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ABSTRACT 

The semiconductor material of zinc oxide (ZnO) has been studied intensively for decades 

due to its numerous unique electrical and optical properties, such as wide bandgap, high 

exciton binding energy at room temperature, and high refractive index. These properties 

can lead ZnO material to the applications of electronics and optoelectronics.  More 

importantly, the realization of various kinds of ZnO micro- or nano-structures, makes 

ZnO capable to improve the electrical and/or optical performances of the devices. 

Different micro- or nano-structured ZnO has attracted much attention from researchers 

worldwide in the recent years as this will bright the future of ZnO in the applications of 

light emitting diodes (LEDs) and solar cells. And thus, developing a simple, low-cost, 

and environmental friendly method to grow ZnO having desired micro- or nano-

structures is of great importance in the research field of ZnO material, and this becomes a 

key issue when a large-scale production is required in the industry. Meanwhile, the 

parameter control during the synthesis procedure is essential to be modified and clarified. 

The main focus of this thesis is on developing a simple, inexpensive, and solution 

based thermal method to grow spherical shaped ZnO particles having uniformly 

distributed size. The growth parameters for controlling the size and shape, such as the 

hydrate, solvent, salt concentration, reaction temperature, reaction time, seed solution, 

and heating rate, are experimentally studied and clarified in this thesis. This method has 

the advantage of large-scale production and good reproductivity with low requirements in 

regard to the facilities and experimental conditions in industry. At the same time, the 

related growth mechanism of the submicron ZnO spheres is studied, derived, and 

theoretically analyzed in this thesis, based on the observation in the experiments. 

Another focus of this thesis is on the study of the surface morphologies and optical 

properties of the synthesized ZnO particles. The surface morphologies are analyzed by 

the techniques of field emission scanning electron microscopy, X-ray diffraction, and 
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transmission electron microscopy. The optical properties of the synthesized ZnO particles 

are experimentally investigated by Raman spectroscopy and photoluminescence at room 

temperature. Furthermore, the related luminescence mechanism is theoretically studied, 

modelled, and presented in this thesis. 

In order to explore the applications of the synthesized ZnO spheres, the composite of 

ZnO/V2O5 (zinc oxide/vanadium pentoxide) is designed, fabricated, experimentally 

investigated, and theoretically analyzed. The experimental results indicate that this 

transition metal oxide mixture can be developed to create a group of new light emission 

materials with high efficiency. Moreover, a silicon-based ZnO light emission device is 

presented in this thesis, reporting that visible light emission is observed at room 

temperature from the ZnO material which deposited on the hot electron emitting substrate 

(HEES). Finally, some of the future works of this research are suggested. 
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CHAPTER 1 

INTRODUCTION

 

1.1 A Review of ZnO History and Current Development 

The semiconductor material zinc oxide, which has a formula of ZnO, has significantly 

impacted the development of human history and will continue to do so. [1]. A lot of time 

has been devoted to the study of ZnO material; however, there are still many areas of ZnO 

that need further research in terms of its potential applications in the 21
st
 century [2].  

As far back as the 1
st
 century A.D., zinc was used to make brass by the Romans. It was 

not until the 14
th

 century that zinc was recognized as a metal [3]. At that time, ZnO was 

produced as a byproduct from the smelting process. The white powder of ZnO proved to be 

helpful as a remedy for sore eyes. In the 16
th

 century, the zinc smelting technique was 

introduced to China where it was applied to produce brasses with high zinc content. Shortly 

afterwards, zinc was imported by Europeans from China, and it was recognized as a unique 

element in the periodic table by Antoine Lavoisier in 1789 [4]. Before the electrical and 

optical properties of ZnO were utilized in the semiconductor industry, the white powder of 

ZnO was used in water colours and oil-based paints in the late 1800s [5] since it provided a 

much whiter and colder colour than lead or titanium. 

Following the first use of ZnO material in electronic devices in the 1920s, ZnO material 

began to attract the attention of international scientists and researchers who investigated its 

http://www.webexhibits.org/pigments/indiv/overview/zincwhite.html
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electrical and optical properties [6]. The first widespread use of ZnO in electronics began 

with its application in the fabrication of varistors, which allowed reliable surge protection 

[7].Since then, electronics have been safely used in residential houses without the need to 

constantly replace fried components. 

With the development of the material sciences in the 20
th

 century, ZnO became one of 

the first materials to be investigated in detail. The lattice parameter studies of ZnO date 

back to 1935, when the electron diffraction data on ZnO first appeared [8]. The first 

scanning transmission electron microscopy image of ZnO was taken from a ZnO crystal in 

1938 [9]. Temperature dependent Hall measurements of ZnO were firstly reported in 1954 

confirming the inherently n-type nature of this material [10]. Vibrational properties of ZnO 

were studied by Raman scattering in 1966 [11]. After some initial work had been 

undertaken in Germany in the 1930s, interest increased in the light emission from ZnO [12]. 

Detailed optical properties of ZnO were investigated in 1954 [13], and its growth by 

chemical vapour transport was determined in 1970 [14]. In terms of devices, gold (Au) 

Schottky barriers were formed in 1965 [15], light emission diods (LEDs) were reported in 

1967 [16], metal insulator semiconductor (MIS) structures were reported in 1974 [17], ZnO 

related p-n junctions were achieved in 1975 [18], and Al/Au (aluminium/gold) ohmic 

contacts were demonstrated in 1978 [19]. 

Tens of thousands of articles have now been published about ZnO and ZnO related 

materials. Nearly every major journal interested in materials science publishes several 

articles on ZnO every month. The substantial interest in ZnO shown by the research 

community can be attributed to its unique properties of direct bandgap and large exciton 

binding energy (~60 meV) that can lead to lasing action based on exciton recombination 

and possibly polariton/exciton interaction even above room temperature [20,21]. In addition, 

the transparency of ZnO in visible light paves the way for exploring its applications to 

transparent ohmic contacts in light emitters based on gallium nitride (GaN), solar cells, 

transparent thin-film transistors, and photonic crystal structures that can be used to extract 

light from LEDs [22, 23].  
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Since the invention of the semiconductor transistor, the semiconductor industry has 

grown at an incredible pace and semiconductor materials such as silicon (Si) and gallium 

arsenide (GaAs) have been used in a wide range of applications. However, physical 

properties required for high power, high temperature electronics, and ultraviolet (UV)/blue 

light emitter devices are beyond the limits of Si and GaAs [24]. In the recent development 

of ZnO, ZnO is considered to be an alternative material for Si and GaAs in fabricating UV 

light emitter devices [25]. ZnO has therefore become one of the most promising materials 

for electronics and optoelectronics devices. The renewed interest in ZnO in the 21
st
 century, 

particularly in the field of nanotechnology, is fuelled and fanned by the availability of high-

quality substrates and reports of p-type conduction and ferromagnetic behaviour when 

doped with transition metals, both of which remain controversial however. Furthermore, the 

spherical shaped ZnO micro- or nano-structures are proved to be suitable for photonic 

crystals fabrications, which can be used to control the wavelength of lights. 

There are several topics listed below with which ZnO research in the 21
st
 century is 

concerned. 

 Achieving reliable, stable p-type doped ZnO. Some progress has been made, with 

some reports of UV laser diodes based on ZnO p-n junctions. However, the issue of 

stability of p-type ZnO has not yet been successfully overcome. Furthermore, the 

production is still limited to the laboratory scale [26]. 

 Developing different micro- or nano-structured ZnO growth methods that can pave 

the way to large production in the semiconductor industry. A simple and low-cost 

method is essential to the future development of ZnO [27]. 

 Exploring the potential applications of ZnO to the light emitter, solar cell, and 

photonic crystals, etc., in order to reduce power consumption which is of great 

importance in solving the energy crisis worldwide [28]. 

 Transparent electronics is another hot research topic and ZnO has found its way into 

transparent thin film transistors for flexible electronics on plastics and polymer 

substrates. The conductivity of ZnO can be greatly enhanced by doping with 
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impurities. Transparent conductive oxides are necessary for flat panel displays and 

highly efficient solar cells [29]. 

  

1.2 Thesis Motivations and Objectives 

As mentioned in the previous section, a large number of academic and industrial researches 

have been devoted to the field of ZnO and its related compounds over the past decades. In 

particular, a great deal of attention has been focused on the electrical and optical properties 

of ZnO. The spread use of ZnO in various electronic and optoelectronic applications has 

also been intensively studied in recent years.  

According to the topics of discussions relating to ZnO listed in Section 1.1, the 

development of a simple and low-cost ZnO growth method for synthesizing special micro- 

or nano-structures and morphologies is vital and many investigations are necessary in this 

field. The studies of potential applications of the synthesized ZnO micro- or nano-structures 

to the light emitter, solar cell, and photonic crystals are extremely important in the current 

and future development of ZnO. All of the above mention serves as an important 

motivation in our research to experimentally design, develop, and theoretically investigate 

and analyze a solution-based ZnO growth method which can reproduce controllable 

products and potentially lead to a large-scale production. Furthermore, the optical 

properties of the synthesized micro- or nano-structured ZnO must be investigated in order 

to explore its potential applications in optical devices. 

