.5. A number of strong Bragg reflections at (101), (100), (002), and (110) was
observed, which confirmed the polycrystalline nature of the discs. Spurious diffractions
caused by crystallographic impurities were not found [272]. The common crystal habit of
ZnO is hexagonal because of the crystal symmetry and related face velocities. In addition,
the ZnO nanoparticle is in a thermodynamically stable crystallographic phase. The intensity
of the peaks referred to the high degree of crystallinity of the ZnO nanoparticles. However,
the width of the peaks in the 40nm-Disc and 20nm-Discs has increased, compared with the

WA4-Disc and P8-Discs, because of the quantum size effect.
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Figure 45. XRD pattern of as-grown ZnO discs fabricated from ZnO micro and
nanoparticle powders.

106



The shape and broadening (breadth) of XRD peaks reveal microstructural information
including the size distribution, average size and shape of crystallites (i.e. nanocrystalline and
crystalline nanoparticles materials), twinning/lattice faulting, and density and spatial
arrangement of dislocations. These microstructural information are usually combined
together and can be grouped into size-broadening or strain- /distortion-broadening
contributions. XRD peaks are designed to reflect microstructural information.

When the particle size is smaller than 100 nm, the broadening of the XRD peaks are
measurable. The relation applied for the calculation of crystallite size is the Scherrer formula
[69]:

KA
b= Bcos 6p (4.1)

whereby:

D is the volume-weighted apparent crystallite size.

S is the integral breadth of the line profile (XRD peak) caused by small crystallite size.

K is the factor of particle shape, which based on the particles shape and its value is about
0.94 for spherical particles.

A is the CuKg radiations (1.54 A).

and 6y is the Bragg angle achieved from 20 value compatible to the same plane.

However, besides the generic instrumental broadening, another substantial cause for
broad peaks of XRD is strain broadening (distortion broadening caused by dislocations,
twins, and stacking faults). This broadening is due to the microstrain ¢ = Ad/d (where d is the
interplanar distance between hkl planes) in the discs. Table 4.2 shows a summary of the
XRD phases. Notably, the diffraction angle of the as-grown 40nm-Dics and 20nm-Disc
increased by larger values compared with the W4-Disc and P8-Disc, which was due to an
extremely high concentration of structural defects in the nanoparticles powder raw material,

especially in the 20nm-Disc. In addition, the XRD pattern (101) peak demonstrates a peak
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shift towards a higher diffraction angle for discs annealed in nitrogen and oxygen compared
with that of the as-grown discs. Chemisorption process of nitrogen or oxygen on the surface
after thermal annealing, which lead to the distortion of crystallites, may account for this
phenomenon.

Several researches indicated that the residual stress in ZnO include an intrinsic stress
component and a thermal stress component [273, 274]. In addition, intrinsic stress caused by
deficiency of crystallites during growth was also present. The parameters of growth, such as
pressure, gas mixture, power, and deposition temperature, may also have caused intrinsic
stress. In a considerable number of studies [273, 274], the intrinsic stress of the as-grown
ZnO was compressive. By contrast, extrinsic stress can be generated during pressing,
sintering, and annealing. The thermal stress in the discs generates from the variation in the
thermal expansion coefficient o as a result of the variations in the annealing conditions.

The effect of different annealing conditions on the WA4-Disc, P8-Disc, 40nm-Disc
and 20nm-Disc is shown in Fig. 4.6. The (101) peaks of the as-grown W4-Disc, P8-Disc,
40nm-Disc, and 20nm-Disc increased dramatically from 26= 36.195°, 36.212°, 36.334°, and
36.375° to 20 = 36.197°, 36.271°, 36.345°,and 36.387°, respectively, after oxygen annealing.
However, nitrogen annealing did not show any significant rise in the reflection peaks
intensity, indicating the increase of tensile force and lattice constants for the ZnO disc
annealed in ambient nitrogen. When N, gas was used for development of ZnO, the
diffraction peak intensity of ZnO (101) is significantly reduced, and FWHM is relatively
broad compared with the ZnO disc annealed in ambient oxygen. The broadening of the (101)
peak for the samples annealed in ambient N, should be attributed to the defects related to the
incorporation of N, in the discs, as observed by Li et al. [275].

The change in the (101) diffraction peak with different annealing atmospheres can
be attributed to the stress in the ZnO disc or the N molecule on the O site ((N,) O). Notably,
the semiconductor band gap is influenced via the residual stress in the disc. A compressive

stress lead to an increase in the band gap, while a tensile stress lead to a decrease in the band
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gap. In the present work, the investigates of the PL spectra show that the band gap changes
through the thermal treatment, indicating that the annealing process affected the stress in the
ZnO disc. The change in the (101) peaks and FWHM are fundamentally induced by the N
molecule on the O site because (N;) O alters the lattice constants of the sample and decreases
the quality of crystallization, leading to the increase in FWHM values. Therefore, ZnO
ceramics annealed in N, atmosphere have a high concentration of defects, which results in a
reduced quality of ZnO discs. However, the thermal energy of samples annealing in an O,
atmosphere at a suitable temperature is sufficient to break the Zn—O bond; and acquiring
oxygen and other atoms from the annealing ambient and consequently reducing defect
density to improve crystallinity.

Generally, the difference of the intrinsic defects within ZnO disc Vz,, Vo, Oz, and

O; with oxygen pressure (po,) during annealing in ambient oxygen can be expressed as

follows [91]:

1/20, + Vo = O, [Vo] & pos ™ (4.2)
1/20; + Vz, = Og, [Vzn] @ pozl/2 (4.3)
1120, + Zn; = Znz, + O, [ZNi] 0. oy * (4.4)
1/20, = 0, [O] & poz” (4.5)
1/20; + Vz, = Oz, [Oz] @ pozllz[VZn] (4.6)

where [Vz,] and [Vo] are the concentrations of the non-ionized vacancies of zinc and
oxygen, respectively. [Oi], [Oz], and [Zn;], are the concentrations of O;, Oz, and Zn;,
respectively. Egs. (4.2) and (4.4) reveal that concentrations of the Vo and Zn; have to reduce
with a rise in po, whereas Eqgs. (4.3), (4.5), and (4.6) indicate that Vz, O;, and O, could be
increased with an increment in po. Therefore, thermal treatment in ambient oxygen can

increase Vz,, O;, and Oz, and subsequently lead to generating oxygen-rich ZnO samples.
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During the annealing process, most absorption and desorption of oxygen or nitrogen
occurred at the surface of the discs. The small size of particle and huge S/V ratio of
nanoparticles compared with the microparticles indicated that the considerable ratio of S/V
gives these nanoparticles improved crystal qualities of ZnO nanoparticle-based discs and
better crystallinity with more relaxation caused by annealing.

The XRD patterns in Fig. 4.6 show marked deviation of ZnO (101) diffraction peaks
from the normal value with different annealing conditions. This phenomenon resulted in the
high concentration of deep-level surface trap states inside the formed ZnO nanoparticle

lattice, which determined most structural and optical property changes in the discs as

discussed in the later sections.
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Figure 4.6. XRD pattern of ZnO discs fabricated from (a) White ZnO (W4), (b) Pharma
ZnO (P8), (c) 40 nm ZnO, and (d) 20 nm ZnO at different annealing ambients.
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XRD data show the significant shift of the diffraction peak (101) for the 40nm-Disc
and 20nm-Discs from its as-grown value, which is related to the alter in the lattice constant
of the ZnO nanoparticles. Figures 4.6 (¢) and 4.6 (d) show the blue shift of the (101)
diffraction peaks of 40nm-Disc and 20nm-Disc after annealing compared with as-grown
ZnO. This blueshift evidenced the reduce in the lattice constant parallel to the c-axis of the
ZnO nanoparticles. This phenomenon could be caused by the surface impact (the significant
surface tension that produced from the small size of the nanoparticles can lead to lattice
distortion and reduce the lattice constant) of ZnO nanoparticles. However, the small shift in
the W4-Disc and P8-Disc can be observed in the (101) diffraction peaks (Figs. 4.6 (a) and
4.6 (b)).

Results show that the order of the relative intensities of the XRD peaks from the
(101) plane is oxygen-annealed > nitrogen-annealed > as-grown. This order demonstrates
that oxygen provides a superior annealing ambient than nitrogen for improving the
crystallinity of all discs. Annealing in oxygen atmosphere enhances the reaction among
oxygen and the Zn interstitials to generate crystalline ZnO. During the annealing in oxygen
ambient, the oxidation rate is significantly faster because of greater dropping in the free-
surface energy. Thus, the crystallinity of the oxygen-annealed ZnO nanoparticles is better
than that of the nitrogen-annealed ZnO nanoparticles because annealing in ambient oxygen
results in a decrease in oxygen vacancies that is the most general defect in ZnO according to
literature.

The electronic structure of an oxygen vacancy within ZnO, which includes the four
Zn dangling bonds and two electrons, is well known. These Zn dangling bonds collect into a
fully symmetric al state located in the band gap and three almost degenerate states in the
conduction band. In the neutral charge state of the oxygen vacancy, the al state is doubly
occupied and the three states in the conduction band are empty. On the basis of the above
mentioned, the V, within ZnO crystal can theoretically exist in three different charge states,

namely, neutral, +1 and +2, in which the al state is doubly occupied, singly occupied, and
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empty, respectively. The al state occupation during the annealing process in ambient oxygen
is related to the local lattice relaxation around the oxygen vacancy.

In annealing in ambient nitrogen, nitrogen can occupy an oxygen site (N,) and
produce a multicenter with bonds to the four nearest neighboring Zn atoms; thus, reducing

the quality of the ZnO crystal.

Table 4.2 summarizes the XRD results. The lattice constant ¢ was calculated for

hexagonal system from the equaton 4.7 [69]:

2 2 2
(h +hk+k )+l_ @7

where h, k, and | were evaluated by XRD analysis. The lattice spacing d was calculated

based on Bragg's equation 4.8 [276]:

ni

o 2sinf

(4.8)

where 1 (=1.5405 A) is the X-ray wavelength, and @ is the diffraction angle.

From the peak positions of the ZnO (002) planes, the ZnO crystal parameters ¢ were
obtained, and a summary is presented in Table 4.2. These values were comparable with the
Co Of bulk ZnO at 5.206 A [10]. Subsequently, the stress ¢ in the ZnO disc was obtained by

applying the strain model for hexagonal crystals, as shown in equation (4.9) [277, 278]:

_  2Cf5—C33(C11=C12)\ Co—C
6 =( s )

(4.9)
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where ¢ is the mean stress in the ZnO sample; C;; = 209.7 GPa, Cy, = 121.1 GPa, Cy3 =
105.1 GPa, and C33 = 210.9 GPa are the elastic stiffness constants of bulk ZnO; c, is the
lattice constant of strain-free bulk ZnO, and c the lattice constant of the ZnO disc. The
estimated value of the bulk ZnO elastic stiffness constants is approximately -453.6 GPa. The
calculated values of the stress ¢ in the W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc are
listed in Table 4.2. The positive values of samples referred to a tensile stress generated by
the stretching size of crystal, indicating that the lattice constant decreased compared with
that of the stress-free sample. Whereas, the negative value and compressive stress indicated

that the lattice constant was elongated compared with that of the stress-free sample [279].

Table 4.2 summarizes the XRD data and stress for W4-Disc, P8-Disc, 40nm-Disc
and 20nm-Disc at different annealing conditions. Variation in the stress is then plotted as a
function of the different particle sizes (Fig. 4.7). Calculations of stress can be seen in

APPENDIX C.

Table 4.2. Summary for XRD phase analysis of ZnO discs fabricated from micro and
nanoparticles size of ZnO powders at different annealing ambients.

Sample Annealing 20 a c Stress
ambient (deg.) (A) A (0)

(G.Pa)

As-grown 36.195 3.241 5.215 -0.784

W4-Disc N, 36.199 3.238 5.201 0.436

0, 36.197 3.236 5.204 0.174

As-grown 36.212 3.238 5.213 -0.601

P8-Disc N, 36.220 3.230 5.203 0.261

0, 36.217 3.232 5.205 0.087

As-grown 36.334 3.220 5.210 -0.349

40nm-Disc N, 36.358 3.216 5.195 0.958

0, 36.345 3.219 5.198 0.697

As-grown 36.375 3.211 5.209 -0.261

20nm-Disc N, 36.399 3.204 5.192 1.219

0, 36.387 3.209 5.194 1.046
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The stress values of as-grown and annealed samples are shown in Table 4.2. The
stress values are negative for as-grown samples (compressive stress), which suggested that
the lattice constant c is increased during the sintering process (compared with the stress-free
powder), but the stress values become positive (tensile stress) with annealing.

The presence of residual stress in discs is fundamentally a result of lattice
imperfections. The stress caused by this factor is called extrinsic stress. The stress caused by
defect and impurities is called intrinsic stress. The stress and distortion of lattice parameters
from single-crystal values inherently indicate the deficiencies existing in the crystal
structure; thus, are serious criteria in the characterization of the structural defects of the
obtained ZnO.

The residual stress greatly relaxes through annealing, and the tensile strain becomes
more controlling than the compressive stress because of the reduction of the defects in the
disc, and the oxygen will be out-diffused as a result of thermal expansion. The dominant
tensile stress greatly influences the optical properties, and the optical band gap transfer to a
minimal value (red shifts), as discussed in section 4.4.1.

Figure 4.10 shows the variation in the stress values with particle size. The observed
shift from a compressive to a tensile stress may be caused by the grow in grain size. Hence,
the difference in the stress with different annealing conditions are significantly correlated
with the original particle size in the disc, which indicates that the high-oxygen annealing
promoted the diffusion of oxygen in the discs and led to a decrease in the ZnO lattice
constant; consequently increasing the tensile stress in the sample [280-282].

Previous studies [273, 274, 283, 284] have shown that an optimum thermal treatment
improves the ZnO crystal quality and changes the Zn/O ratio, as well as the intrinsic defects
of the sample. Meanwhile, a number of studies have focused on determining the effect of
thermal or oxygen pressures on the stress and structure of ZnO [285, 286]. These two
mentioned parameters are generally known to substantially affect the residual stresses in

discs. However, annealing process significantly affects the ZnO structure because thermal
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energy improves the crystallization of ZnO discs [287]. The stress increases through the
growth process; hence, a perfect, stress-free crystallization of ZnO can be achieved through
setting the annealing temperature and oxygen flow rates under optimal situations. In other
word, the intrinsic growth stress in the ZnO disc can be dominated by adjusting the different
atmospheres during the annealing process. The current study aims to demonstrate the
conversion of stress from compressive to tensile during the annealing of ZnO discs by
controlling the thermal annealing temperature at a fixed oxygen flow rate (2 L/m?) and
investigate the optimal conditions for manufacture of high-performance varistor devices.

For WA4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc, the variation of lattice
parameters for the disc samples can be recognized by considering that the increase in the
distance along (101) between closely packed atom layers in wurtzite-type structure (caused
by the considerable concentration of dislocations) should be replaced by shortening inter-
atomic distances between the layers perpendicular to it. In any case, the most deformed
structure in ZnO disc is achieved from nanoparticles. The variations in stress values along
and perpendicular to (101) caused by the preferential structure of packing defects in the

hexagonal close-packed structure along the (101) direction.
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Figure 4.7. Variation of the stress with ZnO discs prepared from different particle sizes of
ZnO powder at various annealing ambients.
Note that the all XRD Reference pattern data obtained in Table 4.2 can be referred in

Appendix B.

4.3.4  Atomic force microscopy (AFM)

Figure 4.8 shows the AFM images of W4-Disc, P8-Disc, 40nm-Disc, and 20nm-Disc
under different annealing conditions. All the samples have a continuous surface
microstructure with no cracks and particulates. For the as-grown W4-Disc, P8-Disc, 40nm-
Disc, and 20nm-Disc, robust sublimation and coalescence of ZnO grains took place. The
morphology of discs surface before annealing is disordered. The grains are coalesced
intimately, boundaries between the grains cannot be distanced clearly, and well-defined
crystal facets cannot be determined. The average surface grain size and roughness increased
when subjected to heat treatment. This growth was related to the tendency of the grains to
grow by fusion with adjacent grains when adequate energy for surface rearrangement is get

by the annealing process. Larger grains are associated with higher degree of surface
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roughness. In this research, roughness of surface and the average surface grain size
incremented with the different annealing ambients. However, the average grain size of the
discs annealed in nitrogen ambient increased marginally as explained previously and
consequently the average roughness of the sample also increased. Nitrogen may have
reduced the surface of ZnO nanoparticles to Zn, followed by melting of Zn; thus, resulting in
a rough morphology.

AFM images indicate that only the nitrogen-annealed discs presented a growth in
grain size and a lowering in the boundary area (Larger grains for nitrogen-annealed discs are
associated with higher degree of surface roughness, as mentioned in Table 4.3). The increase
in ZnO grain size and average crystallite with nitrogen annealing can be attributed to the
interface merging processes through the annealing process. The interface reactions can be
related to the existing of interface defects at the ZnO grain or grain boundaries. In the grain
or crystallite boundaries, defects of zinc or oxygen (dangling bonds) are abundant and were
increased during annealing in nitrogen. These mentioned defects are suitable for the merging
process, leading to larger ZnO grains or crystallites. Thermal annealing under different
conditions only had a considerable impact on the surface roughness of the 40nm-Disc and
20nm-Disc (Fig. 4.8). The means of surface roughness are summarized in Table 4.3. After
annealing, the grain size of the 20nm-Disc analyzed via SEM is greater than the W4-Disc,
probably due to the very huge ratio of S/V in nanoparticles, which leads to more absorption
during the annealing process and larger grain size. Nevertheless, the AFM analysis indicate
that a superior annealing temperature at 700 °C forms atoms with more activation energy to
grow larger size grains and higher degree of surface roughness, which is proportionate with

the SEM results.
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Figure 4.8. 2D and 3D AFM images, and cross section measurement along the line shown
in panel of the discs prepared from different particle sizes of ZnO powder at different
annealing ambients on a scan area of 5x5 pm®.

Table 4.3 summarizes the surface roughness for W4-Disc, P8-Disc, 40nm-Disc and
20nm-Disc at different annealing conditions. Variation in the root mean square (RMS)

surface roughness is then plotted as a function of the different particle sizes (Fig. 4.9).

Table 4.3. Surface roughness of the ZnO discs at different annealing ambients measured by
AFM for scan areas of Sum x Spm.

Sample Annealing ambient Roughness
(nm)
As-grown 13.40
W4-Disc N, 56.60
0, 29.67
As-grown 20.12
P8-Disc N, 65.77
0, 47.21
As-grown 88.42
40nm-Disc N, 137.2
0, 95.74
As-grown 132.7
20nm-Disc N, 209.9
0, 163.1
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Figure 4.9. Plot of AFM roughness (RMS) of the ZnO samples as a function of different
particle sizes.

Fig. 4.9 indicates the alteration of root mean square (RMS) roughness measured by
AFM, by differing the particle size at different annealing ambients. The AFM data indicate
that the 40nm-Disc and 20nm-Disc have higher values of RMS roughness compared with the
W4-Disc and P8-Disc. This phenomena may be caused by the very large S/V ratio of ZnO
nanoparticles, which is markedly affected by the thermal annealing process; suggesting that
the roughness of sample surface depends on the annealing temperature.

The AFM images show that the surface of the 20nm-Disc annealed under different
conditions is rougher than the W4 disc surface. Gu et al. reported that the atoms at the
surface of nanoparticles have sufficient diffusion energy to occupy the right site within the
lattice of ZnO crystal, and grains with the minimal surface energy will grow at elevated

growth temperatures [216]. Since the (101) orientation surface energy is lowest within the
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ZnO crystal [288], the orientation of growth enhances in one crystallographic direction at the
low surface energy, leading to development of grain size. Then, the growth orientation
develops into one crystallographic direction of the low surface energy, leading to the
improvement of ZnO crystallinity. We conclude that the disc surface becomes rougher with
increasing grain size due to the enlarged grains on the surface of the discs. The AFM

analysis in agreement with the SEM images and the XRD data.

4.4  Optical properties of pure ZnO discs prepared from ZnO micro and
nanoparticles size

4.4.1 Photoluminescence spectra

The luminescence of the nanoparticles (40nm-Disc and 20nm-Disc) is associated
with the properties unique from those of microparticle crystalline materials (W4-Disc and
P8-Disc) [289-291]. On the one hand, the nanoparticle size nears the exciton Bohr radius,
each of the photoluminescence and band gap are influenced by the quantum confinement
effect (QCE) [44, 292] that commonly provides stronger luminescence because of the
enhancement of the oscillator strength (a dimensionless quantity that expresses the
probability of absorption or emission of electromagnetic radiation in transitions between
energy levels of an atom or molecule) [293]. On the other hand, the S/V ratio significantly
affects the Hamiltonian of the system (used to describe a dynamic system (as the motion of a
particle) in terms of components of momentum and coordinates of space and time and that is
equal to the total energy of the system) when the particle size decreases to the nanometer
scale. [294, 295]. Surface states and QCE contest together to affect the photoluminance
spectra. Lately, the surface states produced from significant S/V ratios was confirmed to
critically affect PL in nanoparticles; concurrent with the results in this work [98, 296]. We
provided a group of ZnO particles with various diameters for the investigation of the
dependence of PL properties on the nanoparticle size and for the statistical determination the

roles of surface states in PL based on particle size.
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Fig. 4.10 presents the PL spectra of the W4-Disc, P8-Disc, 40nm-Disc and 20nm-
Disc. At the same excitation level, strong and fairly broad PL spectra ranging from the very
short to long wavelengths were observed for all groups of ZnO discs.

The PL spectra of the samples under various annealing ambients were characterized
by UV and broad visible peaks. The UV band is a result of the near-band-edge transition of
ZnO and also the recombination of free excitons [110, 297]. The site of the band edge
emission shifted toward the longer wavelength after annealing in oxygen and nitrogen
conditions. Defects, surface states, and dangling bonds could have caused the redshift and
the reduction of the UV emission [110, 298].