Our research work presented in this thesis starts from the fundamental studies of the 

properties of ZnO including its physical and chemical properties. Some fundamental 

principles related to the ZnO growth mechanism, luminescence mechanism, and photonic 

crystals are introduced and discussed to provide basic background knowledge. Our research 

work therefore covers a wide range of knowledge and technologies, which represents a 
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challenging task in this thesis. In the thesis, the main objectives of our research are given as 

follows: 

 Theoretically modelling and simulating several major native point defects in ZnO 

on the basis of the full-potential linear muffin tin orbital method. 

 Fabricating a Si based ZnO light emitter. 

 Developing and modifying a two-stage solution-based method to grow ZnO spheres 

in the submicron range. 

 Experimentally studying the growth mechanism and investigating the properties of 

the synthesized ZnO spheres. 

 Exploring the potential applications of ZnO spheres to optoelectronics and photonic 

crystals. 

 Designing, fabricating, and analyzing a ZnO/V2O5 (zinc oxide/vanadium pentoxide) 

system and also investigating its properties and potential applications in electronic 

devices. 

 

1.3 Thesis Contributions 

Several contributions are made in this thesis. Firstly, some fundamentals of ZnO including 

its physical and chemical properties are reviewed in detail. These provide essential 

knowledge to the theoretical understanding of the growth mechanism and luminescence 

mechanism of ZnO and its related compounds. The several kinds of related native point 

defects in ZnO are modelled and simulated based on the full-potential linear muffin tin 

orbital method. Different ZnO growth methods and techniques are introduced and 

compared. An application of a Si-based ZnO light emitter is designed and fabricated and 

also its properties are investigated experimentally.  

Secondly, a simple and economic two-stage solution-based method is developed in this 

thesis to synthesize submicron ZnO spheres. The morphologies and sizes of the synthesized 
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ZnO spheres are investigated by adjusting the solution composition, reaction temperature 

and time, etc. The uniformly distributed submicron ZnO spheres can lead to the fabrication 

of photonic crystals in building optoelectronic devices. A possible growth mechanism is 

proposed to elucidate the growth of ZnO spheres. The optical properties of the obtained 

submicron ZnO spheres are intensively studied. Additionally, an application of the 

synthesized submicron ZnO spheres to an optical logic element is proposed based on the 

experimental results. 

Thirdly, the designed two-stage solution-based method is further modified in order to 

reduce the sizes of the achieved ZnO spheres. The heating rate and seed solution effects are 

investigated experimentally. Different sized ZnO spheres ranging from ~200 nm to ~1000 

nm are successfully synthesized and presented in this thesis. The crystal structures, 

morphologies, and optical properties and annealing effects of the obtained products are 

intensively studied. The luminescence mechanism of the spherical micro-structured ZnO is 

discussed and presented in this thesis. 

Lastly, a ZnO/V2O5 system is successfully designed, fabricated and achieved in our 

research work. Theoretical and experimental investigations including the micro-structures, 

morphologies, and optical properties of this system are carried out. The enhancing light 

emission results of this ZnO/V2O5 system pave the way for the application of the ZnO light 

emitter.    

  

1.4 Thesis Organization 

This thesis is particular in the sense that it presents a focused study of micro- and nano-

structured ZnO and related materials and devices. The thesis is presented in eight chapters, 

the contents of which are organized as follows. 
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Chapter 1 provides an overview of the thesis, including a review of ZnO history and 

current development, research motivations and objectives, thesis contributions and 

organization. 

Chapter 2 recalls the physical and chemical properties of ZnO. The growth of ZnO and 

different micro- and nano-structures by some popular techniques and methods such as 

thermal evaporation, magnetron sputtering, pulsed laser deposition, molecular beam epitaxy, 

chemical vapour deposition, and plasma enhanced chemical vapour deposition are 

presented. Some advantages and limitations of these techniques and methods are briefly 

discussed. Substrates on which ZnO is deposited along with resultant properties are also 

briefly introduced. The growth mechanism of ZnO micro- or nano-rods is specifically 

reviewed. Finally, the application of ZnO spherical particles to the solar cell is briefly 

introduced. 

Chapter 3 presents the development of a two-stage solution-based method for growing 

submicron ZnO spheres. The crystal structure, particle size, and morphologies of the 

synthesized ZnO spheres are intensively studied through the techniques of X-ray diffraction, 

field emission scanning electron microscopy, and energy dispersive spectroscopy. The 

effects of different reaction parameters on the formation of ZnO spheres are experimentally 

investigated. Additionally, a possible growth mechanism is proposed and discussed. A brief 

discussion of the optical property of the synthesized products is presented.  

On the basis of previous studies in Chapter 3, Chapter 4 presents a modified two-stage 

solution-based method in order to synthesize the submicron ZnO spheres with the diameter 

range of ~200 nm to ~500 nm. A vertical deposition technique is introduced and is applied 

to form a tight ZnO sphere film. An investigation of the uniformity and size control of the 

synthesized ZnO spheres is carried out. Some related mechanisms are discussed and 

presented in this chapter. In order to elucidate the luminescence mechanism of the 

submicron ZnO spheres, the native point defects of ZnO are modelled and theoretically 

simulated. Some related expectation results from the calculations on the basis of the full-

potential muffin tin orbital method are discussed and presented. The annealing effects of 
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the as-prepared samples are studied in two different ambiences (oxygen and argon) with 

different annealing temperatures (500
o
C and 800

o
C). The photoluminescence results of the 

annealed submicron ZnO spheres at room temperature indicate that the light emissions 

correspond to the exciton radiate recombination and native point defect of oxygen vacancy 

in the synthesized ZnO microstructures. 

Chapter 5 presents a study of the surfactants used in the ZnO growth. Interestingly, the 

experimental results show that the steric hinerance brought by the surfactant during the 

reactions can affect the size of the products. Comparisons between diethylene glycol (DEG) 

and polyethylene glycol-400 (PEG-400) are given. The PL result shows that the as-

prepared ZnO sphere samples reveal a UV emission and a broad band green emission. The 

related luminescence mechanism is briefly discussed and a possible growth mechanism is 

proposed in this chapter for the case of PEG-400. 

Chapter 6 presents the design, fabrication and investigations of a ZnO/V2O5 system. In 

this chapter, the microstructure and optical properties of the ZnO/V2O5 are studied. The 

photoluminescence results indicate that the intensity of photoluminescence in the annealed 

ZnO/V2O5 microstructures dramatically improves compared to the annealed pure V2O5 and 

the annealed pure ZnO spheres. The enhancement of light emission from the ZnO/V2O5 

compound may be attributed to the special microstructures of ZnO particles and the 

coupling effect between ZnO and V2O5. It is hoped that this transition oxide mixture can be 

developed to a group of high efficient light emission materials.  

Chapter 7 presents an additional work which we undertake in our research. The design, 

fabrication and investigation of a Si-based ZnO light emitter is given in this chapter.  

Finally, the conclusion of this research based on the work that we have done so far, and 

some possible directions for future work are presented in Chapter 8. 



 
 

CHAPTER 2 

STRUCTURE, PROPERTIES AND 

SYNTHESIS OF ZNO 

 

ZnO is a cheap chemical which is widely used as paint filler and sun block paste. It is also a 

semiconductor which has a number of applications in the electronic industry. It has been 

intensively investigated for decades. The renewed interest in this material has been fuelled 

and fanned by the development of growth technologies and has allowed for the realization 

of a number of ZnO-based electronic and optoelectronic devices. Similar to gallium nitride 

(GaN), ZnO has a wide bandgap and high exciton binding energy at room temperature, 

which makes it very important for blue and ultraviolet (UV) optical devices [30]. ZnO has 

several advantages over GaN in this application area [31-34]. Other favourable aspects of 

ZnO encompass its broad chemistry properties leading to many opportunities for 

biocompatibility [35, 36] and wet chemical etching [37]. Additionally, ZnO is also an ideal 

candidate for various devices ranging from sensors through to UV laser diodes and 

nanotechnology-based devices [38-40].  

The purpose of this chapter is to provide fundamental knowledge of basic ZnO 

properties. These properties are essential for understanding the growth and luminescence 

mechanism of ZnO from our synthesized special micro- or nano-structures, which are 
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presented in the following chapters. This chapter therefore plays an important role in laying 

foundation blocks in this thesis.  

In this chapter, different growth methods of synthesizing ZnO are presented in three 

main categories, which include physical vapour deposition, chemical vapour deposition, 

and the hydrothermal method. The hydrothermal technique that is used to grow different 

micro- or nano-structures of ZnO has a particular focus in this chapter as it has comparisons 

to other synthesis techniques, such as thermal evaporation, magnetron sputtering, pulsed 

laser deposition, and plasma enhanced chemical vapour deposition. Further, based on the 

pre-discussed electrical and optical properties of ZnO, an application of ZnO to the solar 

cells is briefly introduced and discussed as an example of ZnO applications. This chapter is 

organized as follows. 

Section 2.1 gives an overview of the general properties of ZnO including its crystal 

structure, lattice parameter, electronic band structure, and vibrational, mechanical, thermal, 

and electrical properties. Section 2.2 presents the optical properties of ZnO. Section 2.3 

gives some basic chemical properties of ZnO. Section 2.4 describes different growth 

methods of ZnO. Substrates on which ZnO is deposited along with resultant properties are 

also briefly introduced in this section. The growth mechanism of ZnO micro- or nano-rods 

is closely reviewed in this section. Section 2.5 gives an example of ZnO applications to the 

solar cell. Finally, Section 2.6 gives a summary of this chapter. 

 

2.1 General Properties of ZnO 

In this section, general properties of ZnO encompassing detailed reviews of crystal 

structure, lattice parameter, and electronic band structure are presented. The vibrational, 

mechanical, and thermal properties of ZnO are briefly introduced in the following 

subsections. In addition, the electrical property of ZnO is also recalled in order to 

understand its potential applications in electronics and optoelectronics. 
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 2.1.1 Crystal Structure 

The common crystal structures presented in most of the groups II-VI binary compound 

semiconductors are cubic zinc blende, rocksalt or hexagonal wurtzite [41]. ZnO is a typical 

II-VI compound semiconductor with crystal structures that have been studied intensively 

for the purpose of investigating its unique electrical and optical properties. 

The experimentally observed crystal structures shared by a ZnO semiconductor are 

rocksalt (B1 type), zinc blende (B3 type) and hexagonal wurtzite (B4 type). The notations 

of B1, B3 and B4 denote the Strukturbericht designations for the three phases [42]. These 

three types of crystal structures are schematically demonstrated in Figure 2.1 [43]. Under 

ambient pressure and temperature, the thermodynamically stable phase for ZnO is that of 

wurtzite symmetry [44]. The zinc blende ZnO structure can be stabilized only by growth on 

cubic substrates [45-47], whilst rocksalt ZnO structure is a high-pressure metastable phase 

forming at ~10 GPa, and cannot be epitaxially stabilized [48].   

The hexagonal wurtizte ZnO structure is characterized by two interconnecting 

sublattices of zinc cation (Zn
2+

) and oxygen anion (O
2-

). In the sublattice, each Zn
2+

 is 

surrounded by four O
2-

 at the corners of a tetrahedron, and vice versa. The corresponding 

three-dimensional (3-D) representation of the hexagonal wurtzite ZnO structure is depicted 

in Figure 2.2 [50]. This tetrahedral coordination is typical of sp3 covalent bonding nature, 

but it also has a substantial ionic character that tends to increase the bandgap beyond the 

one expected from the covalent bonding. Thus ZnO resides at the borderline between the 

covalent and ionic semiconductor with an iconicity of fi = 0.616 on the Phillips iconicity 

scale [49].  

As shown in Figure 2.2, a polar symmetry along the hexagonal axis can arise from this 

tetrahedral coordination [50]. A number of properties of ZnO, such as its piezoelectricity 

and spontaneous polarization, are therefore related to this polarity. More importantly, this 

type of coordination plays a key role in ZnO crystal growth and defect generation.   
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Figure 2.1 Stick-and-ball representation of ZnO crystal structures: (a) cubic rocksalt (B1); 

(b) cubic zinc blende (B3); and (c) hexagonal wurtzite (B4). Shaded gray and black spheres 

denote Zn and O atoms, respectively [43] 

 

 

Figure 2.2 3-D representation of the hexagonal wurtzite ZnO structure [50]. Zn atoms are 

shown as large white spheres, O atoms as smaller black spheres. One unit cell is outlined 
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Four common face terminations exist in the wurtzite ZnO structure including the polar 

Zn terminated (0001) and O terminated (000 1 ) faces (c-axis oriented), and the non-polar 

(11 2 0) (a-axis) and (10 1 0) faces which both have an equal number of Zn and O atoms. 

The basal plan is located in the (0001) plane. The polar faces are known to have different 

chemical and physical properties. The O-terminated face possesses a slightly different 

electronic structure to the other three faces [51]. Furthermore, it is found that the polar 

faces and the (1010) surface are stable, while the (11 2 0) face has a higher surface 

roughness and is considered to be less stable. Consequently, these characteristics play an 

important role in the growth process of ZnO micro- or nano-structures. 

 

2.1.2 Lattice Parameters 

Lattice parameters of ZnO have been investigated over many years [52-57]. There are 

several factors that the lattice parameters of a semiconductor can be affected by. For 

example, external strains induced by substrate and temperature. The lattice parameters of 

any crystalline material are commonly characterized by high-resolution X-ray diffraction 

(HRXRD) using the Bond method [58]. 

An ideal wurtizte ZnO crystal structure has a hexagonal unit cell with two lattice 

parameters a and c in the ratio of c/a = 1.633 (a = 3.2495 Å and c = 5.2069 Å) where a 

presents the edge length of the basal plane hexagon (the basal lattice parameter) and c 

presents the axial lattice parameter (unit cell height), perpendicular to the basal plane [53, 

54]. This crystal structure also belongs to the space group 4

6vC  in the Schoenflies notation 

and P63mc in the Hermann-Mauguin notation. A schematic representation of an ideal 

wurtzite ZnO crystal structure is illustrated in Figure 2.3. As shown in Figure 2.3, the 

structure has two interpenetrating hexagonal close-packed sublattices, each of which 

consists of one type of atom displaced with respect to each other along the threefold c-axis 

by the amount of u = 0.375 in fractional coordinates [55, 56]. This internal parameter u is 

defined as the length of the bond parallel to the c-axis (anion-cation bond length or the 
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nearest-neighbour distance) divided by the c lattice parameter. The crystallographic vectors 

of wurtzite are )0,23,21(aa 


, )0,23,21(  bb


, and ),0,0( acac 


 [57]. 

In a real ZnO crystal, the wurtzite structure deviates from the ideal arrangement by 

changing the c/a ratio or the u value. The tetrahedral distances are kept roughly constant in 

the lattice as this deviation occurs. The deviation from that of the ideal wurtzite crystal is 

probably due to lattice stability and ionicity. It has been reported that free charge is the 

dominant factor responsible for expanding the lattice proportional to the deformation 

potential of the conduction band minimum and inversely proportional to the carrier density 

and bulk modulus. The point defects such as zinc antisites, oxygen vacancies, and extended 

defects, such as threading dislocations, also increase the lattice constant. The 

experimentally observed c/a ratios are smaller than ideal. According to the room-

temperature experimental measurement results, the real values of u and c/a for wurtizte 

ZnO are determined in the range of 0.3817~0.3856 and 1.593~1.6035, respectively [55].  

 

 

Figure 2.3 Schematic representation of an ideal wurtzitic ZnO structure with lattice 

constants a in the basal plane and c in the basal direction, u parameter, α and β (109.47
o
) 

bond angles [56] 
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2.1.3 Electronic Band Structure 

ZnO is a semiconductor that can be incorporated in the family of materials considered for 

device applications. Consequently, an accurate knowledge of its band structure is critical 

and pivotal in determining its potential utility. Different theoretical approaches with 

varying degrees of complexity therefore have been developed in the calculation of ZnO 

band structure for its wurtzite type [59-64]. A number of experimental measurements also 

have been carried out and related experimental data have been published regarding the band 

structure of the electronic states of wurtzite ZnO [65].  

X-ray or UV reflection/absorption or emission techniques have traditionally been used to 

measure the electronic core levels in solids [66-68]. These methods basically measure the 

energy difference by inducing transitions between electronic levels or by exciting collective 

modes. Additionally, the experimental bulk and surface electronic band structures are able 

to be determined by the angle-resolved photoelectron spectroscopy (ARPES) technique 

together with synchrotron radiation excitation [69].  

A number of experiments have been performed on the wurtzite ZnO since the first 

theoretical work on band structure calculation of ZnO proposed by the Korringa-Kohn-

Rostoker (KKR) method in 1969 [62, 70-71]. In the ensuing years, for the purpose of 

simplifying the calculations, the local density approximation (LDA) method was introduced 

by considering the Zn 3d states as core levels [72-74]. It is highly demanding to involve the 

LDA in the theoretical calculation of the band structure of ZnO as the cationic d electrons. 

However, the value obtained from standard LDA calculations tends to underestimate the 

bandgap by ~3 eV due to its failure in accurately modeling the Zn 3d electrons [75]. 