For the W4-Disc and P8-Disc, oxygen annealing led to a significant increase in the
visible peak and a decrease in the UV luminescence. By contrast, nitrogen annealing led to a
decrease in the visible peak and an increase in the UV luminescence rather than a decrease
despite an increasing level of oxygen deficiency after nitrogen annealing. During oxygen
annealing, excess zinc reacts with oxygen from the atmosphere and generates new ZnO that

is different from the as-grown impacting the UV light emission.
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Figure 4.10. PL spectra of ZnO discs fabricated from (a) White ZnO (W4), (b) Pharma ZnO
(P8), (c) 40 nm Zn0O, and (d) 20 nm ZnO at different annealing ambients.
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Presumably, the PL spectra can be primarily explained by the alteration of oxygen
chemisorption levels at the surface after annealing under different conditions. Furthermore,
oxygen chemisorption at the disc surface leads to an upward band bending by the electrons
capture in regions close to the surface [110]. During excitation, the photo-generated holes
and electrons close to sample surface are moved to opposite directions across the depletion
region, therefore decreasing their recombination chances through excitonic processes.

The depth of the surface recombination layer was approximately 30 nm [212]. Any
shift of the depletion layer will have a significant effect on the comprehensive luminescence
properties because a great number of photo-generated electron-hole pairs drop within the
surface depletion region. A number of researchers demonstrated that the 0.72 eV thermal
activation energy necessary for the charge move over the surface potential barrier is the main
limiting factor in the identification of the chemisorption rate. Furthermore, they have
demonstrated that the rate of charge transfer linearly increments with growing oxygen
pressure during the annealing process [270]. In this work, the annealing of W4-Disc and P8-
Disc ambient oxygen significantly increased the amount of chemisorbed oxygen species,
which caused the improved visibility of the emission (Figs. 4.10 (a) and 4.10 (b)). Annealing
in ambient nitrogen partially extracted the pre-existing chemisorbed oxygen at the surface of
the as-grown samples, which resulted in the enhanced UV emission. In addition to the
dissociation of the photo-generated electron-hole pairs, the surface band bending further
supported the ionization of V,,.

The effects of the surface band bending on the UV and green emissions for W4-Disc
and P8-Disc are summarized in Fig. 4.11. During annealing in ambient oxygen, the extent of
band bending increased, and the depletion region grew in size, resulting in the separation of
more photo-generated electron-hole pairs. An increasing number of V, were ionized into
V*,, which were localized within the depletion region. The free holes swept for the depletion
region then recombined with the electrons occupying V*, to generate the green emission.

The UV emission was suppressed (Figs. 4.11 (a) and 4.11 (b)) and further penetrated the
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interior of the ZnO sample. The reverse processes that occurred through the annealing in
ambient nitrogen enhanced the UV emission, suppressed the green emission, and pushed it
further out to the surface (Fig. 4.11 (c)).

The increase in the relative intensity of green emission after oxygen annealing of
WA4-Disc and P8-Disc can be confirmed by the greater extent of the oxygen chemisorption
and the subsequent surface band bending. The surface band bending influences PL by two
mechanisms, namely, the disintegration of the photogenerated electron-hole pairs and the
generation of V*, within the depletion region, both of which enhance the green emission.
The effect of nitrogen annealing on oxygen chemisorption and surface band bending is

opposite of the effect of oxygen annealing.

(@) (b) ©

Figure 4.11. Schematics of the energy band diagram for (a) as-grown, (b) oxygen annealed,
and (c) after nitrogen annealed W4-Disc and P8-Disc samples.

The significant ratio of S/V in nanoparticles indicates the greater bulk density of
dangling bonds [299, 300]. The presence of dangling bonds in a material surface probably

alters a more localized state by splitting the state out of the energy gap border [301, 302].
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Thus, surface states could be responsible for the photoluminescence in 40nm-Disc and
20nm-Disc. The PL peaks for 40nm-Disc and 20nm-Disc show that (1) the peak site lies
below the band gap of ZnO nanoparticles, which refers to the presence of primary states in
the forbidden energy band gap, and these initial states within band gap possess their own
ground or excited energy levels; and (2) the PL intensity decreased with the increase in grain

size, which possible to be produced as follows:

nsa S/Va 1/R (4.10)

whereby:

ns is the number of the surface atoms surface per unit volume.

R is the size of crystallite.

Whereas the PL intensity lp_ is proportional to the square of the transition rate W? as
following:

e o |We > o 1/R? (4.11)

Thus, a surface-related mechanism can account for the reduction of the PL intensity
with growing grain size as observed in the 20nm-Disc that exhibited the highest PL intensity
among the W4-Disc, P8-Disc and 40nm-Disc (Fig. 4.10), in which this particular growth can
be caused by the effects of the surface states. Moreover, the whole PL intensity rapidly
decreases accompanied with the growth in particle size as evidenced with the total PL
intensity of the 40nm-Disc and 20nm-Disc. The size-dependent decrease also emphasizes
that the density of charge is specified by the number of atoms on the surface. For large
particle size (W4-Disc and P8-Disc), the relative PL intensity decreased dramatically (Fig.
4.10), which detects that several surface states will precipitous frequently under small size of

grain, in which the luminescence characteristics for nanoparticles are controlled by surface
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recombination; else, the inhabitance of surface states would be decreased extremely which
results in a corresponding radiative transition weakened quickly.

The PL band of the sample discs centered at the UV region is attributed to the band
edge transition from conduction to valence band. During the rise or decrease of grain size,
the intensity of PL also decreases or increases, which reveals that the crystallinity is a
significant factor in NBE emission from samples.

In the visible region, different mechanisms were proposed for the visible
luminescence. A statistically appropriate mechanism is more complicate to find partially
because it is critical to the conditions of specimen preparation [131, 150]. To our
understanding, visible emission is fundamentally a result of defects, which are attributed to
deep level emissions such as Zn; and Vo [149, 301]. In the present work, the PL spectra of
the 20nm-Disc (Fig. 4.10 (d)) show broad emission in the blue—green—red regions with band
peaks (519-533 nm), and the characteristic UV band-edge PL peak is absent. In general, the
UV luminescence in ZnO nanoparticles vanish in two situations, namely, when the energy of
excitation is extremely minimal than its energy of band gap and when the intensity of the
visible luminescence peak is significantly higher because of the development defect density.
In this work, the UV luminescence is not seen in Fig. 4.10 (d) because of the high intensity
of the blue—green—red emission. Furthermore, this phenomenon indicates that in the 20nm-
Disc sample, the exciton pair recombination takes place in non-radiative recombination
centers, such as low-angle inter-grain boundaries, dislocations, and heterogeneously
distributed impurity atoms within the lattice of ZnO nanoparticles [303, 304]. Therefore, the
blue—green—red visible PL emission was related to the extremely elevated concentration of
structural defects within the raw material (20nm ZnO powder). The structural defects were
intrinsic (Zn; and Vo), which acted as deep-level acceptors for electronic transitions with
near-conduction band edge.

Fig. 4.10 (d) shows the green luminescence of the as-grown annealed ZnO discs

based on the emission spectra. But, the optical recombination process varies in as-grown and
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annealed samples. This difference exhibit that thermal treatment of ZnO nanoparticles
affects different channels of radiative recombination. The optical characteristics of ZnO
nanoparticles can be explained by radiative transitions happening through the band structure.
The schematic of the band structure and optical transitions in unannealed and annealed ZnO
nanoparticles are explained in Fig. 4.12. For wurtzite ZnO, the valence band (VB)
characteristics is often O-2p, while the Zn 4s-O 2p o* interaction is initially responsible for
the two minimal conduction bands (CB). The ZnO nanoparticle is often n-type in character;
thus, generality of defects are Vo and Zn;. The visible luminescence is fundamentally caused
by defects that are related to deep level emissions such as Vo and Zn;. The ZnO visible
emission is foremost due to the transition from the deep donor level to the VB because of Vo
and by the transition from the CB to the deep acceptor level because of state defects and
impurities. The ZnO nanoparticles crystal structure consist of significant voids that can
readily include interstitial atoms within the lattice that affect the appearance of visible
luminescence within annealed ZnO nanoparticles.

In the ZnO lattice, Zn has tightly bound 3d electrons, and oxygen has tightly bound
2p electrons, which indicates efficient nuclear attraction [305]. The Zn 3d electrons were
found to highly interact with the O 2p electron in ZnO nanoparticles. As the center energy of
the green luminescence is comparable to the energy of ZnO bandgap (3.2 eV), the visible
luminescence peak cannot be attributed to the direct recombination of a hole in the O 2p
valence band and a conduction electron in the Zn 3d band. Subsequently, the green
luminescence peak must be related to the local level within the band gap of ZnO. The green
luminescence peak is a product of the radiative recombination of the photo-generated hole
and an electron occupying the oxygen vacancy.

Surface states can also contribute to the green emission in 20nm-Disc. A
significantly higher number of surface defects are present in the 20nm-Disc compared with
the W4-Disc and P8-Discs, and the valence band hole can be trapped by the surface defects

and subsequently tunnels back into the oxygen vacancies, together with one electron, to
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create the V3™ recombination center. The recombination of a shallowly trapped electron with
a deeply trapped hole within a V™ center results in visible emission. The most probable
clarification for the green emission includes redouble defects or/and defect compounds, and
the essential portion of the visible luminescence are created from the nanoparticles surface
centers. Xu et al. [106] investigated the levels of diverse defects involving the compounds
defects Vo: Zn; and Vz,: Zn;. They observed no cases in the gap from Vz,: Zn;, while two
levels above the valence band at 1.2 and 2.4 eV were noted for Vo: Zn;; thus, this defect type

explains a potential candidate for the 20nm-Disc green luminescence rather than for the W4-

Disc.
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Figure 4.12. The UV and visible emissions occurring in the (a) bulk ZnO (b) unannealed
and (c) annealed 20nm-Disc.

ZnO nanoparticle discs prepared by conventional ceramic method have Zn-rich, O-

deficient state. Some investigators have reported that these defect sites are related with the
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emissions from ZnO nanoparticles. Studenikin et al. [152] suggested that green luminescence
results from oxygen-poor states within the ZnO lattice. On the contrary, Lin et al. [306]
indicated that the green luminescence from ZnO nanoparticles agrees to a local level that
consists of Oz, rather than Vz, Vo, O;, or Zn;. Compared with the previously mentioned
results, in this work, the results are consistent with those of Ref. 306. Therefore, the
following argument can be assumed: the as-grown ZnO disc has an unstable state, including
an O-deficient, Zn-rich (or Vo) state. The unstable state is then stabilized by annealing
process.

() When annealed in N, ambient, the unstable phase is changed to the stoichiometric
ZnO phase, and the excess Zn is reduced either by stable ZnO formation (at low
temperature) or Zn evaporation (at high temperature). Therefore, decrease in the visible
emission during N, annealing arises for the same reasons.

(I1) When annealed in O, ambient, stable ZnO is generated by the combination of
excess Zn with oxygen rather than by evaporation process. At the same time, the oxygen
amount starts to increase in the disc, wherein the excess oxygen has a significant function in
O, formation, leading to green emission from the disc fabricated from ZnO nanoparticles.

PL spectra for the 40nm-Disc before and after oxygen and nitrogen annealing are
shown in Fig. 4.10 (c). A strong improvement in the PL spectra was observed after the
annealing treatment with oxygen and nitrogen gas. UV emissions with band peaks at 370—
376 nm had lower intensity compared with the broad visible emission with band peaks at
527-532 nm. The broad visible emission may be due to the electronic transitions from the
near-conduction bandedge to the deep-level acceptors and transitions from deep donor levels
to the valence band [307]. The visible emission was produced from the recombination of
shallowly trapped electrons with deeply trapped holes in the V™ centers [308]. Other work
[309, 310] attributed the increase in green emission to Zn/O interstitial centers.

The PL peak positions for the 40nm-Disc and the FWHM values drastically changed

with annealing compared with W4-Disc and P8-Disc. The FWHM of the visible peak
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gradually decreased and blue shifted with thermal annealing compared with that of the UV
peak. However, the intensity of the UV peak drastically increased after oxygen annealing,
but decreased after nitrogen annealing and red shifted with the annealing process. The red
shift in the UV peak was attributed to the quantum size impact within the ZnO nanoparticles,
while the blue shift in the visible emission was caused by surface defects. For the intrinsic
luminescence of the ZnO nanoparticles, the production of nanoparticles leads to a redshift in
the photoluminescence peak because of the quantum size impact. The redshift in the UV
emission peak with annealing process intimately follows the redshift in the band edge,
indicating a certain relationship. The band gap of the as-grown 40nm-Disc was 3.32 eV,
which decreased to 3.29 eV after oxygen annealing. This result probably attributed to the
elimination of the defect levels from the disc and the controlling property of tensile strain.
The annealing process removed the stacking errors, which led to the direction of the
individual crystallites and appearance of defect-free grain boundaries. The XRD analysis
finding indicated that the grain size of the 40nm-Disc and 20nm-Disc increased dramatically
compared with the W4-Disc and P8-Disc after annealing in ambient oxygen, which possible
to be related to a reduce in optical band gap. The red shift in the optical band gap can be
associated with the XRD results. Grain growth occurred with annealing process, which led to
reduction in strain energy caused by atom rearrangement, consequently relaxing the grain
boundaries.

The grain size can also be related with the intrinsic stress that significantly alters the
optical behaviors of the disc. Stresses are created because of vacancies and defects. The
grain obviously grows and increases in size after annealing treatments, and the subsequent
disc tensile stress reduces. This observation is attributed to the fact that the relaxed grain
boundaries are eliminated, the atoms are rearranged, and the strain energy decreases as the
grain grows, which improves the optical characteristics of discs. In W4-Disc and P8-Disc
samples, firstly compressive stresses reduces with grain development after heat treatments.

Given the decrease in compressive stress, the optical characteristics develop and the optical
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band gap increases. However, the optical band gap decreases for the 40nm-Disc and 20nm-
Disc. This observation may be caused by the independence conduct of the optical band gap
from tensile or compressive stress up to a particular limit of thermal treatment. Therefore,
grain size and tensile stress lead to a modify of high-energy band gap optical transitions to
low energies. In this work, given the prevalent grain growth with reduced FWHM value and
rising trend of tensile stress at oxygen annealing, a transfer of the optical band gap from high
values to low values results.

Notably, the visible luminescence peak intensity of the annealed ZnO nanoparticle
discs increased significantly with annealing process. Other work [311] has reported that this
peak may be caused by the disorder and strain within the ZnO lattice produced by annealing.
Strain of lattice can affects the band structure of nanoparticles and produce non-radiative
recombination centers within the band gap [312]. During the annealing process, many
impurities or contaminants were introduced into ZnO nanopowder and may have acted as
non-radiative centers that caused the weak peak intensity. By contrast, the defects in the
annealed ZnO nanoparticles, which were attributed to the increased oxygen concentration in
the sample with annealing process, may have affected the emission peak intensity. Given that
the UV peak intensity was weak in the annealed nanopowders, this phenomenon can be
caused by the surface defects in the annealing samples. Many defects such as dislocations
and vacancy-type defects formed in the samples during the annealing process. These defects
were caused by the introduction of non-radiative recombination centers, which were likely
responsible for the weakening of the photoluminescence emission.

The chemical component for the 40nm-Disc and 20nm-Disc is non-stoichiometric
compared with the W4-Disc and P8-Disc, and usually consists of oxygen vacancies and
excess Zn atoms, which increase with decreasing particles size. Therefore, several lattice and
surface defects were included in the as-grown 40nm-Disc and 20nm-Disc samples. The
optical characteristics of the samples improved after annealing treatment because of

reduction in surface defects [313]. Annealed ZnO nanoparticles contain majority of the
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defects associated with oxygen vacancies created by oxygen evaporation. Thus, the high

deep-level emission (DLE) intensity for N,-annealed 40nm sample may be attributed to the

suppression of oxygen evaporation by the annealing process. On other contrary, oxygen

diffuses to the lattice to fill the oxygen vacancies through oxygen thermal treatment in

certain cases, which consequently quenches the deep-level emission because of effective

decrease in oxygen vacancies [314].

Table 4.4 summarizes the PL and energy band gap for different discs fabricated from

various ZnO particles sizes at different annealing conditions.

Table 4.4. PL and energy band gap of different discs prepared from different ZnO particles
size at different annealing ambients.

Sample Annealing ambient Wavelength A Energy band gap
(nm) and band peak
energy (eV)

As-grown 369.75 3.35
W4-Disc N, 373.23 3.32
0, 372.69 3.33
As-grown 371.34 3.34
P8-Disc N, 375.16 3.31
0, 374.89 3.31
As-grown 373.75 3.32
40nm-Disc N, 375.45 3.30
0O, 376.98 3.29
As-grown 534.42 2.32
20nm-Disc N, 540.21 2.29
0, 537.70 2.31

4.4.2 Raman spectroscopy

The wurtzite ZnO belong to the space group CZ, with two formula units in the

primitive cell. Every primitive cell of ZnO possess four atoms, each occupying Cs,, sites,

which leading to 12 phonon branches, 3 acoustic modes and 9 optical modes [315]. At the
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Brillouine zone centres (I' point); group theory suggests the subsequent lattice optical

phonons:

T o = 1A, + 2B, + 1E; + 2, (4.12)

where E; and A; are polar modes and are both infrared and Raman active, whereas E, modes
are non-polar and only Raman active. The E, modes possess two wave numbers, namely, E,
(high) and E; (low) related with the motion of oxygen and Zn sub lattice, respectively [315].
Strong E, (high) mode is distinguishes of the wurtzite lattice and revealed to good
crystallinity. The vibrations of A; and E; modes can polarize in unit cell, which forms a long
range electrostatic field separates the polar modes into transverse optical (TO) and
longitudinal optical (LO) component. The E; (LO) mode is related to the existence of Zn;, Vg
or their complexes. The B1 modes are infrared and Raman inactive (silent modes).

Raman spectroscopy is a non-destructive method to describe the vibrational
characteristics of ZnO crystals, discs, microparticles, and nanoparticles [316-322]. The
confined optical phonons in the grains of ZnO nanoparticles resulting a significant change in
its vibrational spectra compared with that of their bulk counterparts. Several peak
broadenings and shifts in the Raman spectra may be observed for ZnO crystals with reduced
dimensionality. The Raman spectra of ZnO nanoparticles consistently present broadening
and shift from the bulk phonon frequencies. In previous works on ZnO nanoparticles, many
researchers attributed these changes to the confinement effects [323, 324] whereas others
claim that the shifts in Raman peaks are attributed to compressive stress, strain, or local
heating, rather than to spatial confinement [325, 326]. Understanding the origin of the
obtained shift is very interesting for explaining the Raman spectra and the characteristics of

the W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc.
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Figure 4.13. Raman spectra of ZnO discs fabricated from (a) White ZnO (W4), (b) Pharma
ZnO (P8), (c) 40-nm ZnO, and (d) 20-nm ZnO at different annealing ambients.

The Raman spectra of the W4-Disc, P8-Disc, 40nm-Disc, and 20nm-Disc annealed
in ambient N, and O, are demonstrated in Fig. 4.13 (a)—(d). A series of Raman modes was
observed for the W4-Disc and annealed at various atmospheres: 378, 416, 446, 560, 584, and
1159 cm™. The spectrum of the P8-Disc was observed at 376, 415, 448, 563, and 582 cm ™.
The peaks at 446 and 448 cm * are due to the optical phonon E, (high) mode [327], whereas
the peak at 1159 cm™* for the W4-Disc is attributed to the E5 mode of the ZnO single crystal.

The peaks at 378 and 376 cm *correspond to the A; (TO) symmetry mode of ZnO and those

137



at 416 and 415 cm* to the E; (TO) Raman mode. The peaks at 584 and 582 cm™ are
attributed to the E; (LO) mode deduced from the creation of defects of V, [322, 328, 329].
The peaks obviously correspond to the E; (LO) mode made high by annealing in N, ambient
because of the oxygen defects, as shown in Fig. 4.13 (a) and (b). These peaks are hardly
observed in the Raman mode of ZnO discs annealed in O,, referring to a prominent
improvement of ZnO disc quality because of the chemisorption and supplement of oxygen.
The peculiar peaks at 560 and 563 c¢cm™, which correspond to A; (LO), can also be
investigated. Fan et al. [330] suggest that the peak at 560 cm ™ is due to the Zn from the
deficient Zn oxidation in their research. ZnO includes many voids within the crystal
structure, and it can accommodate interstitial atoms readily because of its limited atomic
diameter [331]. A Zn-rich disc is created readily by thermal treatment in N, ambient; thus,
the Zn interstitial atom may have a significant role in the Raman mode at 560 cm™, which
can be demonstrated by the alteration in peak intensity by treatment in various atmosphere,
as shown in Fig. 4.13. The intensity of the peaks at 560 and 563 cm ‘was observed after
annealing in N, atmosphere, forming adequate Zn; atoms within the discs. But, the peaks
were barely observed in discs annealed in O, ambient, indicating a significant decrease in the
Zn interstitial atoms within the samples. The chemisorption of oxygen and recombination
with Zn; through thermal treatment in O, atmosphere reduce the concentration of Zn;. During
the thermal annealing process, the stress formed within the crystals clearly impacts the E,
phonon frequency, and from which, the information on stress can be extracted [332]. The
rise in the frequency of E, phonon is attributed to compressive stress, while the reduce in the
E, phonon frequency is due to tensile stress. Thus, the elevated Raman scattering of the E,
phonon is of significant benefit for researches on the residual stress in ZnO crystals.

All described phonon modes that have been determined in the Raman-scattering
spectra of the W4-Disc and P8-Disc are shifted in the spectra obtained from the 40nm-Disc
and 20nm-Disc compared with their positions in the spectra from bulk ZnO, as observed in

Fig. 4.13 (c) and (d). The spectrum of the 20nm-Disc shows five prominent peaks at 208,
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331, 376, 395, and 437 cm * in addition to broad and weak peaks at 542 and 653 cm ™. The
spectrum of the 40nm-Disc is analogous with that of the 20nm-Disc except that two modes
attributed to the multiphonon process are absent. For differentiation, a compilation of the
mentioned frequencies of the Raman active phonon modes in bulk ZnO is listed in Table 4.5
[333]. A comparison of the investigated optical phonon modes of ZnO nanoparticles with
that of the bulk shows that the modes of the 20nm-Disc at 437and 376 cm™* and of the 40 nm
disc at 439 and 377 cm™* peak at the E; (high) and A, (TO) modes, respectively. The peaks
of the 20nm-Disc at 416 cm * and of the 40nm-Disc at 418 cm™ are due to the E; (TO)
mode. The 208, 331, and 542 cm* peaks of the 20nm disc are assigned to the multiphonon
process and are caused by the second-order Raman spectrum that formed from the zone
boundary phonons, namely, 2TA (M), 2E, (M), or [E, (high)+E, (low)] and [E; (high)—E,
(low)], respectively [334]. The peak at 395 cm ‘corresponds to the quasi A; (TO) mode of
the 20nm-Disc [315].

The Raman spectra of the 40nm-Disc also show a series of both first- and second-
order features. The second-order features at 332 and 546 cm ™' are identified to be in the
20nm-Disc 2E, (M) and [E; (high)+E, (low)] assigned to overtones or series of first-order
modes. Acoustic overtones with A; symmetry are located at 653 and 645 cm™* for the 20nm-
Disc and 40nm-Disc, respectively [334]. The peak at 257 cm ' is related to laser plasma
lines. In this geometry, no LO phonon peak is seen caused by the incident light is
perpendicular to the c axis of wurtzite ZnO. A; (LO) phonon can be present only when the ¢
axis is parallel to the disc surface. When perpendicular to the disc surface, E; (LO) phonon is
shown [315]. Furthermore, scattering geometry and various phonon modes can be indicated
by Raman spectroscopy. For example, in the Z(XX)Z geometry where in the detected and
scattered polarizations are parallel, both the E, and A;(LO) modes can be indicated, whilst in
the Z(XY)Z geometry where in the detected and scattered polarizations are perpendicular,

only the E, mode is obtained [268]. Although, each ZnO nanoparticle is c-axis oriented, all
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nanoparticles are in random sites. The E; (LO) peak at 587 cm™ assigned to oxygen
deficiency demonstrates that the prepared ZnO nanoparticles have very high optical quality.
Based on Fig. 4.13, the E, (high) mode is red shifted by 7 cm™ for the 20nm-Disc
and 5 cm™ for the 40nm-Disc. In addition, theA; (TO) mode is red shifted by 4 cm™ for the
20nm-Disc and 3 cm™ for the 40nm-Disc compared to the W4-Disc. Furthermore, the E,
(high) mode is not just broadened, but it also demonstrates an asymmetric broadening at the
low-frequency side; the A; (TO) mode also shows the same results. In general, the three
potential mechanisms that may be responsible for the shifts in phonon peak in the symmetric
Raman spectra are the following: (1) spatial imprisonment of optical phonons in the
nanoparticle grain boundaries; (2) defects such as zinc excess, oxygen deficiency, surface
impurities, and others were localized phonon; (3) laser-resulted heating in nanoparticles and
tensile strain. Given the large S/V ratio of the nanoparticles, the ZnO discs fabricated by
conventional ceramic methods normally possess further defects than identical bulk ZnO
crystals. The spatial confinement was investigated by Richter et al. [335] who observed that
the nanocrystalline Raman spectra are redshifted and broadened because of the relaxation of
the g-vector selection rule within the confine-sized nanocrystals. Hence, the most significant
mechanism is the spatial confinement in ZnO nanoparticles. The asymmetry of line shape,
the broadening of the Raman spectra, and the strong red shifts of the A; (TO) and E, (high)
modes toward the low-frequency portion may be due to optical phonon confinement [335].
The peak at 430 cm ! forms from the E, mode of ZnO related to the wurtzite
structure, and the 570 cm* peak is contributed by the E,(LO) mode of ZnO related to
oxygen insufficiency [328, 336]. Fig. 4.13 (c) and (d) show that the peak at 437 cm™ is the
most dominant after annealing in O, atmosphere, whereas the peak intensities at 437 cm “are
extremely weak after annealing in N, ambient. The peak at 587 cm* ascribed to oxygen
deficiency was clearly observed at O, atmosphere annealing, which indicates that a
significant number of oxygen vacancies are present within the ZnO discs. The 587 cm*

Raman peak was related by several investigators to the LO phonon of E; or LO phonon of A;
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[325, 337-339]. Certain researchers assumed that this Raman peak is accompanied by Z;, Vo,
or their combination because of its massive dependence on the oxygen stoichiometry [328,
338, 339]. Chen et al. considered this peak as a defect-generated mode [340]. In the present
study, a correlation was found between the UV intensity and the 589 cm* Raman peak
intensity in ZnO discs under resonant excitation. As the UV luminescence attained the
lowest intensity in N, ambient for 40nm-disc, the Raman peak reached the highest intensity.
An identical phenomenon is also achieved in O, ambient; the Raman peak reached the lowest
intensity when the UV emission reached the highest intensity. The total PL intensity is
dominated by the series of radiative and non-radiative processes. The depression of non-
radiative recombination centered in the ZnO disc could enhance the luminescence efficiency
[341-344]. Thus, given that the improvement of the UV peak is associated with an intensity
lowering of the Raman peak, the 587 cm ™ Raman peak is therefore strongly influenced by a
non-radiative center in ZnO discs. Zhou et al. provided substantiation that the weak excitonic
luminescence of ZnO quantum dots is significantly related with the existence of surface
hydroxide [344]. Ko et al. assumed that threading dislocations act as non-radiative centers
within ZnO corresponding to the correlation among the PL intensity and the line width of the
X-ray rocking curve [341]. Koida et al. investigated the point defects impact on the non-
radiative processes in epitaxial and bulk ZnO by applying steady-state and time-resolved PL
spectroscopy and found that non-radiative recombination processes are not only dominated
by single point defects but by many defect species formed by the existence of Vz, such as
vacancy complexes [345]. The high intensity of the 587 cm™ Raman peak suggests the
significant concentration of the non-radiative center; the difference of the Raman peak
intensity with the thermal treatment ambient could provide information about this non-
radiative center. The Raman peaks are more intense in O, ambient than in N, ambient at all
ZnO grain sizes. Consequently, the non-radiative center is unlikely to be the Zn; and Vo,

which are reduced with the rice in oxygen pressure.
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Table 4.5 summarize the results for Raman active modes at different annealing
atmospheres of the various ZnO discs fabricated from different size of ZnO powders in

comparison with the theoretical results. All peaks values are in cm™,

Table 4.5. A comparison of the Raman active modes of the discs fabricated from various
ZnO particles size with the theoretical results at the different annealing ambients.

Symme | bulk W4-Disc P8-Disc 40nm-Disc 20nm-Disc
try [(m) [ As- [O, [ N, [As-[ O, [ N, [As-[ O, [ N, [As-[ O, [ N,
gro gro gro gro
wn wn wn wn

2TA(M) | 200 | ND | ND | ND | ND | ND | ND | ND | ND | ND | 208 | 213 | 209

2E,(M) | 330 | ND [ND | ND | ND | ND | ND | 332 | 328 | 340 | 331 | 339 | 335

A(TO) | 380 | 378 | 382 | 385|376 | 373|374 | 377 | 357 | 360 | 376 | 379 | 383

E,(TO) | 407 | 416 | 414 | 418 | 415 | 413 | 415 | 418 | 416 | 400 | 416 | 410 | ND

Eo(high) | 444 | 446 | 447 | 449 | 448 | 443 | 450 | 439 | 435 | 443 | 437 | 430 | 441

EontEyx | 540 | ND [ ND | ND | ND | ND | ND | 546 | 543 | ND | 542 | ND | 542

A (LO) | 574 | 560 | 579 | 564 | 563 | 558 | 570 | ND | ND | ND | ND | ND | ND

E,(LO) | 583 | 584 | 586 | 588 | 582 | 580 | 585 | 589 | 580 | 591 | 587 | 582 | 588

Acoust 640 ND | ND | ND | ND | ND | ND | 645 | 643 | 648 | 653 | 639 | 641
overton
e

2(LO) | 1155 | 1159 | 116 | 115 | ND | ND | ND | ND | ND | ND | ND | ND | ND
0 9

*ND: below the detection limit.

45  Electrical properties of pure ZnO discs prepared from ZnO micro and
nanoparticles size

ZnO is a distinguished material for gas sensors. The unique interaction of ZnO with
the atmosphere was investigated, for example, with oxygen and nitrogen. The chemisorption
of atmosphere gases at the ZnO surface during the annealing process is appropriate to have a
considerable effect on the ZnO surface conductivity. ZnO has acquired interest because of
the feasibility to fabrication bulk crystals and nanoparticles. The surface features essentially
influence the ZnO nanoparticles because of their huge S/V ratio. In spite of the significant

attention on ZnO micro- and nanoparticles, a comprehensive research on the surface
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characteristics, specially, their effect on the electrical properties of crystalline ZnO, has not

been achieved yet.
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Figure 4.14. Current-voltage characteristics of ZnO discs fabricated from different size of
ZnO powders at different annealing ambients.

Fig. 4.14 displays the I-V behaviours of as-grown and annealed W4-Disc, P8-Disc,
40nm-Disc and 20nm-Disc at different annealing ambients. Current was applied and the
residual voltage was observed. The I-V curves in Fig. 4.14 resemble a diode response with a
high-resistivity region (left of breakdown voltage) and a low-resistivity region (right of
breakdown voltage). The low resistivity region is referred to as the nonlinear region, whereas
the nonlinearity coefficient (o) can be determined as follows [346] and then plotted in Fig.
4.17:

_log h/h)

413
log (V1 /V2) (4.13)
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The electrical breakdown voltage in the W4-Disc, P8-Disc, 40nm-Disc and 20nm-
Disc can be attributed to two different phenomena: Zener breakdown and Avalanche
breakdown.

In Zener breakdown voltage, the electrical field across the P-N junction (thin
junction) increases when the reverse bias voltage across the junction increases, thereby
leading to a force of attraction on the negatively charged electrons at the P-N junction. This
force imposes released electrons from its covalent bond and moves these electrons to the
conduction band. With increasing electric field with applied voltage, more electrons are
released from its covalent bonds, leading to the drift of electrons across the P-N junction and
the occurrence of electron—hole pair recombination. Therefore, a net current rapidly
increases with the increase in electric field and then the breakdown voltage occurs.
Meanwhile, the Avalanche breakdown voltage happens in the P-N junction diode (thick
junction) when a high reverse voltage is applied across the junction. With the increase in the
applied reverse voltage, the electric field across the P-N junction also increases and therefore
exerts a force on the electrons at the junction and releases them from covalent bonds. These
electrons gain acceleration and start moving through the P-N junction at high velocity,
leading to collision with neighboring atoms. These collisions occur repeatedly and generate
more free electrons. These free electrons start drifting, and electron—hole recombination
occurs across the P-N junction, thereby causing the net current to increase rapidly and
consequently the breakdown voltage to occur.

Consequently, the reduction in the breakdown voltage in the 20nm-Disc compared
with W4-Disc, P8-Disc and 40nm-Disc can be explained by the lowering in the P-N
junctions among the ZnO grains, which resulted from the significant increase in the average
grain size in the 20nm-Disc after sintering and annealing processes, as mentioned in SEM
analysis, and reducing the amount of boundaries between the electrodes. Low P-N junctions
produce low electron—hole pair recombination, thereby leading to a decrease in the

breakdown voltage in the 20nm-Disc. However, in the W4-Disc and P8-Disc samples, the
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number of grain boundaries among the grains and P-N junctions is high, leading to more
electron-hole pair recombination and subsequently increasing the breakdown voltage in the

W4-Disc and P8-Disc samples.

& —(2)— (3)ionizing collision

a) Zener b) Avalanche effect

Figure 4.15. Mechanism of Zener and Avalanche breakdown voltage

The 1-V non-linear behavior of the ZnO disc is a phenomenon of the boundaries
among semiconducting grains. The ceramics’ breakdown voltage is proportional to the
number of grain boundaries per unit of thickness and subsequently to the inverse of the grain
size. The ZnO disc breakdown voltage can be controlled by the thickness of the disc and the
microstructure (i.e., ZnO grain size) of the disc body.

Another considerable change is that in the resistivity (p) at the high-resistivity
region, whereby the p at the W4-Disc dropped significantly for the 20nm-Disc after the
annealing process. The extreme gas absorption during the annealing treatment reduced the

potential barrier of the P-N junctions, resulting in the significant drop in p.

Table 4.6 summarizes the electrical properties for ZnO samples at different

annealing conditions. Variation in the breakdown voltage, nonlinear coefficient and
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resistivity are then plotted as a function of the different particle sizes, as shown in Fig, 4.16,

4.17 and 4.18, respectively.

Table 4.6. Summarizes the electrical properties of ZnO discs fabricated from different
particles sizes of ZnO powder at as-grown and different annealing ambients.

Sample Annealing Vb I, o p
ambient (V) (mA) (k.cm)
W4-Disc As-grown 340 1.47 121 362.4
0, 323 1.78 9.6 335.7
N, 294 1.40 9.3 310.3
P8-Disc As-grown 264 1.60 8.1 286.9
0, 249 1.48 6.1 226.7
N, 260 1.60 5.4 237.5
40nm-Disc As-grown 183 0.40 3.9 220.8
0, 150 0.48 2.4 179.3
N, 138 0.60 2.1 145.2
20nm-Disc As-grown 110 1.28 1.9 98.86
0, 86 1.27 1.7 89.03
N, 60 1.00 1.4 64.62
L
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Figure 4.16. Plot of breakdown voltage of as-grown and annealed ZnO samples as a
function of different particle sizes.
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Figure 4.17. Plot of nonlinear coefficient o of as-grown and annealed ZnO samples as a
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Figure 4.18. Plot of resistivity of as-grown and annealed ZnO samples as a function of
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The resistivity in the 40nm-Disc and 20nm-Disc are very low compared with that in
the W4-Disc and P8-Disc. This phenomenon can be explained as follows: the surface to
volume ratio in the 40nm-Disc and 20nm-Disc increases, the surface impacts become
prominent, and the resistivity constantly decreases with the thermal annealing process, which

conforms with the core—shell model (Fig. 4.19).

core shell

(b)

Figure 4.19. Core shell structure of nanoparticles grains for (a) as-grown and (b) annealed
ZnO nanoparticles.

The effect of the decrease in resistivity can be interpreted by assuming that when the
grain size is reduced to nanometers in the core—shell structure, the grain interior part (the
core) would have the same characteristics as the bulk compound, whereas the outer layer of
the grain (the shell width t) would consist most of the oxygen defects and deficiencies in the
crystal structure. The shell thickness t of the grain increases with the decrease in grain size
[347-349]. Substantially, with the reduction of grain size, the net interior core barrier
thickness, that is, the sum shell thickness of two neighboring grains together with the inter

granular distance d, increases. The schematic diagram in Fig. 4.19 explains that with the
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decrease in grain size, core separation increases dramatically with the shell thickness.
According to the core-shell model, nanoparticles have very large shell (surface region), in
which defects are present, to the core (inner volume). Therefore, the annealing process has a
significant effect on the 40nm-Disc and 20nm-Disc compared with theW4-Disc and P8-Disc,
decreases the resistivity, and reduces the potential barrier between ZnO grains.

Various kinds of defects or vacancies on discs fabricated from nanoparticle powder
(40nm-Disc and 20nm-Disc), which are diminished in W4-Disc and P8-Disc, are very
electrically active. Given that the surface to volume ratio is very high and the charge carrier
number is limited compared with the WA4-Disc and P8-Disc samples, their electrical
behaviors are critically dependent on the reaction and adsorption of gas molecules on
surfaces during the annealing process. The breakdown voltage and resistivity are
significantly affected by the surface molecular adsorption. The shift of electrical property is
the shift of the charge transfer between the quasi-one-dimensional host and the chemisorbed
species [350, 351]. With the surface adsorption of gas molecules at the vacancy sites,
electrons are transferred from the nanoparticle surface to the adsorbed O,, which leads to the
surface depletion layer [352, 353]. Tuning the carrier number is possible by adjusting the
amount of the gas molecular adsorption during thermal treatment. Thus, understanding the
adsorption effect and gas molecules interaction on ZnO surfaces on the electrical properties
is very important. In the present study, the changes in the electrical properties of the W4-
Disc, P8-Disc, 40nm-Disc and 20nm-Disc samples after gas molecular adsorption during the
annealing process were investigate.

The -V characteristics of oxygen in the annealed 40nm-Disc and 20nm-Disc show a
non-ohmic property that is very identical to that observed in the as-grown and nitrogen
annealing. The nonlinearity in the W4-Disc and P8-Disc is a grain-boundary phenomenon, in
which a barrier to majority carriers (electrons) dwells within the depletion region of close
ZnO grains. During the oxygen thermal treatment, the incorporation of oxygen gas from the

atmosphere might assist in saturating the defects at the grain boundary regions as well as in
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reducing the oxygen vacancies concentration or associated defects in the ZnO crystallites,
which could result in oxygen ion gradient that could generate the potential barrier among
two close grains. Furthermore, as observed from the SEM analysis, thermal treatment also
leads to the growth of the grains therefore decreasing the number of boundaries between
them. The related influence of the dropping in oxygen vacancies and the grain development
produces ZnO crystallites that are isolated from each other by an insulating grain boundary.
This layer of insulating oxide sandwiched among two ZnO grains possible to be responsible
for the electrical behaviors and nonlinear response in the |-V tests during the annealing
process in oxygen ambient.

Based on the different electrical parameters provided in Table 4.6, the resistivity
increases drastically after the annealing process in oxygen ambient for the 20nm-Disc,
40nm-Disc, P8-Disc, and W4-Disc, and the resistivity of the samples treated in O, is
considerably larger than that of the samples treated in N,. Furthermore, the resistivity for the
40nm-Disc and 20nm-Disc is smaller than that for the W4-Disc and P8-Disc at different
annealing atmosphere. This result may be caused by the very large S/V ratio in
nanoparticles, which makes it very prominent to the thermal treatment process. Therefore,
the grain sizes of the 40nm-Disc and 20nm-Disc are larger than those of the W4-Disc and
P8-Disc. Consequently, the grain boundary density in the discs and the carrier scattering at
the grain boundaries decrease. Hence, the resistivity values of the discs decrease with
growing grain size.

The thermal treatment has the impact of growing the size of grains and crystallinity
of the WA4-Disc and P8-Disc, which therefore leads to minimal grain boundary scattering.
However, the treatment in oxygen atmosphere causes oxygen to prevalence inside the disc,
thereby elimination the oxygen vacancies, chemisorbing to the grain boundary, and therefore
diminution the carrier concentration. The severe rise in resistance after oxygen annealing
may be attributed to the rapid fluxing of electrons from the crystal to the chemisorbed

oxygen species, which results in the trapping of free carriers at the surface and the grain
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boundaries and causes a rise in the barrier height. Sabioni et al. [354] suggested that the
grain boundary might give a fast path for oxygen diffusion within sample. Under oxygen
annealing, excessive oxygen could diffuse to the ZnO disc through the grain boundaries, and
the oxygen in the boundaries could act as acceptor states that traps electrons and therefore
reduces the carrier concentration [355].

Furthermore, annealing in oxygen atmosphere may form certain novel defects and
impede grain incorporation, thereby enhancing the grain boundary scattering. Lin et al. found
that surplus oxygen could introduce new defects relate to oxygen during the annealing
process and deteriorate the quality of the ZnO disc [306].

The mechanism of the impact of oxygen environment on the electrical resistivity of
the 40nm-Disc and 20nm-Disc samples can be explained as follows: in the case of
nanoparticles, a significant number of junctions between the electrodes were connected in a
network. Charge transport occurs through a ZnO grain boundary that presents a very high
potential barrier for electrons to flow. The contact barrier with different heights and
thicknesses determines the electron transport through the nanoparticles. The resistance of

these discs is given by the following equation [356, 357]:

e (VO —Vg)

R=Rpexp[— XaT

] (4.14)

whereby:

AV = (V-V,) is the change of the potential barrier in existence of any gas (V) from the
contact potential in atmosphere (Vo).

R, is the resistance in atmosphere.

e is the electronic charge.

Kg is the Boltzmann’s constant.

T is the absolute temperature.
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AV can be modified by exposing various gases and becomes essential for
nanoparticles with a significant surface to volume ratio. During the annealing in oxygen
ambient, a depletion layer forms at the nanoparticle surface. The oxygen molecules adsorb
and therefore induce band bending to the associated ZnO nanoparticles such that the contact
potential barrier is modified based on the nature of the gas molecules. The modulation of the
depletion width and the extent of band bending are high for nanoparticles with massive
surface-to-volume ratios compared with the W4-Disc and P8-Disc samples, and surface
depletion becomes a predominant factor in controlling the resistance of the 40nm-Disc and

20nm-Disc samples.

0,, gas

EF ___________ T _-= Ogurt‘ace

<—— bulk surface gas —>

Figure 4.20. Schematic diagram of band bending after chemisorptions of oxygen during
annealing process. Er, Ec, and E indicate the energy of the Fermi level, conduction band
and the valence band, respectively, while Aair indicates the thickness of the depletion layer,
and eVyymee indicates the potential barrier. The conducting electrons are illustrated by e and
+ illustrated the donor sites. (taken from ref. [358]).
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After the annealing process, oxygen is adsorbed on the surface of the 40nm-Disc and
20nm-Disc faster than on the WA4-Disc and P8-Disc and the pores of the disc through sharing
donor electrons from the ZnO nanoparticles. Negatively charged surface oxygen forms
upward band bending and introduces a depletion layer. It decreases the conducting width
across the disc electrode compared with the flat-band status and increases the potential
barrier of the contacts among the nanoparticles, thereby leading to a drop in the conductivity.
Fig. 4.20 describes the schematic diagram of band bending after the oxygen annealing
process. When O, molecules are adsorbed on the disc surface, they would displace electrons
from the conduction band E¢ and then trap the electrons at the surface in ion form, which
would result in band bending and an electron-depleted layer. The electron-depleted layer is
also called the space—charge region, where the thickness is the length of the band bending
layer. The reaction of these oxygen species with decreasing gases or the competitive
adsorption and alteration of the adsorbed oxygen by other gas molecules can decrease and
reverse the band bending, thereby leading to an increment conductivity, as in the case of
annealing in nitrogen atmosphere. A band diagram of two nanoparticle grains after oxygen

annealing, which hold O, molecules within the pore, is illustrated in Fig. 4.21.
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Figure 4.21. A model characterization the junction between two ZnO nanoparticles having
adsorbed oxygen in the pores. Upward band bending due to oxygen promotes the contact
potential between the nanoparticles.