In order to achieve an accurate account of the Zn 3d electrons, calculation of LDA with 

an incorporation of atomic self-interaction corrected pseudopotentials (SIC-PP) is 

developed accordingly [75]. It is believed that self-interaction corrections to LDA can be an 

elementary factor for a quantitative description of a system with strongly localized states 

such as 3d electrons. The corresponding results of theoretical estimations are illustrated in 
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Figure 2.4 [75]. The left panel in Figure 2.4 (Figure 2.4 (a)) shows the standard LDA result, 

which reveals the above-mentioned shortcomings. The right panel in Figure 2.4 (Figure 2.4 

(b)) shows the band structure as calculated with the SIC-PP approach which is included in 

the LDA.  

Figure 2.4 (b) shows clearly that the d bands are shifted down in energy considerably 

and the bandgap is opened significantly. The dispersion and bandwidth of the O 2p are also 

changed. Moreover, the band structure is demonstrated along high symmetry lines in the 

hexagonal Brillouin zone. Both the valence band maxima and the lowest conduction band 

minima occur at the Г point k = 0, indicating that ZnO is a direct bandgap semiconductor. 

Compared to experimental data, the standard LDA result is obscured by the artificially 

high-lying bands leading to the strong p-d interactions with O 2p bands. The SIC-PP results 

are in better agreement with experiments. The bandgap as determined from this calculation 

is 3.77 eV. This correlates reasonably well with the experimental value of 3.4 eV. However, 

the d bands result in energy roughly 1 eV, which is too low compared to the experimental 

value. This deviation can be attributed to the measured exciton energies being influenced 

by electronic relaxations, which are expected to be mostly pronounced in the highly 

localized cationic semicore d states [75].  

Experimentally, the band structure of ZnO reveals three very closely spaced valence 

bands. This split is schematically depicted in Figure 2.5 [76]. These three bands usually are 

referred to as the A, B, and C bands, or the heavy-hole, light-hole, and crystal field split-off 

bands, respectively, which result from the spin-orbit coupling and crystal field splitting near 

the zone centre (Г point) [77]. The A and C sub-bands are known to have Г7 symmetry. The 

middle band, B, possesses Г9 symmetry. The bandgap has temperature dependence up to 

300 K, given by the relationship [50]: 

 

   
T

T
TETE gg








900

1005.5
0

24

                                               (2.1) 

 



Chapter 2. Structure, Properties and Synthesis of ZnO 17 

 

 

Figure 2.4 LDA bulk band structure of ZnO as calculated by (a) using a standard 

pseudopotential (PP) (left panel); (b) using SIC-PP (right panel) [75] 

 

                  

Figure 2.5 Schematic diagram representing the crystal-field and spin-orbit splitting of the 

valence band of ZnO into 3 sub-band states A, B and C at 4.2 K [76] 
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The above-mentioned properties, combined with the vibrational properties of ZnO, 

which will be discussed in Subsection 2.1.4, give rise to interesting optical properties which 

will be discussed in Section 2.2. 

 

2.1.4 Vibrational Properties 

Vibrational modes (the phonon mode frequencies and their frequency broadening) are of 

great importance in gleaning crucial information about the semiconductor as the modes are 

very sensitive to crystalline defects, strain, and dopant. Consequently, a precise knowledge 

of the vibrational modes of wurtzite ZnO is a must requirement for a fundamental 

understanding of its thermal and electrical properties in terms of low- and high-field carrier 

transport. Techniques such as Raman scattering are performed to probe the vibrational 

properties of ZnO and corresponding succinct discussions are provided below [78-80]. 

In single crystal wurtzite ZnO, the number of atoms per unit cell is 4 and there are a total 

of 12 phonon modes: namely 1 longitudinal acoustic (LA), 2 transverse acoustic (TA), 3 

longitudinal optical (LO), and 6 transverse optical (TO) branches [81-84]. The details are 

listed in Table 2.1 for the most common phonon modes visible at 300 K [77]. The 

derivation of zone centre and zone boundary phonon modes in ZnO is determined by 

infrared (IR) reflection and Raman spectroscopies. Group theory predicts eight sets of 

phonon normal modes at the Г point in the hexagonal structures with 4

6vC  symmetry, 

namely, 2A1+2E1+2B1+2E2 [85]. Among them, one set of A1 and E1 modes are acoustic, 

while the remaining six modes, namely, A1+ E1+2B1+2E2, are optical modes.  

It should be noted that in the hexagonal structure, there is anisotropy in the macroscopic 

electric field induced by polar phonons [83]. Consequently, both TO and LO modes split 

into the axial (or A1) and planar (or E1) type modes where atomic displacement occurs 

along the c-axis or perpendicular to the c-axis, respectively. Because the space group C6v 

describes the crystalline structure of the wurtzite ZnO compound with two formula units in 

the primitive cell, the optical phonons at the Г point of the Brillouin zone belong to the 



Chapter 2. Structure, Properties and Synthesis of ZnO 19 

 

following irreducible representation: the A1 and E1 modes are Raman and infrared active, 

while the two E2 modes (non-polar) are only Raman active. The E2
L
 mode is associated 

with the vibrations of the heavy Zn sub-lattice, where superscript L depicts the low 

frequency branch of the E2 phonon mode. The E2
H
 mode is associated with the oxygen 

atoms only, where the superscript H depicts the high frequency branch of the E2 phonon 

mode. The B1 branches are always inactive (silent modes). 

 

Table 2.1 Experimental results of principal phonon modes of wurtzite ZnO (300 K) [77] 

 

Mode type Experimental value (cm
-1

) 

Transverse optical (A1) 380 

Longitudinal optical (A1) 574 

Transverse optical (E1) 591 

E2
L
 101 

E2
H
 437 

 

2.1.5 Mechanical and Thermal Properties 

In this section, some mechanical and thermal properties of wurtzite ZnO are briefly 

presented, including the hardness of wurtzite ZnO, its thermal expansion coefficients, 

thermal conductivity, and specific heat. 

A consideration to be taken into account for ZnO is that this semiconductor is a 

relatively soft material, with a hardness of ~5 GPa at a plastic penetration depth of 300 nm 

(for c-axis oriented bulk ZnO) [86], when processing and designing ZnO-based devices. 

Nano-indentation is a useful technique for probing its mechanical properties, and also 

providing information on the behavior of ZnO under contact induced damage during device 

processing. Nano-indentation studies of ZnO with a spherical indenter of radius ~4.2 μm 
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have shown that the primary mechanism for deformation in this semiconductor is the 

nucleation of slip on the basal and pyramidal planes [87, 88].  

The response of the semiconductor to temperature changes is determined by its thermal 

properties. Thermal expansion and specific heat define the linear relationships between 

mechanical, electrical, and thermal variables. ZnO has a relatively high melting temperature 

of ~1975 K.  

The thermal expansion coefficient is used to describe lattice expansion as a function of 

temperature. For the wurtzite ZnO, these coefficients are given as αa = 4.31×10
−6

 K
−1

 and 

αc = 2.49×10
−6

 K
−1

 at 300 K [89]. The notations of a and c are the lattice constants which 

are determined by the capacitive method.  

Another important factor in considering high-power or high-temperature devices is the 

thermal conductivity κ (Wcm
−1

 K
−1

). It is a kinetic property determined by the 

contributions from the rotational, vibrational, and electronic degrees of freedom. This 

property is predominately limited by phonon-phonon scattering in a pure crystal. Since a 

large number of point defects exist in ZnO, these will have a significant impact on ZnO 

thermal conductivity. The values of κ = 1.02±0.07 and 1.16±0.08 Wcm
−1

 K
−1

 from the Zn 

face of two different samples, and κ = 1.10±0.09 and 0.98±0.08 Wcm
−1

 K
−1

 from the O 

face of the same two samples, are given in a study done on vapour-phase grown samples 

[90]. 

The specific heat of a material is influenced by the lattice vibrations, free carriers, and 

defects within the material. The Lange’s Handbook of Chemistry [91, 92] gives a value of 

the specific heat capacity of ZnO at a constant pressure as Cp = 40.3 J mol
−1

 K
−1

. 

 

2.1.6 Electrical Properties 

As ZnO is a direct and large bandgap semiconductor material, much attention has focused 

on a variety of applications in electronics and optoelectronics. Many advantages such as 

high-temperature and high-power operation, low noise generation, high breakdown 
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voltages, and the ability to sustain large electric fields are associated with its large bandgap 

of ~3.3 eV.  

The electron transport in ZnO can be considered for low and high electric fields. In the 

case of low electric fields, the energy gained by the electrons from the applied electric field 

is small compared to the thermal energy of electrons; therefore, the energy distribution of 

electrons is unaffected by such a low electric field. Electron mobility remains independent 

of the applied electric field and Ohm’s law is obeyed as the scattering rates determining the 

electron mobility depend on the electron distribution function. For the case of high electric 

fields, the energy gained by electrons from the external field is no longer negligible 

compared to the thermal energy of the electron. The electron distribution function changes 

significantly from its equilibrium value. Therefore, these electrons become hot electrons 

characterized by an electron temperature larger than the lattice temperature.  