In the case of annealing in nitrogen atmosphere, the resistance for the W4-Disc and
P8-Disc show a slight decrease compared with the as-grown sample. A more rapid decrease
in resistance is shown for the 40nm-Disc and 20nm-Disc under the nitrogen annealing
process. The n-type conductivity in non-stoichiometric ZnO is attributed to V, and Zn; atoms
[359]. Given that the ZnO electrical conductivity is directly associated with the number of
electrons, the electrons generated by the ionization of the Vo and Zn; atom affect the
electrical conductivity of the ZnO crystals. The reduce in the resistivity of the discs during
nitrogen treatment is influenced by both defects mentioned above but may be controlled by
the V,, which are created by oxygen extermination from the nanoparticle ZnO crystal lattice
by the thermal treatment in a decreasing ambient (N, gas). Furthermore, when the annealing
process is accomplished in a reducing oxygen ambient, the carrier concentration may
improve by desorbing oxygen within the ZnO grain boundaries that act as traps for the

carriers [163].
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structural
mode

Figure 4.22. Structural and band modes showing the role of intergranuar contact regions in
determining the conductive mechanism during the annealing process. In () oxygen and (b)
nitrogen atmospheres.

Therefore, the major factor that affects the resistivity is not the defect scattering that
occurs within the ZnO grain but the boundary defect scattering. The decrease in resistivity
after annealing in nitrogen ambient may be caused by the growth in the ZnO grain size,
which decreases the interfaces among the nanocrystallites. All these observations are agree
with the SEM and AFM findings.

Many defects at grain boundary are exterminated, and the size of grain increases
during the annealing process. Chopra et al. [360] and Studeniki et al. [152] reported that for
the ZnO heat treatment in a reduction ambient such as nitrogen gas, an enormous decrease in
resistance is achieved because of the rise in conductivity and oxygen defects, which act as
electron donors. For W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc samples, a similar
decrease in resistance is also obtained when the discs are thermal annealed under nitrogen

ambient, resulting in desorption of oxygen and increase in Vo, On the contrary, the
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deficiency of oxygen from the sample produces interstitial zinc atoms, as explained in the

following reaction [361]:

Zn0-0y «—>p Zn +e'+120, (4.15)

The intrinsic donor possible to be increased by the nitrogen heat treatment, therefore
rising conductivity. Nitrogen atoms would passivate the grain boundary surface through the
thermal annealing in an N, ambient, and this nitrogen passivation would remove the
depletion regions nearby the ZnO grain boundaries. The elimination of the depletion region,
in turn, would increase the carrier concentration and diminish the resistivity. Besides the
grain boundary passivation impact of nitrogen atoms, nitrogen impurity atoms also passivate
Zn grain ions, leading to the rise in carrier concentration and therefore the reduce in
resistivity because of the increase in the concentration of shallow donors that are localized at
the semiconductor interface.

By contrast, oxygen annealing leads to the reduces in concentrations of the V, and
Zn; in the W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc samples, thereby increasing the

resistivity. This finding can be explained by the next Equations:

Znz, + Vo + 1/20, —» ZnO (4.16)

Zn;+1/20, —» ZnO (4.17)

The decreases in V, and Zn; concentrations would lead to enhances in resistivity

because they act as donors and produce impurity or ionized impurity scattering.
4.6 Summary

Therefore, based on the results, the discs fabricated from the 20 nm particle/grain

size of ZnO powder exhibited good structural, optical, and electrical properties with low
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breakdown voltage. The most important result for the 20nm ZnO is the widening of the
energy band gap. This electronic structure change leads to major changes in the optical
properties of the nanoparticle compared with its bulk counterpart. The 20nm ZnO has
sufficient quality to open diverse areas and allow future experiments to functionalize and
merge into devices. A critical application of the dependence of varistors made from ZnO on
different properties, such as the size of nanoparticles, is that one type of semiconductor can
be used to produce different kinds of varistor with different properties by simply changing
the particle diameter. Another application that can be researched for these nanoparticles is

their large surface-to-volume ratio, which has a significant effect on the varistor.
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CHAPTER 5: RESULTS AND DISCUSSION 2

ZnO VARISTORS: COMPARISON OF THE STRUCTURAL, ELECTRICAL
AND OPTICAL PROPERTIES OF VARISTORS MANUFACTURED FROM
ZnO MICRO AND NANOPARTICLE POWDERS

51 Introduction

In the present work, W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR 20nmVDR
were sintered at very high temperature for 3 h and then annealed in oxygen and nitrogen
ambients. This process attempts to prevent the diffusion of any defects to the grain
boundaries or the reaction of defects in the grain boundary with ambient oxygen during
thermal treatments to obtain the impact of Bi and Mn on the different behaviors of the
varistor. Bismuth oxide is experimentally known to be a key component in varistors, forming
ceramics with a highly nonlinear current voltage response compared with pure W4-Disc, P8-
Disc, 40nm-Disc and 20nm-Disc. The existence of a liquid Bi,O3 phase, as explained in the
SEM images (Fig. 5.2), promotes densification and grain growth, and many studies have
reported about the significant role of Bi,O; in enhancing nonlinearity and low-field
resistivity. However, very limited is known about the real influence of bismuth on the double
Schottky barrier electronic structure in the varistor (see Fig. 5.1) that explains the electrical
response of varistor ceramics. Furthermore, bismuth is known to aggregate to the grain
boundaries among the ZnO grains, where it is assumed to contribute to the interface density

of states, which forms the double Schottky barrier.
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Figure 5.1. Energy band diagram of a double Schottky barrier in equilibrium. (taken from
ref. [362]).

Furthermore, the other oxide additive Mn has been deduced as a deep donor in the
ZnO varistor, and it considerably depresses the concentration of intrinsic donor and the
interstitial zinc during the sintering process. Thus, Mn can make ZnO a more resistive
material. Mn has no direct function on ZnO conductivity because it is a deep donor, but it
dominates the carrier density by its interference on the intrinsic donor defect concentration.
A similar result was drawn by Einzinger [363], who concluded that deep donors shift the
intrinsic defect concentrations at the grain boundaries by reducing the donor concentration
and increasing that of the acceptor, there by leading to the built up of the electrical barriers in
those regions. In this work, the varistors were prepared using micro- and nanoparticle ZnO
with other oxide additives such as Bi,O; and Mn,0s, and then the different properties of
these samples were studies under different annealing conditions to obtain a varistor device

with good structural and electrical properties comparable with commercial devices.
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52  Growth mechanism and structural properties of composite varistor
under different particle sizes and annealing conditions

5.2.1 Scanning electron microscopy (SEM)
l. General microstructure

An overview of the general microstructure of the W4-VDR, P8-VDR, 40nm-VDR
and 20nm-VDR at different annealing ambients is shown in Fig. 5.2. The prevailing
constituent was relatively ZnO grains. Bi-rich phases were also found in many ZnO grain
boundaries and within ZnO grain clusters.

Most of the aspects of the W4-VDR and P8-VDR are common with the 40nm-VDR
and 20nm-VDR, which were exposed to liquid-phase sintering. ZnO-Bi,Os—Mn,05 varistors
are usually sintered at very high temperature (1200 °C), which is above the melting point for
Bi,0;. Thus, the varistor is densified by liquid-phase sintering and the crystalline and
amorphous phases that are formed through the cooling process of this liquid, which act as

binder to cement the grains together.

1. ZnO grains

The exact element concentrations dissolved in ZnO grains have a significant interest
for the varistors’ electrical behaviors because these elements act as dopants and therefore
substantially affect the ZnO grain conductivity.

Microanalyses by SEM/EDX (Fig. 5.2) indicated the presence of manganese in the
solid solution within the ZnO grains. Other researchers have observed by optical
spectroscopy, electron probe microanalysis [181] and chemical analysis [178] that identical
small amounts of cobalt are dissolved within the grains of other associated varistor materials.
Moreover, Inada et al. [178] also found that manganese is usually dissolved within the ZnO
grain. Many different elements are also possibly dissolved in the ZnO grains, but the current

analysis method cannot detect their low concentration levels.
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1. Intergranular Bi-rich phases

As a consequence of the liquid phase that was created through the sintering process,
a practically continuous intergranular Bi-rich material layer was found throughout the
varistor microstructure, which was indicated to consist of different phases, such as
amorphous and a-Bi,O3 phases. The morphology of the a-Bi,O3 phases indicates that these
phases crystallized during cooling after the sintering process, which is further supported by
the fact that intergranular crystalline phases are usually imbedded in an amorphous phase.
One morphology of a-Bi,Osshows small grains in impartially significant regions between
ZnO grains. In many intergranular pockets, much smaller crystallites of a-Bi,O; were also
tightly packed. The boundaries among these small crystallites consisted of amorphous Bi-
rich phase. Contrary to the present results, large amorphous phase pockets were observed by
Clarke [194] in a comparable varistor material, and these pockets did not consist of any
crystalline phases. The EDX analysis of the Bi-rich amorphous phase detected the presence
of significant amounts of zinc. Thus, the substance studied by Clarke was possibly cooled
from the highest sintering temperature at a rate that was fast enough to prevent

crystallization.

I111.  Segregation of Bi to ZnO-ZnO grain boundaries

Similar with the investigations on W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR,
the ZnO-ZnO grain boundaries had large amounts of bismuth aggregated to them. The
fundamental divergence among the varistor sample obtained in this research and in other
works, which employed similar conditions [182, 193-195], lies in the ZnO-ZnO grain
boundary morphology. In the present work, most of the grain boundaries possessed thin
second-phase films, whereas the boundaries observed in other works were at most free of

intergranular films.
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After analyzing the general microstructure of the W4-VDR, P8-VDR, 40nm-VDR
and 20nm-VDR, the effects of different particle sizes and annealing ambient on the various
properties of the varistor were then investigated. Fig. 5.2 shows the SEM micrographs of the
W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR, which were sintered at 1200 °C for 1 h
and then annealed at 700 °C in oxygen and nitrogen atmospheres. The results demonstrate
that the surface morphology and grain growth in the W4-VDR, P8-VDR, 40nm-VDR and
20nm-VDR are dependent on the thermal treatment under different atmospheres. The size of
ZnO grains is significantly higher when the varistor is treated in a nitrogen-rich ambient.
Furthermore, they can be restored close to almost their original values when they are
subjected to thermal treatment in an oxygen-rich ambient. More oxygen vacancies may have
formed in strong reducing atmospheres (N, gas), and the growth process of the grains is
controlled by the ZnO-ZnO grain boundary diffusion during the annealing process. As
shown from the SEM analysis, the grain size of the 40nm-VDR and 20nm-VDR is greater
compared with that of the W4-VDR and P8-VDR, which lead to the decrease in the grain
boundaries and PN junctions among the grains and therefore affect the properties of the
samples. Moreover, the grain size of the W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR
increased significantly compared with the W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc.
Low porosity and homogeneous structure are observed in all the samples, which indicate that
the addition of bismuth in the varistor somehow supports the cationic inter-diffusion and the
mass transport processes during the sintering process. The majority of bismuth-doped 40nm-
VDR and 20nm-VDR are prepared by liquid-phase sintering. For this reason, the
microstructural variations observed in the VDR could be associated with an ideal ceramic
liquid-phase sintering process event. Given the ZnO-Bi,Os—Mn,05 system eutectic point at
835 °C and the sample sintering process at 1200 °C, the microstructural changes, such as in
grain size, are evidently caused by the formation process of the liquid phase.

In the case of Mn,Oj3; addition, several ions could be stabilized; through the sintering

process, the next actions could occur:
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Mn,0; —— 2 MnO + 1/20, (5.1)

Thereafter, the potential substitution equations are:

MnO ——  Mny, + V5 + 0¥ (5.2)
MnO, —>  Mn}, + 20} (5.3)
Mn,0; ——  2Mny, + V5 + 30} (5.4)
Vite ———» Vj (5.5)
VE —— Vgt e (5.6)

Mn** and Mn*3exhibitsmaller ionic radii than Zn**, but the Mn*?radius is bigger. The
SEM images show a development in the ZnO grain size with manganese addition,
specifically in the 40nm-VDR and 20nm-VDR, which show a massive increase in grain size.
However, the W4-VDR and P8-VDR display less growth with manganese addition, which
indicates that manganese was stabilized as Mn*? in the ZnO lattice. As can be observed from
the previous equations, the addition of Mn,Os, which stabilized as Mn*? in the ZnO lattice,
increased the V, concentration, thereby enhancing the mass transport and favoring the
densification of the 40 nm-VDR and 20 nm-VDR compared with the W4-VDR and P8-
VDR. The addition of oxide dopants favors the production of V, and allows the growth of
ZnO grain through a solid-state diffusion mechanism. Manganese addition created a
considerable grain growth. Gouvea et al. [364] did not observe formation of liquid phase by
SEM. They believed that low solubility cannot significantly affect the intrinsic disorder of
ZnO at elevated sintering temperature. Thus, they did not consider the improvement of
volume diffusion to be caused by Mn dissolution. They determined that material transfer
happens only at the surface of grains if the Mn surface concentration is minimal than a

critical value (5 x 10°° mol m™). If the surface Mn concentration is higher than the critical
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concentration value, the aggregation layer thickness would be large to induce the prevalence
in the volume located around the grains and not only on the surface. In the present work, a
secondary phase located at the grain boundaries was indicated by SEM analyses, as shown in
Fig. 5.2.

Significant evidence suggests that the similarities among the W4-VDR, P8-VDR,
40nm-VDR and 20nm-VDR are related with the oxygen amount within the ZnO-ZnO grain
boundary and dopants in the form of metal oxide precipitate phases with a "nature of p-type
semiconductor™ (oxygen-rich phase and metal deficient) or that are perfect ionic conductors.
The studies of Stucki and Greuter [365], for example, indicated that the oxygen and bismuth
concentrations at the ZnO-ZnO grain boundaries are influenced variously by annealing in
nitrogen and oxygen within varistors. Previously studies [366, 367] have also proposed that
varistor properties are associated with the certain crystalline form that Bi,O; takes on with
oxygen at the ZnO grain boundary surface. The role of Bi as grain boundary activator" may,
in the simplest form, be confined to providing surplus oxygen to the grain boundaries [368].
The Bi-rich phase is interconnected and continuous along the four- and three-grain junctions
through the varistor microstructure. This topology is regarded by numerous to be critical for
the oxygen transfer to the varistor during thermal treatment process. Certain investigators
have also reported that non-ohmic characteristics can be improved by applying strongly
oxygenated Bi,O; as beginning material [369]. The present research on W4-VDR, P8-VDR,
40nm-VDR and 20nm-VDR indicated a similar conclusion.

For the W4-VDR and P8-VDR, transitional element addition, such as of Mn, is very
significant to enhance varistor nonlinearity. The oxide formed by Mn is an acceptor, and
their valence state may convert in the nearness of boundary among the grains, especially
with local variations in the oxygen potential. Egashira et al. (1995) had another significant
results that enhanced our findings [370]. Their research showed that porous varistors have
nonlinear behavior at elevated heat treatment temperatures and that, similar to dense non-

ohmic varistors, these properties are based on oxidizing gases. They deduce that the gas-
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sensing mechanism of the W4-VDR and P8-VDR is triggered by negatively charged
chemisorbed species, which propose the Schottky barrier rising at grain boundaries.
Explaining all these similar behaviors would be very difficult if no similitude exist in
the forming of the potential barrier within polycrystalline ceramics that have much diverse
microstructures and chemical compositions. Thus, these proofs and similarities suggest a
phenomenological model for the barrier generation in varistors, which takes these similitude
into account regardless of the composition. The model assumes that varistor samples with
optimal electrical behaviors include an surplus of both acceptor metal atoms (such as Bi or
Mn) and oxygen (precipitated on the surface of the grain boundary) in ZnO-based varistor.
These metal oxide atoms are fundamentally transition metal oxides that usually have
different oxidation states, which lead to the oxygen amount to rise at the grain boundary.
Thus, the transition metal oxide that precipitates at the boundary becomes even much
oxidized during treatment in an O,-rich ambient (because of the ease of its valence state
alterations), leading to the electron-trapping interfacial region to be rich in oxygen species.
The boundary region among the grains has a "nature of p-type semiconductor" (because the
phases precipitate at the boundary region), whereas the bulk has an "nature of n-type
semiconductor" (ZnO-based varistor matrix). This composition allows the electrons to be
centralize on the surfaces, presenting an increase in negative surfaces (negative interfacial
states). To preserve local electrical neutrality, the charges are recompensed by bulk electron
traps and ionized shallow donors. As a result, electron depletion layers are created and act as
potential barriers. The potential barriers possess a Schottky-like nature, which is the identical
nature frequently obtained in each varistor ceramics at high annealing temperatures [371],
because of negative interfacial states. With this boundary formation, thermal treatment
process under a decreasing ambient (N,) removes surplus oxygen, thereby enabling the metal
oxide atoms to remain and reducing the nonlinear behaviors of the varistor. Subsequently,

the physical principle of the interfacial states is not essential because of the lattice mismatch
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at the grain boundary; instead, it is extrinsic because the metal oxide atoms precipitated at

the grain boundaries.
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Figure 5.2. Typical SEM-EDX images of (a) W4-VDR, (b) P8-VDR, (c) 40nm-VDR, and

(d) 20nm-VDR annealed at different ambients.
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Table 5.1 summarizes the SEM results of ZnO varistors fabricated from different
particle sizes of ZnO powders and annealed at different ambients. Variation of the grain size

is then plotted as a function of the different particle sizes ( Fig. 5.3).

Table 5.1. Summary for SEM images of ZnO varistors with different annealing
atmospheres.

Sample Annealing ambient Grain size
(Lm)
As-grown 2.114
W4-VDR 0, 2.651
N, 4.724
As-grown 2.440
P8-VDR 0, 4.322
N, 8.240
As-grown 4.341
40nm-VDR 0, 7.202
N, 13.42
As-grown 5.533
20nm-VDR 0, 9.610
N, 17.73
| as-grown
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Figure 5.3. Plot of grain size of as-grown and annealed ZnO samples as a function of
different particle sizes.
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Based on the EDX data, different metallic oxides at different concentrations were
detected in the W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR at various annealing
conditions. At various ambients, Bi,O; and Mn,O5 had average concentrations similar to the
initial chemical nominal content.

The presence of bismuth is evident at the grain boundary between the grains in all
samples, but no bismuth is detected in the ZnO grains. Large numbers of Bi ions with large
ionic sizes may have aggregated to the grain boundary. These Bi ions could have
encountered difficulties in occupying the interstitial sites inside the ZnO grains because of
the occupation of the extra donor. Hence, they ended up at the grain boundary and formed
Bi-rich grain boundary phases because they could not squeeze into the lattice atoms due to
their large sizes. Bi-rich grain boundary phases have a crucial function in providing a
conduction path for the transfer of oxygen into the sample through the heat treatment process
[1, 12, 172, 372]. However, most of the ZnO-ZnO grain boundaries included a continuous
intergranular Bi-rich material when significant amounts of Bi,O; were detected in the discs
after annealing may be because of the Bi,Oj3 liquid phase. The Bi,O3 liquid phase, which is
caused by pyrochlore corruption at elevated annealing temperatures, wetted the grains and
then froze them at room temperature. On the reverse, no segregated bismuth oxide
intergranular phase was observed when the sample only had few Bi,0;. ZnO-ZnO

homojunctions were observed to have the most relative occurrence frequency [373].

5.2.2 X-ray diffraction (XRD)

Fig. 5.4 shows the XRD spectra of the W4-VDR, P8-VDR, 40nm-VDR and 20nm-
VDR at different annealing ambients characterized by the strongest major peaks of (101),
(100), (002), and (110), which arose from the ZnO layer and were emphasized through the
polycrystalline nature of the varistors. Other peaks such as the (BisZnO-3) and (Mn3O,)
phases seemed as secondary phases. Composite ZnO discs with other oxide additives are

multiphase materials. ZnO varistor materials contain ZnO as a major phase. Spinal,
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pyrochlore, and several other phases are present in the specimen. The presence of these
phases depends on the nature and amount of the oxide additives in ZnO and on the
processing parameters. The incorporation of these oxide additives forms atomic defects
within the ZnO grain and grain boundary, with donor or donor-like defects controlling the

depletion layer and acceptor and acceptor-like defects controlling the grain boundary states

[374].
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Figure 5.4. XRD pattern of ZnO-Bi,05-Mn,0; varistor system fabricated from (a) White
ZnO (W4), (b) Pharma ZnO (P8), (c) 40 nm ZnO, and (d) 20 nm ZnO at different annealing
ambients.

The data in Table 5.2 indicates that although several peaks of the sample annealed in
an oxygen ambient are somewhat higher than those of the sample annealed in the other

ambient, all samples exhibit higher and narrower diffraction peaks with smaller FWHM with
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annealing process compared with the as-grown sample for the varistor, indicating better
crystallinity and structure ordering of ZnO in the grain and grain boundaries. The 40nm-
VDR and 20nm-VDR have thermodynamically stable crystallographic phase compared with
the W4-VDR and P8-VDR, and the intensity of the peaks indicates the elevated degree of
crystallinity. However, the width of the peaks in the W4-VDR and P8-VDR decreased
dramatically, whereas it increased in the 40nm and 20nm-VDR because of the quantum size
effect.

The shift in the position of the (101) peak of the W4-VDR, P8-VDR, 40nm-VDR,
and 20nm-VDR, compared with the W4-Disc, P8-Disc, 40nm-Disc, and 20nm-Disc,
indicates that adding Bi,O5; and Mn,O; strengthens the tensile stress within the ZnO crystals.
In theory, substituting Zn** by Bi** within the ZnO crystal is complicated because the radius
of Bi*" is larger than that of Zn®". The findings of a previous study indicate that Bi,Os
aggregates fundamentally at the ZnO-ZnO grain boundaries as Bi-rich phases through the
sintering process in the ZnO-Bi,0;—Mn,0; system [375], as observed in the SEM analysis
of the varistors B-Bi,Os. The liquid phase permeated into the boundaries among grains and
improved the growth of grain and densification of the disc. This procedure would enhance
the interfacial stress of the grains, which may be the major reason for the transfer of the
(101) peak in the XRD spectra. Despite this, the effect of Bi*" on the microstructure of the
ZnO crystal could not be precluded because the Bi,O3 solid solubility within grain is lower
than 0.06 mol% [376]. In addition to Bi,Og, the ion radii of Mn is comparable to that of Zn*,
and some of the Zn®* ion within the ZnO lattice may possibly be replaced by Mn®* or Mn**
when the grains grow through the sintering process. The substitution would lead to the
deformation of the ZnO lattice, which would lead to stress development. Thus, the
deformation of ZnO surface lattice is attributed to the forming of secondary phases among
the ZnO-ZnO grains, and the deformation of the lattice due to the substitution of dopant ions

such as Mn?" and Mn** for Zn?* is assumed to be the major origin of the ZnO peak shift.
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Table 5.2 summarizes the XRD phase analysis of W4-VDR, P8-VDR, 40nm-VDR
and 20nm-VDR at different annealing ambients. Variation in the (101) peak intensity,
diffraction angle and FWHM are then plotted as a function of the different particle sizes, as

shown in Fig. 5.5, 5.6 and 5.7, respectively.

Table 5.2. Summary for XRD phase analysis of ZnO varistors at different annealing
ambients.

Sample Annealing XRD 20 FWHM
ambient intensity (deg.) (deg.)
(a.u.)
As-grown 1,447 36.175 0.1984
W4-VDR 0O, 7,943 36.198 0.1958
N, 3,488 36.251 0.1972
As-grown 5,815 36.183 0.2021
P8-VDR 0, 12,471 36.220 0.1989
N, 8,702 36.283 0.1992
As-grown 14,088 36.351 0.2952
40nm-VDR 0, 45,718 36.264 0.1998
N, 28,672 36.386 0.2573
As-grown 30,720 36.373 0.2980
20nm-VDR 0, 74,241 36.392 0.2114
N, 43,522 36.405 0.2773
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Figure 5.5. Plot of (101) peak intensity of as-grown and annealed composite ZnO varistors
as a function of different particle sizes.
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Figure 5.6. Plot of diffraction angle of as-grown and annealed composite ZnO varistors as a
function of different particle sizes.
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Figure 5.7. Plot of FWHM of as-grown and annealed composite ZnO varistors as a function
of different particle sizes.
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The intensity and diffraction angle of the (101) peak of the as-grown and annealed
samples increased dramatically with decreasing particle size from the W4-VDR to 20nm-
VDR (Fig. 5.5 and 5.6), indicating the occurrence of residual stress in the 20nm-VDR. The
(101) peak became less asymmetric and gradually shifted to high 26 values as the particle
size decreased, which resulted in the decrease in the lattice constant. Moreover, the FWHM
of the (101) diffraction peak increased with decreasing particle size from the W4-VDR to the
20nm-VDR, suggesting the exiting of the quantum size effect in the ZnO nanoparticles (Fig.
5.7).

The W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR annealed in oxygen and
nitrogen atmospheres exhibit a powder pattern, as shown in Fig. 5.4. The 20nm-VDR
annealed in N, atmosphere has a larger FWHM than the W4-VDR, P8-VDR, and 40nm-
VDR and those treated in oxygen atmosphere. This result indicates that the crystalline of the
ZnO varistors annealed in oxygen has high quality. Therefore, the 20nm-VDR annealed in
N, ambient has a high defect concentration.

During heat treating in oxygen atmosphere, Vo are complemented predominantly
through the chemisorption process, and this integrates with enough Zn atoms to produce new
Zn0, leading to the increase in the XRD peaks. On the contrary, annealing in N, ambient can
easily lead to the perversion from the stoichiometric state, producing significant oxygen
insufficiency. The oxygen complemented by heat treated in the oxygen atmosphere
predominantly reduces the oxygen defects. This finding is consistent with the observations
on the W4-Disc, P8-Disc, 40nm-Disc, and 20nm-Disc in different annealing atmospheres
and indicates that the structure and stoichiometry of the ZnO varistor heat treated in O,
atmosphere is preferable than that annealed in N, ambient.

The XRD analysis studies of Clark [194], Olsson [183] and Kingery et al. [195] all
indicated the development of a unceasing network of a Bi,Os-rich phase at the boundaries
among the grains in annealed ZnO varistor ceramics at oxygen atmosphere. The function that

this grain boundary liquid layer phase supposes in the ZnO grain growth process during
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liquid-phase annealing is thus of primary importance because most ZnO varistor formations
are treated under these liquid-phase annealing conditions. The excess oxygen at the 20nm-
VDR grain boundary interfaces compared with the W4-VDR, which is caused by the huge
S/V ratio in nanoparticles, and the strong oxygen ion conduction of Bi,O; at the ZnO grain

boundaries perform a significant role for the varistor functionality.

5.3  Surface modification and ZnO size effects on optical properties of
composite ZnO varistor

5.3.1 Photoluminescence spectra
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Figure 5.8. PL spectra of ZnO-Bi,Os-Mn,05 varistor system fabricated from (a) White ZnO
(W4), (b) Pharma ZnO (P8), (c) 40 nm ZnO, and (d) 20 nm ZnO at different annealing

ambients.

Fig. 5.8 displays the PL of WA4-VDR, P8-VDR, 20nm-VDR, and 40nm-VDR
annealed in O, and in N, ambients. Under the identical excitation level, strong and rather
broad PL spectra were noticed for whole varistor samples, covering wavelengths from very

short (300 nm) to long (800 nm). With decreasing particle size from the W4-VDR to the
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20nm-VDR, insignificant wavelength shifts are noticed for all the samples PL peaks, with
peaks around 3.37, 3.38, 3.35, and 3.33 eV. The PL bands of the W4-VDR and P8-VDR
centered at 3.37 and 3.38 eV are obviously associated with the transmission of band edge
from the conduction band. The intensity of the bands of the W4-VDR and P8-VDR kept
increasing, indicating that crystallinity is a main factor for the NBE emission of ZnO
nanoparticles. The 40nm-VDR and 20nm-VDR peaks at 3.35 and 3.33 eV are completely
proportionate with the transition related with the V, within ZnO [91].

At visible region, even though several mechanics were used for the visible emission
of ZnO, a statistically appropriate mechanism is very complicated to be found partially
because of its critical dependence on the varistor processing conditions [131]. According to
our knowledge, visible emission is fundamentally caused by defects, which are associated
with deep-level emissions, such as Zn; and V, [149].

For the 20nm-VDR and 40nm-VDR peaks at the lowest region, if the a
semiconductor dimension is decreased to nanometer scale, then one of the main
characteristic is the huge S/V ratio, which makes nanostructure samples very various from
the W4-VDR and P8-VDR. The large S/V ratio in nanosized materials signifies large bulk
density of dangling bands. The presence of dangling bands in a surface of crystal is probably
to have a more localized change of state by splitting the state out of the energy gap border
[299]. Thus, surface state can be responsible for the emission.

The peak position of the 20nm-VDR and 40nm-VDR, compared with the W4-VDR
and P8-VDR, lies below the ZnO nanoparticles band gap (Table 5.3), which suggests the
existence of such initial states in the forbidden energy band gap. These initial states within
the band gap have their own ground or excited energy levels. Furthermore, the PL band
intensity for the 20nm-VDR decreases with increasing grain size (W4-VDR), which can be
produced as described below.

In general, the transition rate Wp_ is proportional to the population of occupied

surface states n,. Furthermore, the photo carriers number n, in the surface states within a
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crystallite is proportional to the number of atoms on the surface ns [299]. As discussed in
section 4.4.1.

Consequently, the surface-related mechanism can explicate the reduce of PL
intensity in W4-VDR and P8-VDR with growing grain size, and this distinctive development
can be due to the surface state impacts.

Moreover, based on the quantitative dependence of the total PL intensity on the
grain size of the 20nm-VDR, as displayed in Fig. 5.8 (d), the total PL intensity decreased
quickly in the W4-VDR. The size-dependence reduction also confirms that the charge
density is obtained by the number of atoms on the surface. For the W4-VDR and P8-VDR,
the PL band amplitude reduces substantially, which indicates that a number of surface states
precipitate much under small grain size in the 40nm-VDR and 20nm-VDRs, in which the
emission characteristics of the nanosized materials are controlled by surface recombination.
On the other hand, the population of the surface states would be decreased significantly in
the W4-VDR and P8-VDR, leading to the rapid weakening of the corresponding radiative
transition.

A comparison of the PL spectra of the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-
VDR in Fig. 5.8 illustrates that, despite having similar behavior, they vary on the red shift of
the UV peak with decreasing grain size from the W4-VDR to the 20nm-VDR. The shift is
proposed to be due to band bending. During excitation, charge carriers are generated and
divided in space via the built-in electric field. The electrons are confined at the surface of the
WA4-VDR grains, whereas the holes accumulate at the center of the W4-VDR grains,
neutralizing the ionized acceptor states, as illustrated in Fig. 5.9 (a). The accumulation of the
photo excited charge carriers continues until a dynamic equilibrium is obtained. An electron
near the surface recombines with a hole in the center, giving transition energy of E,, as
shown in Fig. 5.9 (a). The separation in space results in a weak transition possibility because
of the small wave functions overlap of electrons and holes. When the intensity of

luminescence is improved, as shown in Fig. 5.9 (b), more charge carriers are produced,
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decreasing the band bending within the 20nm-VDR grains. As a findings, the energy of
emission rises to Eyign and the transition possibility is strengthens as the segregation in space

diminishes.
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Figure 5.9. The impact of bandbending on the excitation. With weak luminescence intensity
(a), the created charge carriers are divided in space, leading to low quantum efficiency. With
higher luminescence intensity (b), the photoexcited charge carriers diminish the
bandbending, leading to a higher PL energy as well as strengthens quantum efficiency.

The UV emission peaks are caused by the exciton luminescence from the conduction
band to the valence band. As observed in Fig. 5.8, the UV luminescence for the varistors
heat treated in O, atmosphere is the better. This result is proportionate with the observation
in the XRD analysis. Heat treatment in O, atmosphere leads to the decrese in ZnO
interstitials, which leads to the and reduce in nonradiative transition, thereby improving the
quality of ZnO crystal [377]. The green emission peaks indicated at 2.34, 2.33, 2.32, and
2.30 eV for the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-VDR, respectively, were caused
by the defect level of O, The ZnO varistors fabricated at an elevated sintering temperature
of 1200 °C have several intrinsic defects such as Zn vacancy (Vz,), oxygen vacancy (Vo),

interstitial zinc (Zn;), antisite zinc (Zne), interstitial oxide (O;), and antisite oxide (Oz,).
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Within the varistors thermal annealed at high temperature, the next reactions by oxygen

evaporation may happen:

Zn0 ——» Znu +Vo+ 120, (5.7)

ZNy — 5 Zni+Vz (5.8)

Consequently, the majority donors in the ZnO samples are the Zn; and V,. Hur et al.
[378] reported that from the XPS spectra of ceramics heat treated in O, and N, atmospheres,
the O/Zn ratio of the varistors annealed in N, atmosphere is higher than that of ZnO varistors
annealed in O, atmosphere [379]. The concentration of oxygen associated with Zn-O
bonding develops caused by the concentration of the O peak of the ZnO varistors annealed in
N, ambient is in an O-rich condition. In this O-rich condition, the oxygen amount that
diffuses into the varistor is significant, and the V, concentration within the 40nm-VDR and
20nm-VDR decreases compared with the W4-VDR and P8-VDR. Moreover, Oz, was easily

produced from V3, and O; because they have relatively low formation energy [380].

Vznt Of  —— Oz (5.9)

Subsequently, the concentration of Oz, on the ZnO varistors annealed in N,
atmosphere is higher than that on the ZnO varistors annealed in oxygen ambient. This
phenomenon causes an rise in the PL spectra intensity for the W4-VDR, P8-VDR, 40nm-
VDR, and 20nm-VDR by transformation from the conduction band to the Oz, level. The
W4-VDR annealed in N, ambient can produce nitrogen acceptor as low amount of nitrogen
gas was injected in the bulk ZnO. When a pure N source is applied, N acceptors are
significantly compensated by donor defects such as Zn;, Zno, and V,. The energy of

formation for ZnO intrinsic defects on the O-rich condition was low on Vz, O;, and Oz,.
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Thus, the O, concentration increases when ZnO varistors have the N-compensation or O-
rich condition.

The green emission of the 20nm-VDR annealed in N, ambient is high. The phonon
included within the green band of the varistor is a longitudinal optical phonon with 0.072 eV
energy, which matches the PL peaks energy separation on the significant energy side of the
green band [381]. Fig. 5.10 (d) explains the typical process for the green luminescence peak
in the PL spectra of the 20nm-VDR: the transition mechanism (1) from the near-conduction
band edge to the deep acceptor level and (2) from the deep donor level to the valence band.
The recombination of a shallowly trapped electron with a deeply trapped hole in a center
leads to visible luminescence [382]. The difference in the highest green luminescence was
investigated by preparing different ZnO varistors using a diversity of growth techniques. In
certain cases, the existence of foreign elements have been suggested as the source of the
green emission [383]. In addition, native defects have been proposed as potential sources.
Investigators supposed that oxygen and Zn; are the centers responsible for the green emission
in ZnO [35, 381, 384, 385]. Earlier studies deduced that the green emission involves defect
complexes and/or multiple defects, and the main part of the visible emission is created from
localized defects at the surface of the nanoparticles [386]. In this work, the massive emission
of green luminescence from the 20nm-VDR, compared with the 40nm-VDR, W4-VDR and
P8-VDR, includes defect complexes and/or multiple defects, and the main part of the visible
luminescence is produce from the defect centers at the ZnO nanoparticles surface. The
transfer of the luminescence peaks with different treatment ambient is suggested to produce
from the residual stress caused by lattice deformation. A reduction in the lattice constant ¢
was noticed in the annealed samples, leading to a decrease in the band gap, as shown in

Table 5.3.
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Figure 5.10. Schematic illustration of the energy band diagram proposed for ZnO
nanoparticles.

The defect level transmission caused by Oz, incremented, but the intensity of band
edge emission was reduced when the ZnO varistors were annealed in N, ambient. This
finding can be described by two mechanisms: first, the ZnO varistors annealed in oxygen
atmosphere have an elevated donor concentration; second, the varistors annealed in N,
ambient have a minimal donor concentration caused by donor defects were compensated
with N-acceptors. Subsequently, the PL intensity of the W4-VDR, P8-VDR, 40nm-VDR and
20nm-VDR annealed in oxygen is high, which indicates that the quality of ZnO varistor
crystal thermal treated in O, ambient is better compared with the other varistors annealed in
different gases. Heat treatment in N, atmosphere is not the preferable procedure for the
formation of a perfect structure. These results indicate that the structure of the varistor can be

controlled to achieve the desired optical properties by varying the annealing conditions.
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Table 5.3. Summarizes the PL and energy band gap of ZnO varistors at different annealing
ambients.

Sample Annealing ambient Wavelength Energy band-gap
A (nm) (eV)
As-grown 368.38 3.37
W4-VDR 0, 372.65 3.33
VP 370.44 3.35
As-grown 367.10 3.38
P8-VDR 0, 371.38 3.34
N, 369.32 3.36
As-grown 370.85 3.35
40nm-VDR 0, 372.71 3.33
N, 374.20 3.32
As-grown 372.64 3.33
20nm-VDR 0, 373.97 3.32
VP 375.22 3.30

A comparison of the PL spectra of the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-
VDR and WA4-Disc, P8-Disc, 40nm-Disc, and 20nm-Disc shows that adding Bi,O3 and
Mn,0O; to ZnO varistors leads to a remarkable rise in the visible luminescence intensity
mostly in the 40nm-VDR, and 20nm-VDR samples. It also causes an obvious red shift of the
asymmetric visible broadband. The UV emission peaks in the W4-VDR, P8-VDR, 40nm-
VDR, and 20nm-VDR do not shift with Bi,Os; and Mn,Os,which suggests that the additives
do not induce changes in energy gap. The asymmetric visible broadband indicates that two or
more deep-level luminescence centers exist in the ZnO samples. The additives cause a
migration of Bi,O; and Mn,0O5 atoms to the Zn vacancies. Therefore, the additives decrease

the Zn vacancies such that the green band peak is suppressed in ZnO.
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5.3.2 Raman spectroscopy
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Figure 5.11. Raman spectra of ZnO-Bi,03-Mn,05 varistor system fabricated from from (a)
White ZnO (W4), (b) Pharma ZnO (P8), (c) 40 nm ZnO, and (d) 20 nm ZnO at different

annealing ambients.

The obtained Raman spectra of the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-

VDR systems at different annealing ambients are displayed in Fig. 5.11. A compilation of

the presented frequencies of Raman active phonon modes in the W4-VDR, P8-VDR [387,

388] is reported in Table 5.4. In the spectrum of the W4-VDR (Fig. 5.11 (a)), the peak at 440

cm * agrees with E, (high) phonon, the peak at 587 cm* agrees with E;(LO), and the peak at
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385 cm* agrees with A,(TO) phonons. In the spectrum of the 20nm-VDR, the LO phonon
peak at 585 cm * has a frequency between those of A,(LO) and E;(LO) phonons, which is
consistent with theoretical calculations. The broad peak at approximately 330 cm™ obsrved
in all spectra in Fig. 5.11 is caused by the second-order Raman processes.

The very large shift in the E, (high) mode position of the W4-VDR, P8-VDR, 40nm-
VDR and 20nm-VDR compared with the WA4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc
toward low wave numbers indicates that adding Bi,O3; and Mn,03 strengthens the tensile
stress within the samples, which is consistent with the XRD analysis. Furthermore, the
aggregates of Bi,O; at the ZnO-ZnO grain boundaries as Bi-rich phases through the
sintering process in the ZnO-Bi,0s;—Mn,0; system improved the grain growth and therefore
strengthened the interfacial stress of the grains, which may be the major reason for the shift
of the E, (high) mode in the Raman spectra, as mentioned previously. In addition, the
substitution of Zn** within the lattice by Mn®* or Mn*"as the ZnO grains grow during the
sintering process may lead to the distortion of the ZnO lattice, which therefore enhances the
stress within the ZnO lattice. Thus, the distortion of the lattice due to the substitution of the
dopant ions is supposed to be the main reason of the significant transfer of the E, (high)
mode of the W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR.

The A;(LO) Raman mode is critical to the variations in the free carrier concentration
due to the polar semiconductor additive excitation of the free carrier react with the A,(LO)
longitudinal-optical phonons. In the GaN Raman research, the peak that corresponds to the
A; (LO) mode shifts to high wave numbers, weakens, and broadens in intensity with rising
carrier concentration [332]. Identical behaviors can be observed in the Raman spectra of the
varistor for all types of ZnO powder. The addition of Bi,O; and Mn,Os to the ZnO discs
increases the free carrier concentration within the varistor when the disc is doped with
donors.

The bands of the secondary phases such as 3-Bi,0; and Mn;O, were seen clearly in

the Raman spectra. The situation of the -Bi,O; Raman peaks is at approximately 329 cm™
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and that of Mn;O, is at 566 cm ™. Therefore, based on the Raman spectra, the E, phonon
frequency and the A;(LO) mode shift to low and high wave numbers, respectively, when the
discs were doped with Bi,Os; and Mn, O3, revealing that the tensile residual stress and the free
carrier concentration were enhanced by doping.

The large stress induced the lattice deformation, which was attributed to the
substitution of the doping ions such as Bi** and Mn?* or Mn** for Zn*, and the interfacial
phases and lattice mismatch among ZnO crystals.

As mentioned in the previous section, the peak at 430 cm™* forms from the E, mode
of ZnO related to the wurtzite structure, and the 570 cm* peak is a contribution of the
E;(LO) mode of ZnO related to oxygen insufficiency [328, 336]. Based on these facts, the
impact of different treatment ambient on the Raman spectra of the ZnO varistor fabricated
from various sizes of ZnO powder can be explained. Fig. 5.11 shows that the peak at 437
cm * was the most dominant during annealing in O, ambient, whereas the peak intensities at
the E, (high) mode were extremely weak during annealing in N, ambient. The 587 cm™
Raman peak, as mentioned above, was interpreted by certain investigators to be the LO
phonon of E; or LO phonon of A; [325, 337-339]. Several researchers also assumed that this
Raman peak is caused by Z;, V,, or their combination because of its robust dependence on

the oxygen stoichiometry [328, 338, 339].

Table 5.4 summarize the results of Raman active modes at different annealing

atmospheres of the W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR in comparison with the

theoretical results. All peaks values are in cm™.
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Table 5.4. A comparison of the Raman active modes of the ZnO-Bi,03-Mn,0; varistor
fabricated from micro and nano ZnO powder with the theoretical results at the different
annealing ambients.

Symmet | Bulk W4-VDR P8-VDR 40nm-VDR 20nm-VDR
ry As- 02 N, As- 02 N, As- 02 N, As- Og N,
gro gro gro gro
wn wn wn wn

2TA(M) | 200 | ND | 224 | 230 | ND | ND | 265 | ND | ND | ND | ND | ND | ND

A(TO) | 380 | 385 | 376|383 | 382|373 | 377|386 |38l | 384 | 387|383 385

Eq(high) | 444 | 440 | 443 | 439 | 442 | 445 | 444 | 435 | 438 | 436 | 434 | 430 | 436

EontEy | 540 | 547 | ND | 542 | ND | ND | ND | ND | ND | ND | ND | ND | ND

E,(LO) | 583 | 587 | 585 | 583 | 586 | 588 | 589 | 583 | 585 | 580 | 585 | 587 | 580

*ND: below the detection limit.