Even today, it is difficult to experimentally quantify the electrical properties of ZnO due 

to the large variance of the quality of existing samples. The background carrier 

concentration varies a lot according to the quality of the layers but is usually ~10
16

 cm
-3

. 

The exciton binding energy for a wurtizite structured ZnO is 60 meV at 300 K and this is 

one of the reasons that ZnO is so attractive for optoelectronic device applications. On the 

basis of Hall Effect (HE) measurements, the transport properties are reported in the 

literature, assuming that the Hall scattering factor is a unity [91]. According to the Monte 

Carlo simulations, it is predicted that the room-temperature electron mobility of ZnO is 

~300 cm
2
 V

-1
 s

-1
 [93]. 

A wurtzite structured ZnO is nominally considered to be an n-type semiconductor due to 

the presence of intrinsic or extrinsic defects, which are generally attributed to the native 

defects such as the Zn-on-O antisite (ZnO), the Zn interstitial (Zni) and the O vacancy (Ov). 

The first-principles investigations based on the density functional theory suggest that the 

hydrogen (H) in ZnO occurs exclusively in the positive charge state and is responsible for 

the n-type conductivity of ZnO. Van de Walle’s results suggested that H was likely to be a 

dominant background donor in ZnO materials due to the exposal of H to ZnO during the 
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growth. As H is easily ionized with fairly low formation energy, it is always a donor in 

ZnO. This proposal has been probed by preparing ZnO through the seeded chemical vapour 

transport (SCVT) technique, and corresponding results have confirmed that a shallow donor 

due to H exists in the SCVT synthesized ZnO, and the existed H has significant 

contributions to its conductivity [94-97]. 

Regarding the ZnO epilayers grown by various growth techniques on different substrates, 

room-temperature mobilities are relatively poor (typically below 100 cm
2
 V

-1
 s

-1
) compared 

to a bulk ZnO [91]. The experimentally achieved highest room-temperature electron 

mobility for a bulk ZnO single crystal grown by the vapour-phase transport method is 

reported to be about 205 cm
2
 V

-1
 s

-1
 with a carrier concentration of 6.0×10

16
 cm

-3
 [20]. This 

value is very close to the predicted mobility value. The Hall data obtained as a function of 

temperature are shown in Figure 2.6 [20, 98]. 

 

 

Figure 2.6 Experimental (circles) and theoretical (solid line) Hall mobility as a function of 

temperature in bulk ZnO [20] 
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Figure 2.7 Calculation of electron drift velocity for wurtzite structure ZnO at 300 K [93] 

 

The calculations of electron drift velocity versus electric field characteristics for 

wurtzite-phase ZnO are plotted in Figure 2.7 [93]. It shows that the first change in the 

differential mobility curve near 50 kVcm
-1

 is attributed to the onset of significant 

spontaneous polar optical phonon emission as the electrons are accelerated to energies 

greater than the longitudinal optical phonon energy of 72 meV. Meanwhile, this effect 

reduces to the extent of neglect at higher temperatures as the emission and absorption rates 

are of comparable magnitude at elevated lattice temperatures. 

Figure 2.7 also demonstrates that the drift velocity increases and reaches a peak value of 

3×10
7
 cms

-1
 at 250 K along with an increasing electric field. A further increase in the 

electric field results in a negative differential effect. This shows only an insignificant 

transfer of electrons to the higher valleys from the examination of the electron energy 

distributions. The reason for the strong decrease of the differential mobility with an 
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increasing electric field is considered to be attributed to the pronounced non-parabolicity of 

the central valley [99]. 

 

2.2 Optical Properties of ZnO 

Optical properties and processes in ZnO were studied intensively many decades ago [100-

105]. Recently, the interest associated with optical properties of ZnO, such as wide direct 

bandgap (~3.3 eV at 300 K), large exciton binding energy (~60 meV at 300 K), efficient 

radiative recombination, and high refractive index (~2.45), is being fuelled and fanned by 

the prospect of various applications in optoelectronics. More importantly, the large exciton 

binding energy paves the way for an intense near-band-edge excitonic emission at room 

temperature owing to this value is 2.4 times of the room-temperature (RT) thermal energy 

which is 25 meV. Because of this, a number of reports on laser emission from ZnO-based 

structures at room temperature and beyond have been published [105]. Compendiums 

dealing with optical properties of ZnO and to some extent its alloys from far infrared to 

vacuum UV including phonons, plasmons, dielectric constant, and refractive indices are 

available in the literature [106, 107].  

The optical properties of a semiconductor have their genesis in both intrinsic and 

extrinsic effects. Intrinsic optical transitions take place between the electrons in the 

conduction band and the holes in the valence band, including excitonic effects caused by 

the Coulomb interaction. Excitons are classified into free and bound excitons. In high-

quality samples with low impurity concentration, the excited states of free excitons can also 

be observed in addition to their ground-state transitions. Extrinsic properties are related to 

dopants/impurities or point defects and complexes, which usually create electronic states in 

the bandgap and therefore influence both optical absorption and emission processes. 

The band structure of the semiconductor material plays an important role in the 

determination of the electronic states of the bound exictons. Theoretically speaking, 
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excitons could be bound to neutral or charged donors and acceptors. A basic assumption in 

the description of the principal bound exciton states for neutral donors and acceptors is a 

dominant coupling of the like particles in the bound exicton states. In the example of a 

shallow neutral donor-bound exciton, it is assumed that the two electrons in the bound 

exciton state pair off into a two-electron state with zero spin. Accordingly, the additional 

hole is weakly bound in the net hole-attractive Coulomb potential set up by this bound two-

electron aggregate. Similarly, in the case of shallow neutral acceptor bound excitons, they 

are expected to have a two-hole state derived from the top most valence band and one 

electron interaction. These two classes of bound excitons are by far the most important 

cases of extrinsic processes. Other extrinsic transitions including free-to-bound (electron-

acceptor), bound-to-bound (donor-acceptor), and the so-called yellow/green luminescence 

(GL) also can be seen in optical spectra. For instance, the well-known green band in ZnO 

photoluminescence (PL) spectra (self-manifestation as a broad band emission around the 

wavelength of 500 nm to 530 nm), is observable in nearly all samples regardless of growth 

conditions. It is supposed that this PL result is related to singly ionized oxygen vacancies. 

Based on the reviews of the general properties of ZnO, which are presented in the 

previous sections of this chapter, optical processes in semiconductors are firstly recalled in 

Subsection 2.2.1. Some measurement techniques and methods, such as photoluminescence, 

electroluminescence, and cathodoluminescence, are also briefly introduced in this 

Subsection. Subsection 2.2.2 presents and discusses the optical transition in ZnO, which is 

of great help to us in understanding the luminescence mechanism in ZnO. In addition, the 

concepts of free excitons, polaritons, and bounded excitons in ZnO are also introduced. 

 

2.2.1 Optical Processes in Semiconductors 

The capacity of direct bandgap semiconductors to produce light emission in response to 

excitation mainly by means of electrical or optical injection of minority carriers 

revolutionized the optoelectronics field [108, 109]. It is defined that light emission through 
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any process other than blackbody radiation is so-called luminescence. This emission 

requires external excitation as it is a non-equilibrium process. In the example of light-

emitting diodes (LEDs) and lasers, when an external voltage is applied across a forward-

biased p-n junction, the electrons and holes that are injected into the medium from their 

respective ends recombine, resulting in light emission which is called electroluminescence 

(EL). In theory, the emitted photon has energy equal to the difference in the energies of 

states occupied by electrons and holes prior to recombination.  

Another means of light emission, termed photoluminescence (PL), is a result of incident-

photon absorption that generates electron-hole pairs and produces emission of a photon of a 

different wavelength. This excitation scheme is an important tool in the study of physical 

properties and performing materials characterization. The incident photons, when absorbed, 

excite electrons from the valence band into the conduction band through momentum-

conserving processes due to the fact that the photon momentum is negligible. Before 

recombining across the fundamental bandgap or the defect levels within the bandgap and 

emitting photons of the corresponding energies, the electrons and holes thermalize to the 

lowest energy state of their respective bands via phonon emission.  

Typically, this PL characterization tool is commonly employed in our experiments 

presented in this thesis to uncover and analyze the involved light emission process of our 

synthesized products since the PL technique is an effective method in identifying the nature 

of the defects involved. A typical PL apparatus is shown in Figure 2.8. As depicted in 

Figure 2.8, the PL apparatus is composed of a light source for excitation (typically a He-Cd 

laser for ZnO), a sample holder, a dispersive element (grating monochromator), and an 

optical detector sensitive to the dispersed light. 