54  Main annealing and ZnO size effects on the electrical properties of
composite ZnO varistors and proposed mechanism of nonlinear behaviors

Zn0O-Bi,05-Mn,05 varistors are semiconductor ceramics with superior nonlinear
electrical behaviors that are produced from their grain boundaries and based on their
microstructure properties. Theoretically, fine primary particles (20 and 40nm) with a narrow
size distribution have good electrical characteristics. Therefore, these properties are
correlated with the morphology and size of ZnO grains. In the present work, zinc oxide
micro- and nanoparticles were used to make varistors, and the impact of the ZnO particle
size on the electrical behaviors of ZnO-Bi,Os—Mn,0; varistors was achieved. The findings
displayed that when 40nm-ZnO and 20nm-ZnO were used instead of W4-ZnO and P8-ZnO
for the fabrication of varistors, the electrical behaviors such as the nonlinear coefficient and
breakdown voltage decrease dramatically. The varistors are induced from semiconducting
ceramics such as ZnO and other metal oxides such as Bi,O; and Mn,Os. The addition of
various additives as well as the different annealing conditions in oxidizing and reducing
ambients were established to affect the microstructure and electrical behaviors of varistors.
The resistance and breakdown voltage of these varistors depend greatly on the
microstructural conditions and thus, grain size and microstructural homogeneity are the most
significant parameters in ZnO varistor production. One way to achieve these purposes is by

applying homogeneous zinc oxide nanoparticles for varistor manufacturing. Homogeneous
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ZnO powder is essential for making high-performance ZnO varistors because it increases the
microstructure homogeneity that is necessary for the improvement of the electronic and
electrical properties of these ceramics. Several researchers have studied the impacts of
microstructure and processing on the electrical conduction in varistors [205, 389-391].
Therefore, exact control of the microstructure of varistor is required to achieve the values
necessary for the nonlinearity and breakdown voltage. Nano-scale particles have various
physical and chemical characteristics compared with the bulk materials. High homogeneity,
good sinterability, and several uncommon behaviors may be anticipated due to their nano-
sized crystallites, significant surface areas, and many surface characteristics. Subsequently,
the varistors with ZnO nanoparticles should have drastically improved electrical properties,

as shown in the present results.
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Figure 5.12. Current-Voltage characteristic of ZnO-Bi,03;-Mn,0; varistor system fabricated
from different size of ZnO powders at different annealing ambients.

189



The -V curve of the as-grown W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR
annealed at different ambients are plotted in Fig. 5.12. The breakdown voltage, resistivity,
and nonlinear coefficient of the samples were calculated and are summarized in Table 5.5.
The breakdown voltage for the 40nm-VDR and 20nm-VDR decreased dramatically
compared with the W4-VDR and P8-VDR by decreasing the ZnO particle size from micro to
nano size. The grain size within the 40nm-VDR and 20nm-VDR increased dramatically after
the sintering process, which may be due to the significant ZnO nanoparticles surface area,
which led to the reduction of the breakdown voltage.

By reducing the powder size from W4-ZnO to 20nm-ZnO, the sintering process
would be completed fast and at a low temperature, and a large grain size with high density
would be achieved. Moreover, the porosity of the 20nm-VDR decreased because of a
complete sintering process and porosity isolation. Furthermore, the hardness of the 40nm-
VDR and 20nm-VDR was improved more than that of the W4-VDR and P8-VDR. With the
goal of manufacturing low-breakdown voltage (varistor voltage) varistors, the effect of
adding Bi,O; to the varistors on the size of grains was investigated. Studies have reported
that adding Bi,O3 to ZnO enhances growth of grain and allows the grains to be large and
therefore reduce the breakdown voltage in the varistor. The |-V nonlinear behavior of the
ZnO disc is a phenomenon of the boundaries among semiconducting ZnO grains. The
varistors’ breakdown voltage is proportional to the quantities of boundaries between the
grains per unit of thickness and therefore to the inverse of the grain size. The ZnO varistor
fraction voltage can be controlled by the varistor thickness between two electrodes, whereas

the fraction voltage increases with the thickness of the varistor.
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Table 5.5. Summarizes the electrical properties of W4-VDR, P8-VDR, 40nm-VDR and
20nm-VDR at as-grown and different annealing ambients.

Sample Annealing Vy Iy o p
ambient V) (mA) (kQ.cm)
As-grown 1100 0.47 17.2 3348.8
W4-VDR 0, 990 0.56 16.3 6426.3
N, 1026 0.60 14.2 5520.1
As-grown 908 0.46 13.1 31124
P8-VDR 0, 795 0.66 13.5 5216.3
N, 820 0.50 11.8 5021.5
As-grown 697 0.72 11.1 2997.6
40nm-VDR 0O, 561 0.51 10.3 4285.5
N, 603 0.64 9.6 3375.2
As-grown 426 0.52 9.1 1724.1
20nm-VDR 0, 218 0.57 8.8 3887.4
N, 264 0.36 8.5 2904.8
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Figure 5.13. Plot of breakdown voltage of as-grown and annealed ZnO samples as a
function of different particle sizes.
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Figure 5.14. Plot of nonlinear coefficient o of as-grown and annealed ZnO samples as a
function of different particle sizes.
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Figure 5.15. Plot of resistivity of as-grown and annealed ZnO samples as a function of
different particle sizes.
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On the contrary, the decrease in the nonlinear coefficient of the 40nm-VDR and
20nm-VDR compared with the W4-VDR and P8-VDR shown in Fig. 5.14 may be related to
the reduction in the porosity in the varistors. Therefore, the maximum nonlinear coefficient
(a) is obtained when the donor density at the boundary among the grains reaches the
minimum and when the boundary potential barrier is the highest. The variation of o against
ZnO particle size is depicted in Fig. 5.14, which shows that a is enhanced when the particle
size increases from 20nm-ZnO to W4-ZnO. This result suggests that the quantities of
boundaries is reduced because of the grain enlargement of the 20nm-ZnO after the sintering
process. This enlargement is caused by the very large S/V ratio of nanoparticles, which
eventually drops the highest potential barriers. A drop in the a value for the 20nm-VDR was
observed compared with the 40nm-VDR, W4-VDR, and P8-VDR.

The symmetric nonlinear 1-V response with different nonlinear coefficient values in
the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-VDR is caused by the electrical potential
barriers created through the processing stages that involve thin insulating layers surround the
consecutive grains [392]. These layers around the successive ZnO grains result in back-to-
back electrical barriers that involve two close grains with one side as reverse bias (say right-
side ZnO grain) and the another side as forward bias (say left-side ZnO grain). The existence
of back-to-back electrical barriers is caused physically by the boundaries between grains.
The depletion layer in the varistor expands to the grains across the ZnO grain boundaries.
The mechanism responsible for the electrical barrier generation within the varistor can be
explained as follows: at zero bias, the electrical barrier among the grains consistent with a
finite depletion region contributed by the reverse ZnO grain and the forward ZnO grain.
Given that the ZnO grain is an n-type semiconductor, considerable electron traps are created
among the consecutive grains in the disordered grain boundary surfaces. The migration of
electrons from the grains composes the negative grain boundary surface layers between two
depletion regions. These empty electron traps generate the positive space charge regions

(depletion regions), as shown in Fig. 5.16 (a) and (b). At zero bias, the right-side depletion
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region width is assumed to be similar to the left-side depletion region width. During the
applied bias (voltage), the forward part band bending diminishes the depletion region
contribution, whereas the reverse part band bending promotes the depletion region
contribution (Fig. 5.16 (c)). This drop in the forward-side depletion contribution changes
with increment applied voltage till the ohmic bias range is obtained, in which the possibility
drop in the forward side is equivalent to that in the reverse side. This condition keep sthe
depletion region steady by enhancing the reverse depletion side and shrinking the forward
depletion side evenly. As the voltage exceeds the ohmic range and enters the nonlinear range
(breakdown region), the forward region pins and the reverse region continues to absorb the
applied voltage and remains bending the band [92, 393]. This process increases the depletion

region on the reverse side.
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Figure 5.16. Band diagram of the double (back-to-back) Schottky barrier across ZnO grain
boundaries (a) before contact, (b) at equilibrium state, and (c) at non-equilibrium conditions.
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With regard to the oxide additives to the varistor such as Bi,O; and Mn,0O;, the
dominant defect states combined with the oxide dopants within the grains and grain
boundaries form the depletion region in the close ZnO grains across the grain boundaries in
the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-VDR samples. These integrated depletion
regions that consist of defect states at the boundary interfaces (surface of grains) eventually
dictate the nonlinear coefficient (o)), height of back-to-back barrier, capacitance, leakage
resistance (ohmic range), and stability and/or degradation with the environment. Moreover,
the height of back-to-back barrier is additionally based on the band bending amount within
both sides of the connected ZnO grains caused by the concentration of defect within each
ZnO grain.

A comparison of the o values of the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-
VDR and the W4-Disc, P8-Disc, 40nm-Disc, and 20nm-Disc shows that the value of « is
increased when Bi,O; and Mn,0O; are added to the disc. This result suggests that the
aggregation of Bi in the grain boundary promoted the development of essential potential
barrier at the interface [216]. Adversely, excessive Mn,O; additive encouraged spinel
formation (ZnMnO; and ZnMn3;O;) that could lead to poor nonlinearity and high bulk
resistance [394]. The reduction in the number of grain boundary per unit thickness caused by
grain enlargement may have caused a drop in the o value, which is attributed to the reduction
of essential potential barrier at the interface. Hence, the « value improves with increasing
sintering temperature and time. During heating, the solubility of Mn ions was increased
because of Mn*" reduction to Mn** or Mn*" with low ionic radii [395]. As a result, more Mn
ions aggregated in the grain boundary and improved the nonlinearity characteristics.

Numerous studies on the effect of additives such as Bi,O; and Co3;0, of ZnO
varistors show that transition metal oxides can develop the non-ohmic behaviors of varistors
via rise the surface state density through the generation of interstitial states and deep bulk

traps. Many researchers have investigated ZnO ceramics doped with a reasonably large
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amount of Mn,0O;, and most of the research have been consecrated to the nonlinear electrical
behaviors that are correlated with the double Schottky barrier at the grain boundary [396].
The nonlinear electrical behavior of varistors is associated with the grain boundary
phenomenon. Gupta and Carlson improved a grain boundary defect model for varistors.
From a similarity to the model, the nonlinear property of Bi,Os- and Mn,0O3-added ceramics
can be explained. Fig. 5.17 displays the grain boundary defect model for the Bi,O;- and
Mn,O;-added ceramics. Mn** has an ionic radius very adjacent to that of Zn** and a valence
superior than Zn*"; hence, it readily solves into the ZnO lattice and forms the defects. The
creation of electrons causes the Mn** to decrease the ZnO grains resistivity. At the same
time, Bi*" produces the defects and prefers to aggregate at the ZnO grain boundary.
Therefore, both intrinsic ZnO defects (Zn?*, V2, V&™) and extrinsic defects (Mn3,, , Bi})
established at the ZnO grain boundaries. As shown in Fig. 5.17, the positive charges
(Zn?*, V¢*, Mnj,,) are existing on both sides of the grain boundary, and the negative charges
of a depletion layer is generated at the grain boundary. As a result, a voltage barrier to the
transfer of the major charge carriers (electrons) is produced and caused the nonlinear

electrical property of the W4-VDR, P8-VDR, 40nm-VDR, and 20nmVDR.
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Figure 5.17. The grain boundary defect model for the (Bi,Os;, Mn,03)-composite ZnO
varistors.

This study determined that the electrical behaviors of the 40nm-VDR and 20nm-
VDR were superior to that of the W4-VDR and P8-VDR. The microstructure homogeneity
performs a significant function in investigating the electrical characteristics of varistors, and
the variations in the electrical behaviors of the different varistors (fabricated from micron
and nano powders) are attributed to the difference in the defects and homogeneity in the
microstructure. The microstructure homogeneity can influence the grain boundary
characteristics, which dominate the electrical behaviors of the varistor samples.

Significant change in the resistivity (p) was also observed at the high-resistivity
region, whereby the p for the W4-VDR dropped more than three times for the 20nm-VDR,
as observed in Table 5.5. The significant drop in the resistivity can be caused by the
reduction of the potential barrier between the ZnO grains that results from the very high
grain growth in the ZnO nanoparticles after the sintering process, there by leading to the
decrease in the quantities of the grain boundaries and reducing the highest of the potential

barrier.
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Understanding the effect of atmosphere treatment on the electrical behaviors of the
W4-VDR, P8-VDR, 40nm-VDR, and 20nm-VDR is also essential. The impact exerted by
the ambient annealing at 700 °C on the breakdown voltage, resistivity, and nonlinearity
values is considerable, as can be observed in Table 5.5. The table provides the various
electrical parameter values for the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-VDR sintered
at 1200 °C and then annealed in an O,-rich or N,-rich ambient. The varistor behavior may be
elucidated by the production of defects within the crystal lattice because they are responsible
for the generation of the Schottky-type potential barrier at the boundary region. The dopant
oxides form an electron-poor layer next to the boundary region, from which the potential
barrier related to a double-charge density originates.

Annealing in the Np-rich ambient reduces the nonlinear behaviors of this system.
However, thermal annealing in the O,-rich atmosphere significantly improved the non-ohmic
value. The different behaviors of the varistors at various annealing atmospheres are
attributed to the potential barrier generation and to the O, species at the ZnO grain boundary
that form Schottky-like barrier and trapping states. This improvement in the nonlinear
properties of the varistors is supposed to be related to the oxidation degree (during the
varistor is annealed in an O, ambient) or lowering (During the varistor is annealed in an N,
ambient) of the metal oxide additives precipitated at the boundary. Subsequently, the
function of Bi,O; is to produce the grain region with oxygen and improve the nonlinearity of
the varistor, given that the barrier properties can be influenced by oxygen species at the
boundary among the grains because of the chemical alteration within the ZnO grain
boundary region. Similar results for varistors annealed in oxidizing and reducing ambients
have previously been pointed out by Sonder et al. for the W4-VDR and P8-VDR. M. R
Santos et al. [397] reported that the electrical behaviors of 40nm-VDR and 20nm-VDR are
strongly affected by the atmosphere because of the oxidizing mechanism at the ZnO grain
boundary. P. R. Bueno et al. [216] showed that heat annealing in an N,-rich ambient leads to

decreases fundamentally in the surface states (N,s) of the double (back-to-back) Schottky
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barrier and in the height of potential barrier values. However, heat annealing in an Oy-rich
ambient leads to a considerable increment in the (Ng) and essentially in the (N;s) states in the
thin region of the boundary among the grains [398]. Many approaches suggest that thermal
annealing fundamentally changes the electronic states of the boundary region. Thus, the
interfacial states source is not a substantial impact due to the lattice mismatch at the grain
boundary but an extrinsic one obtained from the metal atoms that precipitated at the ZnO
grain boundaries [398, 399].

In parts of the suggested mechanism for the potential barrier generation, the
transition metal such as Bi or Mn aggregated at the boundary becomes oxidized when
annealed in an O, ambient, and the interfacial layer becomes rich in oxygen species that are
the trapped electrons (enhancing the Nis) [398]. The oxygen that induces the oxidation of the
aggregates and keeps the electrostatic equilibrium of the interface results from the
atmosphere and the bulk and raises the donor concentration Ny when it forms from the bulk.
Thus, the density of trap state at the interface N;s should rise when the grain boundary
interface of the ZnO is oxidized, increasing the potential barrier values. On the contrary,
thermal annealing in the N, atmosphere should exert the opposite effect. This act occurs to
promote the suggested model for the potential barrier generation shown in Fig. 5.18. The
potential barriers have a Schottky-like nature attributed to negative interfacial states, the
same nature that often appears in most varistors at high temperatures [400]. With the grain
boundary formation, thermal annealing under a reducing atmosphere (N,) expels excess
oxygen and keeps the metal atoms, thereby reducing the nonlinear electrical behaviors of the

varistor.
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Figure 5.18. Electronic and atomic defect model suggested for the potential barrier
formation in ZnO-Bi,05-Mn,0;3 varistors.

The barrier voltage and the nonlinear coefficient increase and breakdown voltage
decreases when the varistors are annealed in oxygen atmosphere (Table 5.5). These results
prove that the electrical behaviors of the varistors are sensitive to the oxygen species that
exist on the boundary region. The thermal annealing in an oxygen ambient is beneficial in
the manufacturing process to prolong the varistor life. In addition, the results re-establish the
electrical behavior of deteriorated varistors attributed to the adsorption of oxygen species at
the boundary regions after annealing in oxygen ambient.

The oxygen within the boundary region is nessesary for the properties of various
varistor ceramics such as ZnO, SnO,, and SrTiO;. However, when the diffusion rates of
oxygen are completely different in these materials, the oxygen distribution and therefore the
potential barrier distribution vary. In terms of the nonlinear coefficient of theW4-VDR, P8-
VDR, 40nm-VDR, and 20nm-VDR, the addition of Bi,O; promotes oxygen diffusion

because it is a perfect grain boundary activator that is comparable with the W4-Disc, P8-
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Disc, 40nm-Disc, and 20nm-Disc. Moreover, the Bi-rich phase is continuous and
interconnected along the three-and four-ZnO grain functions throughout the microstructure
of varistor. The interpretation and distribution status of Bi,Os are critical for the oxygen
transfer into the substance through the heat treatment process. Therefore, no surface effect
was observed in the 40nm-VDR and 20nm-VDR.

The adsorbed molecules, especially oxygen, on the surface of oxide have been
suggested to generate an electron-depleted space-charge layer in the inner surface region of
the particles and on the surface of several anionic species, such as 0=, 027, or 03. This type
of charge polarization causes the potential barrier among adjacent grains (40nm-VDR and
20nm-VDR), whose width and height are functions of the nature and concentration of the
anionic oxygen species, influence the nonlinear coefficient and breakdown voltage [359,
374, 380, 401]. Thus, investigations into the oxides’ nonlinear behavior should consider the
environmental impacts. The structural and electronic characteristics of varistor can be
accurately dominated by methodically managing the factors that control the basic
characteristics of the potential barriers among close grains within the varistor.

Carlson and Gupta [402], as well as Pike [165] and Leite [403], researched on the
establish of this potential barrier in a try to expound the mechanisms responsible for the
electrical behaviors in varistor. Pianaro et al. [404] suggested a model of the establish of the
potential barrier within varistors. In most of the suggested models, an excessively defect-rich
region distinguishes the potential barrier. The existence of these defects considerably alters
the band gap energy, causing the grain boundary to possess a Fermi (potential) level
dissimilar to the one presented by the ZnO grains; therefore, the electronic state density
varies from that of the grains. The oxygen vacancies and electronic defects on the ZnO
surface are correlated and have been exhaustively researched [405]. Oxygen has a significant
role in the ZnO varistor grain boundaries, indicating that the grain boundary chemistry
indicates the electrical nature of the varistor. A bismuth layer within the ZnO-Bi,Os—Mn,0s-

varistors is required to produce potential barriers at the grain boundaries, and the height of
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these potential barriers is strongly dependent on the surplus oxygen at the interface among
the grains [365]. Identical findings have been achieved for different varistors, suggesting that
the amount of oxygen at the interfaces of the grains determines the potential barrier

formation.

55 Summary

In conclusion, the 40nm-VDR and 20nm-VDR annealed in oxygen atmosphere
exhibited a very high performance and good quality with superior electrical behaviors
compared with other varistors treated in other conditions. These 40nm-VDR and 20nm-VDR
have higher surface-to-volume ratio in the grains than the W4-VDR and P8-VDR; thus, the
grain boundary oxidation is conceivable when the varistors are slightly cooled down, and
annealing at high-pressure oxygen ambient is not necessary. Furthermore, the dopants within
the ZnO varistor structure can contribute to the ZnO grain boundary oxidation process as
discussed by Einzinger [406]. In this case, Mn atoms tend to accumulate within the grain
boundaries, leading to the migration of donors from the bulk to the grain boundaries to be
annihilated during cooling.

The varistor behavior of the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-VDR
results from the diffusion of oxygen along the boundaries among grains. In this condition,
the amount of intrinsic acceptors (zinc vacancies) could be higher than that of the intrinsic
donors, and the electrical potential barrier is formed. Thus, the grain boundary oxidation
guarantees the wvaristor behavior. Einzinger [363] confirmed that nonlinear |-V
characteristics can be observed in the W4-Disc, P8-Disc, 40nm-Disc, and 20nm-Disc,
indicating that the sintering procedure can be performed in a high-pressure oxygen ambient.
This proposition agrees with the results obtained by Mantas et al. [407].

The level transition of defect caused by Oz, incremented but the emission intensity
of band edge was reduced when ZnO varistors were annealed in N, ambient. This finding

can be described by two mechanisms: first, ZnO varistors annealed in oxygen atmosphere

203



have a high donor concentration; second, ZnO ceramics annealed in N, ambient have a low
donor concentration due to the donor defects were compensated with N-acceptors.
Subsequently, the intensity of PL of the ZnO varistors treated in oxygen is superior than that
treated in nitrogen ambient, revealing that the quality of ZnO varistor crystal heat treated in
O, ambient is the best compared with other differently annealed varistors. Thermal treatment
in N, atmosphere is not the preferable procedure for the formation of a perfect structure.
These results indicate that the structure of the varistor can be controlled to achieve the

required optical characteristics by varying the heat treatment atmospheres.
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CHAPTER 6: RESULTS AND DISCUSSION 3

POTENTIAL APPLICATIONS OF PURE AND COMPOSITE (VARISTOR)
Zn0O DISCS FABRICATED FROM ZnO MICRO- AND NANOPARTICLE
POWDERS IN BIOMEDICAL FIELD

6.1 Introduction

Biomaterials refer to both naturalistic or man-made materials that are purposed to
interface with biological systems or biomedical devices for evaluating, treating, augmenting,
or replacing any tissue, organ, or the body function [408]. Biomaterial elements encompass
medicine, biology, chemistry, tissue engineering, and material science. Biocompatibility and
bioactivity are the essential properties that qualify any material as a biomaterial [409].