Besides EL and PL, light emission can also be induced by raising the temperature of the 

semiconductor (thermoluminescence) and by subjecting the semiconductor to electron 

irradiation (cathodoluminescence (CL)) or other high-energy particle irradiation. Similar to 

PL, the thermoluminescence and CL are mainly used as a characterization tool.  
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Figure 2.8 Schematic representation of a typical PL setup 

 

The light emission processes can be classified into two different categories. One is so-

called intrinsic processes whereby the emission spectrum is rich with emissions that do not 

involving defects and impurities of any kind. The other is extrinsic processes which involve 

impurities and defects in the form of either simple phases or complexes. All the above-

mentioned intrinsic and extrinsic processes can be effectively studied by analyzing the 

steady-state PL, time-resolved PL (TRPL), and PL excitation (PLE) spectra. 

In steady-state PL, the level of excitation intensity determines the shape of the spectrum, 

since the defect-related PL usually saturates at the power densities on the order of 10
-2

 to 

10
-1

 W cm
-2

, and the overall PL spectrum may be skewed in favour of the excitonic 

emission at higher excitation densities. As such, using small monochromator slit widths and 
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focusing the laser beam would also skew the PL in favour of excitonic transitions. In such a 

case, the chromatic dispersion of the lenses used to collect the PL, as well as the different 

effective sizes of the emission spots for the UV and visible emission, is attributed in 

particular to the photon recycling process. Qualitative terms such as very intense PL 

attesting to the high quality of the material are omnipresent in the literature on ZnO [111, 

112].  

The time-resolved PL requires additional instrumentation for capturing the evolution of 

intensity, such as a fast charge coupled device (CCD) or a streak camera for detecting very 

fast transients. However, a simple digital oscilloscope in combination with a pulsed laser 

may be adequate for measuring the defect-related PL decays in ZnO, which by their very 

nature are slow and are typically in the range of a few nanoseconds to milliseconds. 

The basic instrumentation required for acquiring the photoluminescence excitation (PLE) 

spectrum of a given PL band is nearly the same as that for a PL setup. However, the 

excitation source must be a tunable source such as a tunable laser or a broad band lamp 

dispersed by a monochromator. The wavelength of the excitation source is varied, and the 

PL spectrum or simply the intensity of a particular transition (such as the peak PL intensity) 

is recorded at various excitation wavelengths to obtain the excitation spectrum. 

 

2.2.2 Optical Transition in ZnO 

Basic knowledge regarding fundamentals of the absorption and emission processes in the 

semiconductors must be recalled as it is a foundation for getting into detailed studies of 

optical transition in ZnO. In this section, some basic background information for 

understanding the absorption and emission in semiconductors is given followed by a 

particular ZnO case study of its optical transition. 

In a direct bandgap semiconductor, the process is termed radiative recombination, when 

the electron-hole recombination emits photons. Its opposite, a recombination process that 

does not produce photons but the energy is exchanged with the lattice in the form of heat 
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through phonon emissions within defect states, is termed nonradiative recombination. The 

situation whereby an electromagnetic field is not involved in the radiative process, such as 

in photoluminescence experiments and light emitting diodes, is called spontaneous 

emission. That is to say, electron-hole pairs are annihilated followed by photon emission. 

When an electromagnetic field of appropriate frequency, polarization, phase, and direction 

is involved in the process, the emission is termed stimulated emission, such as the one in 

semiconductor lasers. Naturally, the intensity of stimulated emission is proportional to the 

field strength and photon population.  

Two important optical processes take place in semiconductors. One is called photon 

absorption and the other is called photo emission. A variety of absorption and emission 

spectroscopy techniques are therefore commonly taken advantage of to shed light on the 

materials. Simply, the semiconductor is transparent to below-bandgap radiation while 

absorbing the bandgap radiation above. Excitonic absorption is superimposed on top of the 

band-to-band absorption, and this benefits it in the investigation of the role of excitons in 

device structures. If I(x) represents the optical intensity at point x in a semiconductor, the 

spatial rate of change of the intensity at the same point is proportional to the intensity and is 

given by 

I
dx

dI


                                                                 (2.2) 

where α is the absorption coefficient with inverse length units. 

ZnO has a direct bandgap and a large absorption coefficient with near-bandgap values in 

excess of 10
5
 cm

-1
 that suits very well the application of optical devices such as LEDs, 

lasers, and detectors. The absorption coefficient α is called the gain coefficient when the 

population inversion in a cavity, such as in lasers, has an absorption coefficient that 

changes to become negative. 

Optical transitions in a direct bandgap semiconductor showing energy versus momentum 

are depicted in Figure 2.9 [112]. This figure also represents energy versus density of states. 

The transitions are numbered with 1, 2, 3, and 4, respectively. These numbers represent the 
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processes of excitation, relaxation to the bottom of the conduction band, emission, and 

filling the hole state vacated by electron excitation to the conduction band. In Figure 2.9, Ec 

presents the bottom of the conduction band, while Ev presents the top of valence band. The 

lower level at energy E1 and the upper level at energy E2 in semiconductors are represented 

by the valence and conduction bands, δE1 and δE2, respectively, as shown in Figure 2.9. 

The bandgap between E1 and Ev is represented by δEv, while the bandgap between E2 and 

Ec is represented by δEc. A consideration of the transitions must include the fact that both 

momentum and energy, in addition to spin, must be conserved.  

In Figure 2.9, it is clear that transitions 1 and 3 are straight up and down in momentum 

as transitions involving emission or absorption of photons do not change the momentum as 

photon momentum is nearly zero. This means that a transition from level E1 to level E2 with 

process 1 must take place away from the zone centre. However, because transitions 

involving emission or absorption of phonons change the momentum considerably between 

states before and after the transitions involved, transitions 2 and 4 involve phonons for 

conserving momentum.  

Because the charged centre concentration in semiconductors is sufficiently low, which 

means the quality of the semiconductors is high, a free electron and a free hole can be 

attracted to one another through Coulombic attraction. An electron can orbit the hole, called 

exciton, much the same way as in the case of a hydrogen atom. Excitons in ZnO are stable 

at room temperature as the exciton binding energy is relatively large in ZnO (~60 meV at 

room temperature). Emissions due to biexcitonic, exciton-exciton, and exciton-carrier 

interactions may be observed in the intermediate excitation density regime in ZnO.  

At low temperatures and in high-quality samples with low donor (D) and acceptor (A) 

concentrations, as well as at low density of defects, the photoexcited carriers with opposite 

charge are attracted not only to one another but also to neutral centres via the Van der 

Waals interaction. Because this additional attraction reduces the exciton binding energy, the 

neutral impurities are efficient in trapping excitons to form bound excitons as denoted by  
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Figure 2.9 Optical transitions in a direct bandgap semiconductor showing the energy versus 

momentum [112] 

 

D
o
X and A

o
X for neutral donor and acceptor bound excitons, respectively. Excitons can 

also be bound to ionized donors and acceptors and are termed D
+
X and A

-
X. 

Optical transitions in ZnO have been investigated and analyzed by various experimental 

techniques including optical absorption, transmission, reflection, photoluminescence, and 

cathodoluminescence. The luminescence from bulk ZnO extends from UV to the 

green/orange spectral range with a common broad band centred around 2.45 eV [113]. The 

sharp lines dominating the UV region of the spectra are believed to originate from various 
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bound exciton recombinations, such as excitons bound to neutral donors, D
o
X, and/or 

acceptors, A
o
X followed by longitudinal optical (LO) phonon replicas with an energy 

separation of 72 meV [114]. On the high-energy side of the bound excitons, free-exciton 

transitions appear with the A-valence band (FXA) positioned at 3.377 eV [115]. At lower 

energies from 3.34 to 3.31 eV, two-electron satellite (TES) recombination lines of the 

neutral donor bound excitons are observed [77, 115]. In the following Subsections 2.2.2.1 

and 2.2.2.2, a brief review of free excitons and polaritons bound excitons in ZnO is given. 

 

2.2.2.1 Free Excitons and Polaritons 

The wurtzite ZnO conduction band is mainly constructed from the s-like state having c

7

symmetry, whereas the valence band is a p-like state, which is split into three bands due to 

the effects of crystal field and spin-orbit interactions. The near-bandgap intrinsic absorption 

and emission spectrum is consequently dominated by transitions involving these three 

valence bands and the conduction band.  

In 1960, the fundamental absorption edge and the exciton structure of ZnO were first 

studied by Thomas [116]. In this early work, the low-temperature absorption and 

reflectance spectra of polished and etched thin crystals grown from the vapour phase were 

measured. Thomas analyzed the reflectance data by means of the Kramers–Kronig relation 

and three peaks arising from n = 1 exciton transitions involving holes from each one of the 

three valence bands. At 4.2 K, the n = 2 exciton states were apparent in reflection, allowing 

estimates to be made of the exciton binding energy and reduced mass. An example of 

reflectance spectra obtained in the σ and π polarizations is given in Figures 2.10 and 2.11 

for a single-crystal ZnO sample. Thomas was also the first to propose that the valence band 

ordering of ZnO is anomalous compared to the usual one in other II-VI wurtzite materials 

and that the top of the valence band has A-Г7 symmetry, which can be understood in terms 

of an effective negative spin-orbit splitting, based on the polarization dependence of the 

absorption and reflectivity spectra [116]. These results were later confirmed by Liang and 

Yoffe [117]. 
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2.2.2.2 Bound Excitons 

Bound excitons are termed as extrinsic transitions associated with dopants, native defects, 

or complexes, which commonly create discrete electronic states in the bandgap and 

accordingly affect both optical absorption and emission processes. Typically, the band 

structure of the bound excitons strongly depends on the semiconductor material. 

Theoretically, excitons are possibly bound to neutral or charged donors and acceptors. It 

is basically assumed that in the description of the bound exicton states for neutral donors 

and acceptors is a dominant coupling of like particles in the bound exciton states. These 

two classifications of bound excitons are by far the most important types for direct bandgap 

materials. In particular, the recombination of bound excitons results in sharp lines with a 

photon energy characteristic of each defect. Many sharp donor- and acceptor-bound exciton 

lines have been observed in the low temperature PL spectra of ZnO in a narrow energy 

range between 3.348 and 3.374 eV. For example, it is reported that the 3.3628 eV line is 

typical for ZnO grown by hydrothermal and seeded vapour transport methods, and it is 

believed to be attributed to the hydrogen donor [118]. 

 

2.3 Chemical Properties of ZnO 

In this section, some basic chemical properties of ZnO are presented. As shown in Figure 

2.12, it is observed that ZnO powder is white in colour. It has a molecular weight of 81.408 

g/mol. The mineral zincite normally appears as a yellow to red colour as it contains 

Manganese (Mg) and other impurities. Crystalline ZnO can change from white to yellow 

during heating and revert back to white in air on cooling due to its thermochromic property. 

It is supposed that this thermochromism may be caused by a small loss of oxygen to the 

environment during heating forming Zn1+xO. For example, when ZnO is heating up to 

800
o
C, x = 0.00007. 
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Figure 2.10 Reflection from ZnO at 4.2 K for E ┴ c (the PL lines for E ┴ c data) [116] 

 

 

Figure 2.11 Reflection from ZnO at 4.2 K for E ‖ c [116] 
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Figure 2.12 ZnO powder at room temperature 

 

ZnO is nearly insoluble in water (0.16 mg/100 mL at 30°C) with a density of 5.606 

g/cm3. However, it is soluble in most acids and bases. The stability of ZnO in water 

solutions is strongly influenced by the pH of the solution. ZnO is not stable in acids or 

bases as it dissolves in solutions pH < 7 and pH > 10. However, ZnO starts to decompose 

into Zn vapour and O2 only at around 1975C, reflecting its considerable stability at high 

temperature. 

 

2.4 Synthesis of ZnO 

The synthesis of ZnO with different micro- or nano-structures has been studied intensively 

by a variety of techniques, fuelled by potential applications such as acoustical and optical 

devices [119, 120]. The applications have been driven in part due to ZnO’s unique 

electrical and optical properties such as wide bandgap, high exciton binding energy at room 

temperature, transparency in the visible light, and relatively high refractive index. ZnO also 

has a preferential growth orientation along (0 0 0 1) on various kinds of substrates, 

including glass, sapphire, and diamond [121-123].  
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In early works, magnetron sputtering, chemical vapour deposition (CVD), and 

hydrothermal methods were developed to synthesize ZnO [124-126]. It was reported that 

the as-grown ZnO samples were mainly polycrystalline. In order to pave the way to 

achieving high-quality ZnO films, molecular beam epitaxy (MBE) [127], pulsed laser 

deposition (PLD) [128], and other growth techniques that allow fine control over the 

deposition procedure have been developed.  

A variety of growth techniques will be presented and discussed in the following sections 

and can be classified into three major categories. The first is physical vapour deposition 

including thermal evaporation [129], magnetron sputtering [124], and PLD [128]. CVD is 

the second main category [125] which encompasses metal-organic chemical vapour 

deposition (MOCVD) [130], plasma enhanced chemical vapour deposition (PECVD) [131], 

and MBE [127]. The third category is named the hydrothermal method [126, 132]. The 

advantages of using this technique to grow ZnO are presented through the comparisons 

from the above-mentioned techniques. In our thesis, the investigations of ZnO growth are 

mainly carried out by using the hydrothermal method. The magnetron sputtering technique 

is also used for preparing the substrates or seeded layers. 

 

2.4.1 Physical Vapour Deposition 

Generally speaking, physical vapour deposition (PVD) is a variety of vacuum deposition, 

and it describes any of the diverse methods to deposit thin films by the condensation of 

desired film materials in the vaporizing forms onto different substrates or surfaces (an 

example of that is onto Si wafers) [133]. In the PVD operations, a process is carried out 

according to the following sequence of steps. The first step is that the material to be 

deposited is converted into vapour by physical means. The next step is the vapour is 

transported across a region of low pressure from its source to the substrates. The final step 

is the vapour undergoes condensation onto the substrates to form thin films. This is to 

describe the solidification of a vapour directly onto a substrate or surface such that no 
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chemical reaction occurs. Three most common and important PVD technologies for ZnO 

deposition include thermal evaporation, magnetron sputtering, and PLD. Each of them will 

be briefly introduced in the following subsections. 

 

2.4.1.1 Thermal Evaporation 

The thermal evaporation process obeys the vapour-solid mechanism, which means using 

high temperature to melt or sublimate the target (source material) from solid or liquid state 

into vapour state. The atom or molecule of the target is speeded up by high temperature and 

thus, it can pass through a vacuum space to achieve the condensation of a vaporized form 

on the substrates. Usually, low pressures, about 10
-6

 or 10
-5

 Torr, are required to avoid 

reaction between the vapour and atmosphere, and also to allow the evaporated molecules 

travel freely in the chamber towards the substrates [133].  

As indicated by the term “thermal”, the high temperature plays a key role in this method. 

There are several different techniques used to heat (or evaporate) the target such as resistive 

heating, radio frequency induction, and electron beam gun evaporation. The resistive 

heating is a non-localized heating source, commonly used for furnace applications. 

Normally, it uses a big current passing through the resistor, where the target material is put 

on or attached to the resistor. The resistor generates a high temperature and consequently 

melts the target material.  

A tube furnace with appropriate design and control can create a specific temperature 

gradient along the tube, which can be used for various vapour productions [134,135]. A 

variety of ZnO with micro- or nano-structures such as nanobelts, nanocages, nanosprings, 

and nanorings grown by Wang’s group have been reported using this method [136]. 

However, using this method also comes with some disadvantages. Since high temperature 

is generated by the resistor and is conducted to the target, the resistor material may react 

with the target causing contaminations in the evaporation purity. Moreover, the speed of 

deposition in this method is quite low and the deposited density is poor. Other thermal 

evaporations such as radio frequency induction heating and electron beam gun evaporation 
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are used to create localized heating to the source material. However, they have been limited 

by producing highly oriented ZnO thin films.  

When the deposition of ZnO is achieved by using the thermal evaporation method, the 

ZnO powders are usually placed inside a vacuum chamber, where the vacuum condition is 

kept in the range of 10
-2

 to 10
-9

 Torr [133]. After reaching the required deposition pressure, 

the ZnO powder is heated up to its vaporization point. The ZnO vapour will condense along 

the cool surfaces in the vacuum chambers. However, as the average energy of vapour atoms 

reaching the substrate surface is generally low, the deposited ZnO often possesses a porous 

structure. 

 

2.4.1.2 Magnetron Sputtering 

Magnetron sputtering is one of the most popular growth techniques in ZnO investigations 

including direct current (DC) sputtering [137], radio frequency (RF) sputtering [138], and 

reactive sputtering [139]. This technique involves removing surface atoms by high energy 

ion sputtering. The modern sputtering system uses a magnetron sputtering configuration, 

which applies a strong magnetic field to concentrate the plasma near the target in order to 

increase the deposition rate. Compared to the thermal evaporation and sol-gel spin-coating 

methods, magnetron sputtering is a preferred method due to its low operating temperature, 

good film adhesion to the substrate, and the reasonable quality of the resultant films. A 

schematic diagram of a typical RF magnetron sputtering system is depicted in Figure 2.13 

and the magnetron sputtering system used in our lab is shown in Figure 2.14. 