Biocompatibility is the material capability to accomplish with a suitable host
response in a particular application, such as development of insights into how biomaterials
interact with the human body and eventually how those interactions determine the clinical
success of a medical device (such as pacemaker, hip replacement or stent). From the clinical
perceptive, these materials should not create toxic or injurious reactions and not cause
immunological rejection. Bioactivity indicates to the a material ability to mineralize in a
physiological environment. In orthopedic application, bioactivity refers to the ability of a
material to induce the formation of an apatite layer [410].

Several classes of materials such as ceramics, metals, glass, and natural and
synthetic polymeric materials have been investigated as biomaterials for medical use,
especially in tissue engineering and orthopedic implementation [411]. However, several of
these materials have obstacles and limitations. For example, metallic implants applied in
bone repair can cause bone resorption and stress shielding due to its elasticity mismatch with
the surrounding bone. Meantime, a varistor material is not favorable as a bone repair
material because of its substandard resistance against fatigue insufficiency and weak fracture

toughness. Even though the elasticity coefficient of minimal rigid titanium is five times
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bigger than that of the human bone, it still has restrictions for comprehensive usage in bone
reconstruction [412, 413].

In this chapter, cytotoxicity studies on the W4-Disc, P8-Disc, 40nm-Disc and on
20nm-Disc, and W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR as well as their effects on
animal cells (L929) were successfully demonstrated, and these effects were associated with

the particle size of the grains and the additives in the samples.

6.2  Key factors of toxicity effects

The 40nm-ZnO and 20nm-Zn0O are highly cytotoxic at low concentrations and have
very high abilities to adsorb oxygen compared with W4-ZnO and P8-ZnO [413], which may
relate to their cytotoxicity. Brunner et al. [414] indicated that most cells of human or rodent
die after subject to silica nanoparticles at concentrations more than 15 ppm. Sharma [223]
found that the ZnO nanoparticle-produced cytotoxicity effects are dependent on time and
concentration. Another destructions are produced by oxidative stress, which can be
determined by improved level of hydroperoxide, exhausted level of glutathione, and
decreased activity of catalase, all of these factors can lead to death of cell. Toxicity research
in Caenorhabditis elegans indicated that ZnO nanoparticles have ability to prevent cell
growth and generative ability. ZnO nanoparticles can produce cytotoxicity effects via
enhancing the oxidative stress within the cell line L929 [236]; findings showed that 20nm-
ZnO induced a dose- and time-dependent reduction of number of cells compared with W4-
Zn0O, P8-ZnO and 40nm-ZnO. ZnO nanoparticles increase the hydrogen peroxide levels
(H20,) and hydroxyl radicals (-OH), reduced the molecular oxygen and glutathione levels,
and decrease the release of interleukin-8 (IL-8). The main factors responsible for the toxicity
after exposure to W4-VDR and P8-VDR are dose, exposure route, and chemical
composition. However, for the 40nm-VDR and 20nm-VDR, extra factors involve

nanosurface, nanostructures, nanosize, quantum impacts, dissolution, concentration, self-
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assembly, and assemblage. The key factors that cause the nanoparticle toxicity are

summarized in Fig. 6.1 [415].

Surface to volume
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Figure 6.1. Schematic overview summarizing the factors responsible for toxic effect of ZnO
NPs.

The toxicity of the 40nm-ZnO and 20nm-ZnO are attributed to their size. Many
reports have indicated that nanoparticles sized constantly present more risky toxicity effects
than W4-ZnO and P8-ZnO and proposed that particle size is one of the major factors that
influence the toxicity of ZnO nanoparticles. Nanoparticles also cause granulocyte and
thrombocyte activation and produce hemolysis and inflammation in human blood specimens

[416].
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The nanoparticle size is immediately related to several key characteristics, such as
chemical reaction, solubility, and surface property, which affect the interactions between
biomolecules and nanoparticles and therefore influence the nanotoxicological properties of
ZnO nanoparticles in vivo [62]. For example, reducing the size of particle increases the
particular surface area of particles, which enhances not only the aggregation of nanoparticle
but also improves of reactivity and promotes the interactions between nanoparticles and
biomolecules. Variations in the ZnO nanoparticles’ radius size lead to several cell uptake
rates, which impact toxicity. Particle toxicity is also correlated to dimension; particles with
one-dimensional structures present high toxicity affects [417].

Besides particle size, surface characteristics such as the surface defect and surface
charge of the nanoparticles are also main factors that determine the toxicity of ZnO
nanoparticles. Hwang and colleagues [418] reported that the cytotoxicity of metal oxide
nanoparticle was correlated to the surface charge, and the impact of toxic to bacterium
decreased if the cation charge enhanced. Reports have demonstrated from the estimate of
attractiveness of electrovalent that particles of zincative bacterium could be attracted by the
metal oxide nanoparticle cation surface; particles with low charge are easy to attract. The
same case applies when positively charged particles are adsorbed onto negatively charged
proteins such as albumin. Even if particles have a negative charge, they can be absorbed onto
albumin by mediating cations such as calcium (Ca®*) [419]. Furthermore, Berardis et al.
[236] compared the effects of cytotoxicity among same size of ZnO and TiO, nanoparticles
and examined their differential impacts on marine algae, proposing that their chemical
combinations also performed a significant function. The surface characteristics of
nanoparticle can be adjusted by nanoparticle functionalization using functional molecules
[420]. These functionalized nanoparticles have superior disparity in aqueous solution, which
retains most of the size-dependent impacts. If the characteristics of surface cannot be
demonstrated, nanoparticles might readily accumulate into significant particles and react

with organs and biomolecules, probably leading to toxicity [421]. More research must be
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done to develop the functionalization and nanoparticles synthesis for the preferred use of
metal oxide nanoparticles while decreasing their toxic effects to human and environment.

The dissolution of nanoparticle metal ions is another major factor that causes
toxicity. Solubility is a significant characteristic that responds to the impacts of toxic on
several cells. Brunner et al. [414] observed that the soluble metal oxide nanoparticles showed
higher toxic effect compared with the unsolvable ones at the identical concentration after six
days. This phenomenon may be attributed to the larger surface areas of nanoparticles that
interact with the solvent molecules compared with the bulk ones at the same weight. Nano
sized particles exhibit fast dissolution. The solubility of the 40nm-ZnO and 20nm-ZnO in
DMEM is higher than that of W4-ZnO and P8-ZnO. Hence, ZnO nanoparticle samples are
more toxic, as shown in this work.

The emission of metal ions from the nanoparticles was low, and minimal Zn ions
concentrations did not show any cytotoxic impacts. Many researchers have suggested that
Zn** can be released from ZnO nanoparticles, and the quantity of soluble ions was diverse in
different media. Cytotoxicity studies demonstrated that ZnO nanoparticles have toxic effects,
and the Zn fraction released from the ZnO nanoparticles is considered for only a limited
effect of this toxicity. Cell toxicity depends on the contact with the nanoparticles instead of
exposure to solutions with soluble metal ions. However, researchers indicated that this
toxicity may be dependent on the cell used types. When time of exposure was extended to 72
h, the Zn** released from the ZnO nanoparticles led to a considerable damage in DNA and
believed for 31% of membrane damage [422]. Both the metal oxide nanoparticles and
soluble ions may have a cytotoxicity effect. Consequently, the toxic impacts of ZnO

nanoparticles are the combined influences of particles and dissolvable ions.

6.3  Biocompatibiliy of ZnO micro and nanoparticles-based discs
Before any material is used for medical application purposes, it must pass a series of

tests for biocompatibility and toxicity to the tissue or cell. To reduce the extent of safety
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studies in laboratory animals, utilizing cultured cells in vitro in controlled conditions is one
of the most frequently used methods because in vitro studies give more advantages than in
vivo during the screening and early evaluation of a biomaterial. One important parameter that
affects the biocompatibility is the biomaterial—cell interaction characteristic [423-425].

The fibroblast cell line is one of the cell lines usually used for biocompatibility
evaluation. L929 cells, which are originated from an immortalized mouse fibroblast cell line,
are internationally well-known cells that are usually applied in in vitro cytotoxicity
evaluations [426]. In this study, L929 cell line was used to investigate the in vitro
cytotoxicity of different particle sizes of ZnO powder using trypan blue exclusion method,

following the ISO-Standard 10993-5.

6.4 In vitro cytotoxicity trypan blue exclusion assay

In this study, the in vitro cytotoxicity evaluation was carried out using trypan blue
exclusion assay method to obtain the viable cells number present in a cell suspension. The
method is established from the principle that live cells have undamaged cell membranes that
prohibit several dyes, such as trypan blue, propidium, or Eosin, whilst dead cells do not. A
viable cell would have an obvious cytoplasm whilst a nonviable cell would have a blue
cytoplasm [427].

Trypan blue, which is usually utilized to stain non-viable cells exclusively, provides
the required elevated signal-to-noise ratio; but the disadvantages of trypan blue exclusion
assay compared with other assay include the use of a traditional quantification technique,
time-consuming cell counting method, sampling error, and bias-prone investigator [428]. In
this study, trypan blue exclusion method was utilized to investigate the effect of introducing

different particle sizes of ZnO powders into the cell culture.
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Figure 6.2. Percentage of cell viability and dead cell of L929 at (a) W4-Disc, P8-Disc,
40nm-Disc and 20nm-Disc, and (b) W4-VDR, P8-VDR, 40nm-VDR and 20nm-VDR after
72 hours in cultured with L929. Mean + SD (n = 3). (ANOVA) followed by Bonferroni
correction suggested statistically obvious variation when compared with control (*P < 0.05).
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Fig. 6.2 shows the percentage of cell viability and the percentage of dead cells of
L929 at (a) W4-Disc, P8-Disc, 40nm-Disc, and 20nm-Disc and (b) W4-VDR, P8-VDR,
40nm-VDR, and 20nm-VDR. The figures show that the W4-Disc and W4-VDR had the
highest percentages of cell viability of 83.5% and 64.9% L929 cell growth in the culture
medium, respectively. Compared with the control, no significant differences can be seen.
The results from this trypan blue exclusion method suggest that decreasing the ZnO particle
size from W4-ZnO to 20nm-ZnO increases the toxicity to L929 cell line. The percentages of
cell viability were 68.3%, 38.1%, and 19.8% for the P8-Disc, 40nm-Disc, and 20nm-Disc,
respectively, and 41.5%, 22.2%, and 11.4% for the P8-VDR, 40nm-VDR, and 20nm-VDR,
respectively.

On the contrary, the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-VDR (Fig. 6.2 (b))
show higher percentages of dead cells compared with the W4-Disc, P8-Disc, 40nm-Disc and
20nm-Disc. This result may be attributed to the significant effect of Bi,O; and Mn,Os in the

L929 cell growth, making the varistor more toxic than the pure disc.

Note that the counting of live and dead cells as we investigated by using trypan blue

exclusion method can be seen in APPENDIX D.

6.5 Effect of different ZnO particle sizes and various concentrations on cell
viability

The effects of various concentrations of W4-Disc, P8-Disc, 40nm-Disc, and 20nm-
ZnO-Disc and varistors on the viability of L929 cells were evaluated by trypan blue
exclusion assay (Fig. 6.3 (a and b)). The results show that exposure to different samples for
72 h leads to a dose-dependent increase in mitochondrial dysfunction. A statistically
significant difference was observed among the different metal oxides. Compared with the
untreated control in DMEM cultured medium, the 20nm-ZnO showed higher cytotoxicity at

25, 50, 75, and 100 pg/ml concentrations. The trypan blue exclusion assay showed that the
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20nm-ZnO was the most toxic to L929 cells, followed by the 40nm-ZnO, P8-Zn0O, and W4-

ZnO in descending order.
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Figure 6.3. Percentage of cell viability of L929 at different concentration of (a) W4-Disc,
P8-Disc, 40nm-Disc and 20nm-Disc, and (b) W4-VDR, P8-VDR, 40nm-VDR and 20nm-
VDR. Mean = SD (n = 3). (ANOVA) followed by Bonferroni correction suggested
statistically obvious variation when compared with control (*P < 0.05).
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As the practical use of nanoparticles grows, considering their possible opposite
impacts on the ambience and human health has become very important [421]. However,
nanoparticle safety evaluation on the ambience and human health are not enough [429].
Several studies have discussed the toxicity of these nanoparticles and subsequently compared
these toxic effects. The cellular effects of nanoparticles are significantly dependent on
structural and chemical characteristics, solubility, shape, and surface/mass ratio.
Furthermore, the actual particle sizes in suspension are different from the original primary
size. The current research aimed to determine and compare the possible toxicity of four types
of ZnO powders (W4, P8, 40nm, and 20nm) with different primary sizes that are
significantly used in industrial manufacture.

In vitro, different particle sizes of ZnO powders were tested for their ability to
induce toxicity in L929 cells. Various ZnO suspensions were prepared and subjected to the
cells at concentrations of 25, 50, 75, and 100 pg/ml. After 72 h treatment of the W4-Disc,
P8-Disc, 40nm-Disc, and 20nm-Disc and W4-VDR, P8-VDR, 40nm-VDR, and 20nm-VDR
samples, the cell viability was calculated for each case. The results indicated that all types of
Zn0O samples induced reduction in cell viability compared with the cultured medium control.
The viability of cells progressively reduced by increasing the concentrations of ZnO for both
the disc and varistor samples. These four types of ZnO produced cytotoxicity in a
dose-dependent manner over the 72 h treatment period. Microscopic observations were
performed to determine the impacts of the different types of W4-ZnO, P8-ZnO, 40nm-Zn0O,
and 20nm-ZnO on cell morphology, and the results suggested that these particles could enter
into the cells and produce morphologic alternation in a dose-dependent manner.

In agreement with the findings in this work, dose-dependent cytotoxicity in
nanoparticles materials-exposed cells was also reported by several other research groups
[430, 431]. The cell viability was obviously decreased by treatment with the media that
contain various concentrations of ZnO samples. The metal oxide nanoparticles, such as

40nm-Disc and 20nm-Disc exhibited toxicity in mammalian cells, causing the generation of
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reactive oxygen species (ROS), excitation of inflammation, oxidant injury, and cell death
[237, 414, 432-434]. In addition, exposure to 20, 40, and 50 nm nanoparticles led to
cytotoxicity in a dose-dependent manner at dosage levels between 10% and 100% in cultured
L929 cells and human bronchoalveolar carcinoma-deduced cells that were related to
increased oxidative stress [435, 436]. Simon-Deckersa et al. reported that metal oxide
nanoparticles were able to rapidly enter into cells and be distributed inside the cytoplasm and
intracellular vesicles [437]. Furthermore, Virgilio et al. reported that exposure to titanium
oxide and aluminum oxide nanoparticles led to dose-related cytotoxic effects by alteration in
the lysosomal and mitochondrial dehydrogenase activity in CHO-K1 cells [430]. These two
nanoparticles were found to form vesicles within the cells.

Oxidative stress is the abnormal ROS level that causes oxidative damage in a cell,
organ, or tissue in a steady-state level. These damages can affect a specific molecule and
lead to toxic effects through the generation of peroxides and free radicals. Klaine et al. hold
that the generation of intracellular oxidative stress is a major phenomenon in the mechanisms
of toxicity of several nanoparticles [438]. Furthermore, many research groups confirmed that
ZnO nanoparticles could produce intracellular oxidative stress and lead to adverse biological

responses [237, 431, 436, 439-442].

6.6  Cell Morphology

The cell morphological changes of the control cells and the W4-ZnO, P8-ZnO,
40nm-Zn0O and, 20nm-ZnO-exposed cells are illustrated in Fig. 6.5. The cell morphology
observation was done using an integrated microscope (Integrated Microscope Zeiss-Axiovert
40-C). Fig. 6.5 shows the cell morphology of L929 after 72 h in culture medium at various
concentrations. No morphological changes in control cells were induced. The control L929
cells were completely transparent, and the attached and well-confluent monolayer in the

DMEM medium is shown in Fig. 6.4.
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With the addition of different samples of ZnO-based discs, morphological changes
were observed in the L929 cells, which are characterized by irregular shapes and cell
shrinkage compared with the control cell. The alterations in morphology of cells can
previously be revealed microscopically between 1 and 3 h after the exposure of the cell to
particular ZnO. However, the changes in the cell became more prominent as the incubation
period prolonged. Usually, after 1 day in culture medium, the L929 mouse fibroblast cells
are large and spindle shaped, with adherent cells growing as a confluent monolayer [443].

After 72 h, at low ZnO concentration (25 pg/ml), the cell morphology appeared to be
altered. With increasing doses of ZnO (50, 75, and 100 pg/ml), the morphology of L929
cells was destroyed, the cell became swollen, and the membrane integrity was lost,
especially for the 40nm-ZnO and 20nm-ZnO; nanoparticle were probably accumulated
inside the L929 cells. In addition, the transparency of the cell was lessened, and the amount
of cell fragments increased after 72 h. Among the four types of ZnO powders, the
morphology conversion was observed remarkably in the 20nm-ZnO-exposed cells, followed
by the 40nm-Zn0O, P8-Zn0O, and W4-ZnO-exposed cells in descending order (Fig. 6.5).

Nanoparticle usage continues to grow rapidly and widely in areas such as
pharmaceuticals, cosmetics, and many industrial applications. Carefully assessing the safety
and toxicity of these nanoparticles to human health is of utmost importance. The toxicity
results obtained in this work can probably be applied to assess human topical risk exposure
to nanoparticles. This study found that the ZnO nanoparticles with high diameter exhibit
toxicity in vitro; hence, further usage of ZnO nanoparticles in body fluid requires caution.
Lin et al. [441] reported that 70 and 420 nm ZnO particles can remarkably reduce cell
viability and lead to oxidative DNA destruction in A549 cells in a dose- and time-dependent
method. Therefore, future works should focus on discussing the potential risk of
nanoparticles to human health at the microscopic cellular level by implementing suitable
microscopic techniques, such as TEM, to detect the general mechanisms of the toxicity

process and to characterize exposure to nanoparticles.

216



Figure 6.4. Cell morphology of L929 after 72 hours in culture medium, untreated with ZnO
(Control).
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Figure 6.5. Cell morphology of L929 after 72 hours in culture medium at (a) 25; (b) 50; (c)
75; and (d) 100 concentrations (pg/ml) of pure and composite discs made from different
particle sizes of ZnO powder.
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6.7 Summary

Zn0O-Bi,03-Mn,0; varistors fabricated from ZnO micro-and nanoparticle powders
were prepared through a conventional ceramic processing method. SEM and XRD were
utilized to characterize the morphologies and crystal structures of the varistors. The ZnO-
Bi,03;—Mn,0; varistors composed of ZnO nanoparticles exhibited higher performance, better
quality, but greater toxicity than those composed of only ZnO microparticles with the same
composition. Furthermore, the ZnO particles with different sizes induced DNA damage and
different cytotoxicity levels.

The present work also demonstrates marked differences among the W4-ZnO, P8-
ZnO, 40nm-ZnO, and 20nm-ZnO particles at the same concentration. Compared with low
ZnO concentrations, high ZnO concentrations induced significantly higher percentages of
cell viability reduction, cell apoptosis, and morphological alternation. Furthermore, the result
of morphological observation suggests that the 20nm-ZnO showed the maximum
cytotoxicity in L929 cells, and W4-ZnO was less cytotoxic than the other samples at the
same concentration.

In summary, the present work found that the W4-ZnO, P8-ZnO, 40nm-Zn0O, and
20nm-ZnO powders cause cellular mitochondrial dysfunction, apoptosis, and morphological
modification at different concentrations (25, 50, 75, and 100 ug/ml), and the toxic effects are
clearly shown in a dose-dependent manner. Based on the results, 20nm ZnO is the most toxic
material. These findings highlight the different cytotoxicity related to the exposure to the
different types of ZnO micro- and nanoparticle-based discs and propose an extreme attention
to the safe use of these materials, especially ZnO nanoparticles, in biological fields.

This work points out several possible cytotoxicity mechanisms of 20nm-VDR

compared with W4-VDR:

e Nanoparticles adhereto the cell surface, thereby changing the features of

membrane. The small size and excessively huge surface area of the nanoparticles

222



enable them to produce intense contact with the surface of microorganism [444].
The cells attachment to such a surface relates with the nanoparticles surface zeta

potential.

ZnO nanoparticles penetrate inside the L929 cell, thereby leading to DNA
destruction. In the study of Choi and Hu [445] the nitrifying organisms
suppression was related with the fraction of ZnO nanoparticles less than 50 nm,
which was more toxic than another ZnO form (W4 and P8). The author suggested
that this finding may be caused by the simpler (active) transfer via the cell

membrane of uncharged ZnO nanoparticles than of charged Zn ions.

The degeneration of ZnO nanoparticles lead to release Zn®* ions that can react
with sulfur-containing proteins within the wall of L929 cell, thereby leading to
compromised functionality. This phenomenon is predominantly considered as the
essential mechanism of the cytotoxicity of ZnO nanoparticles [422], hence, the
broad knowledge of the cytotoxic behaviors of Zn*" ions can be used to ZnO
nanoparticles. Simultaneously, the cellular resistance problem to Zn®* ions stills
significative for least particular functions of ZnO nanoparticles. The reaction of
solved Zn** ions with the wall of cell and cytoplasmic proteins was also suggested
by Choi et al. [446], who also highlighted that the interaction of Zn?* ions with the
thiol group of vital enzymes may lead to their impaired role or inhibition. The
interchange of Zn** ions among inorganic sulfur compounds and thiols was
likewise suggested by other researchers [447]. The disturbance of breathing and
motive force of proton establishing caused by the reactions with the thiol groups
of enzymes and another proteins were also reported by Sedlak et al. [448].
According to Samberg et al. [449], the cytotoxic activity of Zn*" ions is attributed

to the synergistic impact among the Zn?* ions binding to the wall of cell, their
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uptake and following aggregation within the cell, and their intervention with
critical biomolecules within the cell. According to the researchers, the Zn** ions
stable release from the dissolution of ZnO nanoparticles is a serious role of ZnO
nanoparticles that must be believed previously to composition. According to
Wong and Liu [450], Zn* ions have the ability to interact with phosphorus-
consisting of compositions (e.g., DNA). The intervention with DNA duplication
processes, which stops cellular reproduction and reduces the cells number over
time, was also mentioned by several researchers as a result of subject to Zn** ions
that dissolve from ZnO nanoparticles. The generation of free radicals and
production of oxidative stress should also be considered subsequent the uptake of

silver nanoparticles/ions, and these were reported by several researchers [444].

e Reactive oxygen species (ROS) can be created out the cell, in the medium, or
within the cell likewise as a result of cell destruction/disturbance [450]. According
to Choi and Hu [446], the growth of cell repression due to whole considered
samples forms was related with intracellular ROS levels. Photocatalytic ROS
fraction did not observe such a correlation. Given that the concentrations of ROS
were various for every sample, the researchers concluded that different toxicity
sources must also be taken in to account. Even though certain relationships exist
between repression of cell growth and concentration of Zn®* ion, ZnO
nanoparticles were found to be more toxic than the similar Zn®* ions concentration
perhaps because of the enhanced localized the ions concentration that surround the
nanoparticles and the differential localization caused by the active transport of

ZnO nanoparticles into cells through receptor-mediated processes.

The following table explained the major variations among ionic, nanoparticle and bulk

ZnO.
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Table 6.1. Summary for main different between ionic, nanoparticle and bulk of ZnO.

lonic Nanoparticles Bulk
No surface area Large surface area-potential Small surface area-slow
for rapid dissolution dissolution

Highly reactive, precipitates

Highly reactive

Oxidative potential

Limited oxidative capacity

Easily gets inside cells
(equilibrium partitioning)

Ability to uptake via active
processes

No uptake by cells

Forms complexes with
inorganic and organic

Binding of biomolecules

Limited binding of
biomolecules
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

W4-Disc, P8-Disc, 40nm-Disc and 20nm-Disc were successfully prepared by
conventional ceramic processing, and then annealed at different conditions. SEM, XRD, and
AFM were used to characterize the disc morphologies and crystal structures. The ZnO discs
crystal quality significantly depended on the heat treatment ambient. The grains grew larger
and more structured and resembled polygons (hexagon) compared with the as-sintered discs,
and the pores became small. The thermal treatment in O, atmosphere enhanced the rather
dense morphology of ZnO discs, whereas annealing in N, atmosphere led to a partially
porous morphology.

The 20nm-Disc had the largest particle size compared with the W4-Disc, P8-Disc,
and 40nm-Disc, which led to a big drop in breakdown voltage and improved the different
electrical behaviors. This phenomenon may be caused by the huge S/V ratio in the 20nm-
ZnO. The ceramics’ breakdown voltage is immediately proportional to the quantities of
boundaries among grains per unit of thickness and subsequently to the inverse of the size of
ZnO grain. Another considerable change was that in the resistivity (p) at the high-resistivity
region, whereby the p at the W4-Disc dropped significantly for the 20nm-Disc after
annealing. The extreme gas absorption during the annealing treatment reduced the potential
barrier of the "P-N junctions™, there by resulting in the big drop in p. The annealing
treatment in oxygen ambient also improved the crystallinity of grain, as explained by the
relaxation of the compressive stress with heat treatment, which became tensile dependent on
the XRD lattice constant and FWHM data. Furthermore, the intrinsic defects difference
within disc such as zinc vacancy, oxygen vacancy, antisite oxygen, and interstitial oxygen

with oxygen pressure (poz) can be expressed during the oxygen annealing process.
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Significant changes in the relative intensity of the ultraviolet and the green visible
luminescence were observed with different particles size of ZnO powder and different
annealing treatments. The chemisorption and desorption of oxygen during annealing and the
subsequent surface band bending, instead of the oxygen vacancy concentration, were shown
to be the mechanism that explains the observed changes in photoluminescence. The optical
band gap decreased with improving grain size and rise tensile stress. The 20nm-Disc and
40nm-Disc were found to consist of an extremely high structural defects concentration, as
denoted by the broad and dominant visible emission in photoluminescence spectra.

Therefore, based on the previous studies on the discs, the 20nm-Disc exhibited better
structural, optical, and electrical properties with low breakdown voltage compared with the
WA4-Disc, P8-Disc, and 40nm-Disc. This electronic structure change led to major changes in
the optical properties of the 40nm and 20nm discs compared with the W4-Disc and P8-Disc.
The 20nm-ZnO possesses sufficient quality to open diverse areas and allow generation of
experiments to functionalize and merge the material in to devices. A critical application of
the dependence of the different properties of ZnO-based varistors on the nanoparticle size is
that one type of semiconductor can be used to produce various kinds of varistor with
different properties by simply changing the particle diameter. Another application being
researched for these nanoparticles is their large surface-to-volume ratio, which has a
significant effect on the varistor.

Meanwhile, 40nm-VDR and 20nm-VDR were fabricated by conventional ceramic
processing method that involves ball milling, drying, pressing, and sintering. The different
annealing ambient had comparable effects on the W4-VDR and P8-VDR. Thermal annealing
treatments in oxygen and nitrogen atmospheres caused the grains to grow. Furthermore, the
surface morphology of the ZnO microparticle- and nanoparticle-based varistors was found to
be dependent on the annealing treatment under different atmospheres. The Bi-rich phase was
interrelated and continuous over the four- and three-grain junctions throughout the

microstructure of varistor. Annealing treatment also improved the crystallinity of grain, as
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clarified through the XRD analysis. Several peaks of the varistor annealed in oxygen
atmosphere were somewhat higher than those of the varistors annealed in the other
atmosphere. However, the W4-VDR, P8-VDR, 40nm-VDR, and 20nm-VDR showed higher
and narrower diffraction peaks with smaller FWHM with annealing process compared with
the as-grown varistor sample, revealing better crystallinity and structure ordering of ZnQO in
the grain and grain boundaries. The 40nm-VDR and 20nm-VDR had thermodynamically
stable crystallographic phase, and the peak intensity indicated the high degree of
crystallinity. However, the peak width in the 40nm-VDR and 20nm-VDR increased
compared with those in the W4-VDR and P8-VDR because of the quantum size effect in the
nanoparticles. The UV luminescence for the varistor treated in O, atmosphere was the
superior. This observation was agree with the XRD analysis results, which showed that
thermal annealing in O, atmosphere decreased the ZnO interstitials, thereby increasing the
radiation transition, decreasing the nonradiative transition, ultimately enhancing the ZnO
crystal quality. The different behaviors of the varistors at various annealing atmosphere were
attributed to the potential barrier generation and to the O, species at the boundary among
grains that formed the Schottky-like barrier and trapping states. The excellent nonlinear |-V
characteristic of the 20nm-VDR with low breakdown voltage and resistivity was caused by
the significant surface area of the ZnO nanoparticles, which improved the homogeneity with
low porosity and high sinterability. This study reflected that the electrical behaviors of the
varistors manufactured from 20nm-ZnO were superior to those of the varistors made from
W4-ZnO. The variance in the defects and homogeneity of the microstructure performs a
significant function in distinguishing the electrical behaviors of ZnO varistors.

Bioactivity studies on the WA4-Disc, P8-Disc, 40nm-Disc and, 20nm-Disc and W4-
VDR, P8-VDR, 40nm-VDR and, 20nm-VDR were also carried out. For medical application
purposes, samples must pass a series of tests for biocompability and toxicity to the tissue or
cell. This study investigated the biocompatibility of different particle sizes of ZnO-based

discs on connective mouse skin fibroblast (L929) by trypan blue exclusion assay. After 72 h,
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the viability of L929 cell culture reduced with the rise in ZnO concentration (pg/ml). At
concentrations between 50 pg/ml and 100 pg/ml, the values indicated significant toxicity to
the L929 cells and were various from the control at levels of P< 0.05. Low concentration (25
pg/ml) exhibited no considerable difference from the control.

No morphological changes were observed on the L929 cells when in contact with
different particle sizes of ZnO at 25 pg/ml concentration; the cells retained their original
morphological characteristics. However, at concentrations greater than 25 pg/ml, the cells
decreased in density, showed retraction and a round appearance that does not touch adjacent
cells, became swollen, and lost integrity of membrane. The cells transparency was lessened,
and the quantities cell fragments grow after 72 h.

The results indicated that all types of ZnO samples induced reduction in cell viability
compared with the cultured medium control. The viability of cells gradually reduced by
increasing the ZnO concentrations for both the disc and varistor samples. These four types of
ZnO produced cytotoxicity in a dose-dependent manner over the 72 h treatment period.
Furthermore, the result of morphological observation also suggested that the 20nm-ZnO
caused maximal cytotoxicity in L929 cells, and W4-ZnO seemed to be less cytotoxic than
the other samples at the same concentration.

In summary, our results show that the four types of ZnO lead to cellular
mitochondrial dysfunction, apoptosis, and morphological modification at different
concentrations (25, 50, 75, and 100 pg/ml), and the toxic effects are clearly shown in a
dose-dependent manner. ZnO nanoparticle is a very toxic material. This finding highlights
the differential cytotoxicity related to the exposure to the W4-Disc, P8-Disc, 40nm-Disc and,
20nm-Disc and W4-VDR, P8-VDR, 40nm-VDR and, 20nm-VDR and proposes an extreme

attention on the safe use of these materials, especially ZnO nanoparticles, in biological field.
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7.2

Future studies
The present research work leaves the following future prospects:
Investigate the lightening effect on the electrical properties of high-voltage ceramic

varistors fabricated from micro- and nano-sized ZnO powder.

Given the many morphologies and kinds of ZnO nanoparticles, their transport
characteristics in the varistor can be studied for the different structures and shapes

as well as for the various diameters of nanoparticles or nanowires/rods.

Investigate the effects of various PVA percentages on the green strength of the

varistor and particle size distribution of ZnO. PVA can be used as binder.

Study the effects of fritting certain varistor additives prior to mixing with the main

varistor batch. Fritting can enhance wetting.

Study the bioactivity of ZnO varistor, including the toxicity, anti-bacterial, anti-
fungal, or anti-cancer properties. Investigate in detail how these studies can affect

the surface morphology and behaviors of varistor.

ZnO varistors manufactured from ZnO nanoparticles may be used on other

industrial and medical applications, such as filing materials in bones.

The ZnO nanoparticles used to fabricate the varistor and discussed in this

dissertation can be replaced by other metal oxide nanoparticles such as SnO, or

TiO,.
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8. Study the effects of heat treatment annealing on the ZnO nanoparticle powder in
oxygen-rich ambient and oxygen-deficient ambient before mixing with the
additives. Oxygen is significantly electronegative with respect to zinc, and it tends

to produce ZnO once bonded.

9. The UV and green band in the ZnO nanoparticles are very sensitive to defects and
dopants in the varistor, as observed in this work. Therefore, they can be tuned by
the type of dopants used during varistor preparation. The amorphous layer around
the nanoparticles might possess useful properties and can possibly be doped and
considered to understand the fundamental science and potential for useful

applications.
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APPENDICES

APPENDIX A

AVERAGE GRAIN SIZE CALCULATION

The following describes the method used to measure average grain size.

1 —Ten lines of the same length are drawn onto a transparency, as shown in next Figure.

2 — The transparency is then placed on top of the micrograph photo containing the image of

the grain distribution.

3 — Each line crosses several grain boundaries. The total crossing are then determined for

each line.
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4 — Data is tabulated; an example is shown below.

Line number Total number of crossing
1 6
2 6
3 4
4 5
5 5
6 8
7 4
8 3
9 5
10 5
TOTAL 51

5 — Average grain size is calculated, as follows:

Length of line = 10 cm

Total lines =10

Total length of line = 10 cm x 10 = 100 cm

Total number of crossings = 51

Therefore, one grain size is 100 cm /51 =1.96 cm

264




6 — Referring to the micrograph photo in Figure 4.2, the average grain size can be

determined by using the scale given as 1 mm : 5 micron or 1 cm : 50 micron.

50 micron/1cm X 1.96 cm =98 micron.
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APPENDIX C

CALCULATION THE STRESS IN TABLE 4.2 FOR X-RAY PHASE

ANALYSIS

2Cf3—Cs3 (C11—C12)) (Co —C)

By using the following equation: ¢ = (

C13 Co
W4-Disc:
As-grown:
6= (453.6) (“T5) = (453.6)(—0.00172877) = —0.784
No:
o = (453.6) (%) = (453.6)(0.00096043) = 0.436
(OPK
o = (453.6) (%) — (453.6)(0.00038417) = 0.174
P8-Disc:
As-grown:
6= (453.6) (“5-) = (453.6)(—0.0013446) = —0.601
No:
o = (453.6) (52"562%) = (453.6)(0.00057626) = 0.261
Oa:
= (453.6) (%) = (453.6)(0.00019209) = 0.087
40nm-Disc:
As-grown:
6= (453.6) (ZT5) = (453.6)(—0.00076834) = —0.349
N,:
6= (453.6) (*52) = (453.6)(0.00211295) = 0.958
(0PN
G = (453.6) (%) = (453.6)(0.00153669) = 0.697
20nm-Disc:
As-grown:
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= (453.6) (W) = (453.6)(—0.00057626) = —0.261
N,:

o = (453.6) (W) = (453.6)(0.0026892) = 1.219

Oa:

o = (453.6) (W) = (453.6)(0.00230503) = 1.046
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APPENDIX D

IS0 21348 information is provided courtesy of Space Environment Technologies

Spacenvironment@spacenvironment.net

hitp://SpaceWx.com

ISO 21348 Definitions of Solar Irradiance Spectral Categorles

Speciral Spat:lr! Wawlerm range {rm) ‘Wavelengih range [Sl pre-
caegory Tixes from Tabie 2)

"ot Solar TUFISK, 1 U3 B0lar IMadlance Inte-
Imadiance grated across all wavelengths
Gammaays 0.00001 = 7. < 0.001 10Tm=4<1pm
HeAays 0001 5% <0.1 1pm =5 < 0.10 nm Hard X-rays

X Lisk< 10 Di0nm sk < 10 nm Soft X-rays
‘Uliraviiet ] 100 = . < 400 100 nm = 5. < 400 rem Uhtraviciet
vuv 1055 < 200 10 nm = & < 200 nm Viacuum Uliraviolet
EUV 0=k <121 10 nm = & < 121 nm Exireme Ultravioiet
H Lyman-o 1215k <122 121 nm = k< 122 nm Hydrogen Lyman-alpha
FUV 122 53 <200 122 nm = b < 200 rm Far Uiraviolet
(LT 100 = & < 280 100 nm = & < 250 nm INtraviiet C
MUY 200 = . < 300 200 nm = & < 300 nm Mickdie Utravioled
UVE 2B0 5 <315 280 nm = &< 315 nm INtraviciet B
NV 300 5 . <400 300 nm = & < 400 rem Maar Uliraviolet
UVA 355k <400 315nm =3 < 400 nm UNtraviist A
Visibie IS 36051 = 760 300 nm = 1. < 760 nm ‘opiical
360 5 L <450 350 nm = & < 450 nm purpie
450 5} < 500 450 nm = 3. < 500 nm bue
500 5 & < 570 500 nm = & < 570 nm green
5705} <591 570 nm =3 < 581 nm yeliow
501 5 <610 531 nm =& < 610 nm orange
6105 <760 510 nm = & < TE0 nm red
Infrared ] T60 =5 < 1000000 TEQNM = 7. = 1.00mm
IR-A T 53 = 1400 TEONM s & < 140 mm Maar Infrared
IR-B 1400 =3 < 3000 1.50 mm = & < 300 mm Mickdie Infrared
IR-C 3000 = 5. < 1 000000 300 mm s . < 1.00mm Far Infrared
Wicrowave 1000000 = & < 15000000 100mm =17, < 1500 mm
W 300x 10" = 3, < 5.35<10° 3.00 mm =k < 5.35 mm (100.0 = v=> 55.0) GHz
W 535 10" = 3, < 6.5 10" 5.35 mm =k < 6.52 mm (56.0 = w= 46.0) GHz
a 6.52x10% = 3, < B33 10° £.52 mm =} < £.33 mm (46.0 = w= 36.0) GHz
K 833w 10" s 1< 275107 E33mm sk < 27.5mm [36.00 = v= 10.90) GHz
X 27510 = 3 < 577107 27.50 mm = & < 57.70 mm (10,90 = v=> 5.20) GHz
c 4584510 5 3, = 765G 10" 4540 mm = & < 75.90 mm (6.20 = w= 3.90) GHz
5 5.77x10" 5 3 < 1.93<10" 57.70 mm = & < 153,00 mm (5.20 = w= 1.55) GHz
L 1.53x 10" 5 . < 760 10° 19300 mmsh<7E3.00mm  (1.550 = > 0.390) GHz
] 7.6310" 5 3 < 1.33<10° TEA.00 mm S < 1.33m (0.380 = v= 0.225) GHz
“Fadio 100000 = 1. < 100000000000 0.i0mm= &= 100m MeasLIements: (1000000 1. < 10
000000 D00} rm
EHF 1.00x10° = 3. = 1.00« 10" 1.00 mem= 3. < 10.00 mm Extremely High Frequancy {300 =
v=30) GHz
SHF 1.00w 10" 5 3 < 1.00x10° 10.00 mm = & < 100,00 mm Super-High Frequency (30 z v = 3)
Ghz
UHF 1.00w10" 5 3. = 1.00c10° 100,00 mm s . < 1.00 m (Mra-High Frequancy (3000 =
v = 300) MHZ
VHF 1.0010% = 3. = 1.00w10™ 1.00 m = 3 = 10,00 m Very-High Frequency (300 = v= 30)
MHZ
HF 1.00%10% 5 3 < 1.00x10™ 10,00 m s A < 100.00 m High Frequency (30 = v> 3) MHz

IS0 21348 Process for Determining Solar Irradiances Compliance Criteria

Rationale

The compliance criteria for this stmdard consist of activities that are commen fo selar imadiance product fypes (section 5) and solar imadiance
speciral catepories (section §). These criteria specify a compliance process for the determination of solar
documenting,

publishing. and archiving of solar imadiance prodocts.
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APPENDIX E

CYTOTOXICITY RAW DATA

1- Live cells and dead cells for different samples of ZnO pure discs and doped discs

(varistor) "at 25 % ZnO concentration:

Sample Live Cell Dead Cell

Control (1) 417 6
442 8

Control (2) 433 10
449 6

W4-Disc (1) 311 22
323 17

W4-Disc (2) 417 31
403 13

P8-Disc (1) 345 20
332 32

P8-Disc (2) 357 21
417 34

40nm-Disc (1) 320 34
313 27

40nm-Disc (2) 401 18
327 29

20nm-Disc (1) 331 22
338 30
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20nm-Disc (2) 323 17
315 39

W4-VDR (1) 361 12
364 23

W4-VDR (2) 351 19
371 20

P8-VDR (1) 382 22
311 19

P8-VDR (2) 381 30
380 31

40nm-VDR (1) 354 28
360 22

40nm-VDR (2) 343 28
381 31

20nm-VDR (1) 322 22
370 30

20nm-VDR (2) 351 30
362 29
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2- Live cells and dead cells for different samples of ZnO pure discs and doped discs

(varistor) "at 50 % ZnO concentration:

Sample Live Cell Dead Cell

Control (1) 417 6
442 8

Control (2) 433 10
449 6

W4-Disc (1) 133 122

223 117

W4-Disc (2) 315 131
199 96

P8-Disc (1) 247 120
135 78

P8-Disc (2) 98 221
288 98

40nm-Disc (1) 192 134

211 176

40nm-Disc (2) 199 180
222 97

20nm-Disc (1) 177 122

165 130

20nm-Disc (2) 274 107

175 174

W4-VDR (1) 188 155

197 123
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WA4-VDR (2) 295 189
200 120

P8-VDR (1) 199 99
132 119

P8-VDR (2) 95 180
98 160

40nm-VDR (1) 86 176
110 177

40nm-VDR (2) 79 165
85 94

20nm-VDR (1) 76 118
70 107

20nm-VDR (2) 151 178
62 196
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3- Live cells and dead cells for different samples of ZnO pure discs and doped discs

(varistor) "at 75 % ZnO concentration:

Sample Live Cell Dead Cell

Control (1) 417 6
442 8

Control (2) 433 10
449 6

W4-Disc (1) 101 122

40 103

W4-Disc (2) 143 89

141 154

P8-Disc (1) 110 190

39 111

P8-Disc (2) 89 88

121 138

40nm-Disc (1) 98 134

77 166

40nm-Disc (2) 86 156

121 208

20nm-Disc (1) 63 178

103 222

20nm-Disc (2) 47 190

43 210

W4-VDR (1) 83 218

49 267
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WA4-VDR (2) 121 119
43 220

P8-VDR (1) 111 135
28 143

P8-VDR (2) 47 187
11 131

40nm-VDR (1) 74 202
34 151

40nm-VDR (2) 67 153
88 104

20nm-VDR (1) 49 233
53 130

20nm-VDR (2) 11 229
27 245
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4- Live cells and dead cells for different samples of ZnO pure discs and doped discs

(varistor) "at 100 % ZnO concentration:

Sample Live Cell Dead Cell

Control (1) 417 6
442 8

Control (2) 433 10
449 6

W4-Disc (1) 110 322

131 317

W4-Disc (2) 93 231

41 313

P8-Disc (1) 101 220

71 232

P8-Disc (2) 35 321

121 234

40nm-Disc (1) 57 134

93 327

40nm-Disc (2) 67 218

34 229

20nm-Disc (1) 43 322

33 211

20nm-Disc (2) 22 307

27 208

W4-VDR (1) 52 311

61 290
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W4-VDR (2) 33 319
54 320

P8-VDR (1) 65 222
55 319

P8-VDR (2) 34 230
32 231

40nm-VDR (1) 20 328
12 222

40nm-VDR (2) 14 228
10 331

20nm-VDR (1) 9 322
10 330

20nm-VDR (2) 7 330
19 129
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APPENDIX F

RESEARCH PAPER PUBLICATIONS AND CONFERENCES

(Total impact factor =9.7)
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