In a common case of employing magnetron sputtering, the growth is usually carried out 

in an ambient of argon (Ar), or mixing Ar with oxygen (O2), at a pressure of 10
-3

 to 10
-2

 

Torr [140,141]. The O2 ambient serves as the reactive gas, while Ar acts as the sputtering 

enhancement gas. The requirement of vacuum level in the sputtering system depends on the 

source materials. When applied to ZnO, residual pressure needs to reach a level of 10
-6

 Torr, 

and working gas pressure needs to reach a level of 10
-3

 Torr to allow the conduction of the 

experiment [140]. 
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In processing the ZnO deposition procedure, an inert gas (normally Ar) is introduced 

into the vacuum chamber, in which the source material target and substrates have been 

placed, after the evacuation of foreign gas. The DC or RF power supply is then used to 

ionize the inert gas so as to produce charged plasma. In the applied strong magnetic field, 

the ions accelerate and bombard the atoms of the source material. The sputtered ions are 

able to ballistically travel from the target in straight lines and impact energetically on the 

substrates. Therefore, a ZnO film on the substrate is formed. In some cases, a bias voltage 

is applied to the substrate, assisting the deposition and enhancing the adhesion properties of 

the film to the substrate. The RF power applied to the plasma is tuned to regulate the 

sputtering yield rate from the ZnO target. For these experiments, the target is pre-sputtered 

for 5~15 minutes (min) before the actual deposition begins to remove any contamination 

left on the target surface. This can stabilize the system and optimize the sputtering 

conditions. 

 

 

Figure 2.13 Schematic diagram of RF magnetron sputtering system 
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Figure 2.14 The magnetron sputtering system used in our lab 

 

To our understanding, DC sputtering is commonly used for a conductive target, but it is 

not suitable for insulating materials. RF sputtering is developed to solve this problem. In 

processing the ZnO thin film, ZnO is conductive enough to use both DC and RF sputtering 

as ZnO belongs to the category of semiconductor materials. More importantly, the 

sputtering technique can be applied to produce polycrystalline ZnO thin film at room 

temperature. Using RF sputtering, the ZnO thin film with good n-type conductivity can be 

also achieved [142]. While most insulting ZnO films can be obtained by DC sputtering 

[143], doping is also achieved by introducing gases containing dopant elements or mixing 

dopant materials into the target [144]. It was reported in our previous work that a high n-

type conductive ZnO film with lithium (Li) doped is successfully achieved by employing 

the RF magnetron sputtering technique [145]. 
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2.4.1.3 Pulsed Laser Deposition 

PLD is another popular technique for ZnO investigations. This kind of technique has been 

used to deposit high-quality films of materials for more than a decade. In this method, a 

stream of high power laser pulses (typically ~10
8
 Wcm

-2
) is applied in an ultra high vacuum 

or in the presence of a background gas, to melt, evaporate, and ionize material from the 

surface of a target [133]. O2 is a commonly used background gas especially for the case of 

depositing oxides to fully oxygenate the deposited films.  

The ablation in this method produces a transient, highly luminous plasma plume (a 

supersonic jet of particles), expanding rapidly away from the target surface. The ablated 

material is collected on an appropriately placed substrate upon which it condenses (such as 

a Si wafer facing the target) and the thin film grows. A schematic diagram of a typical PLD 

system is shown in Figure 2.15. A PLD system used in our group is shown in Figure 2.16 (a) 

with its chamber view shown in Figure 2.16 (b). The main advantages of PLD include its 

ability to create high-energy source particles, permitting high-quality film growth at low 

substrate temperatures, typically ranging from 200
o
C to 800

o
C, and its simple experimental 

setup and operation. 

 

 

Figure 2.15 A schematic diagram of a typical PLD system 
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(a) 

 

 

(b) 

Figure 2.16 (a) a PLD system; (b) its chamber view 



Chapter 2. Structure, Properties and Synthesis of ZnO 43 

 

To grow ZnO using this technique, the properties of the grown ZnO films depend mainly 

on the substrate temperature, ambient O2 pressure, and laser intensity [133]. A variety of 

high quality ZnO growths by PLD was reported by, for example, Chongwen Zou and Bai 

Sun in Gao’s group [146-148]. ZnO micro- or nano-structures such as aligned ZnO 

nanorods can also be synthesized by PLD [149]. The main practical limitation of PLD so 

far is its relatively low duty cycle and incorporation of particulates in the deposited films. 

The detailed mechanisms of PLD are very complex as when the laser pulse is absorbed 

by the target, energy is first converted to electronic excitation and then into thermal, 

chemical, and mechanical energy resulting in evaporation, ablation, plasma formation, and 

even exfoliation. Many energetic species including atoms, molecules, electrons, and ions 

are ejected and expanded into the surrounding vacuum in the form of a plume, before 

depositing onto the substrate. So far, the ablation process of the target material by the laser 

irradiation, the development of a plasma plume with high energetic ions, electrons and 

neutrals, and crystalline growth of the film itself on the heated substrate are still not fully 

understood. Up-scaling for industrial production and deposition of ZnO on large area 

substrates is still a major concern. 

 

2.4.2 Chemical Vapour Deposition 

CVD is a chemical process involving the chemical reactions between the vaporized source 

material and source gases, and/or with the deposition surface. The resultant products 

condense onto the surface of the substrates under the pressure and gas flow control. The 

process is often used in the semiconductor industry to produce thin film.  

In the CVD method, ZnO deposition occurs as a result of chemical reactions of vapour-

phase precursors on the substrate, which are delivered into the growth zone by the carrier 

gas. The reactions occur in a reactor where a necessary temperature profile is created in the 

gas flow direction. This technique is particularly used to give rise to high quality film 

growth and is applicable to large-scale production. This technique has been widely used to 
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fabricate the epitaxial films towards various optoelectronics of GaN based, and a similar 

trend is expected for future applications of ZnO [150, 151]. 

There are several modifications of this method depending on the precursors used, 

vacuum level control, and heating source. When metal-organic precursors are used, the 

technique is called MOCVD [152]. In the case of hydride or halide precursors, the 

technique is named hydride or halide CVD [153]. 

In the MOCVD technique, the metal-organic precursors are used to catalyze the 

chemical reactions. The MOCVD technique is commonly carried out at a fairly high level 

of vacuum and also at a high elevated temperature. It has been extensively used for the 

synthesis of ZnO thin films and related micro-or nano-structures. Doping is also relatively 

easy to conduct by using this method. However, the limitation of MOCVD lies in the fact 

that metal-organic compounds are usually much more expensive than inorganic compounds. 

For hydride CVD growth of ZnO, hydrogen (H2) is used as a carrier gas. The typical 

pressure for this case is ≤ 133 Pa and the gas flow rate is set to about 40 ml min
-1

 [154, 155]. 

Targets made from ZnO powder are placed in the evaporation zone where the temperature 

is ~770
o
C [154, 155]. The following chemical reaction between the ZnO target and H2 

occurs in the evaporation zone: 

OHZnHZnO 22                                                         (2.3) 

On the substrate (the deposition zone), in which the temperature is kept at the range of 590 

~ 610
o
C, the reverse reaction takes place [154, 155]: 

22 HZnOOHZn                                                         (2.4) 

The ZnO films, which are synthesized by the hydride CVD method, show quite a high-

quality of crystal, good electrical, and luminescence properties [155]. 

 

2.4.2.1 Plasma Enhanced Chemical Vapour Deposition 

PECVD is another commonly used modified CVD method in depositing thin films from a 

gas state (vapour) to a solid state on a substrate. It is widely used in the semiconductor 

industry. Also, this technique is usually applied for ZnO film preparation [156]. Comparing 
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to MOCVD or hydride CVD, the deposition of PECVD can be achieved at a relatively low 

temperature, and even at room temperature. The plasma is generally created by RF or DC 

discharge between two electrodes. The space is filled with the reacting gases. Chemical 

reactions are involved in the process, which takes place after the generation of plasma from 

the reacting gases. 

 

2.4.2.2 Molecular Beam Epitaxy 

MBE is a versatile vacuum deposition technique for synthesizing high quality film layers, 

super-lattices, and hetero-structures with excellent thickness control, composition 

uniformity, and sharp dopant profiles. MBE takes place in the condition of high vacuum or 

ultra high vacuum (10
-8

 Pa) [157, 158]. The sequence of processes taking place during 

growth by MBE are adsorption, desorption, surface diffusion, incorporation, and 

decomposition. All these processes, in effect, are in many ways in competition with each 

other during growth by MBE. The crystal quality and layer thickness can be monitored by 

reflective high energy electron diffraction (RHEED) during the crystal growth [157].  

For materials containing O, as in the case of ZnO, the gas species are provided in their 

reactive state, which is through an RF plasma source [159]. The main benefit of MBE is its 

precise control over the growth parameters. MBE growth is carried out under conditions 

that are governed primarily by the kinetics, rather than mass transfer. An MBE deposition 

system for ZnO growth consists essentially of a conventional MBE chamber, but with 

added equipment, such as a compact RF source or hydrogen peroxide (H2O2) or trioxygen 

(O3) for oxygen source [157-159].  

For ZnO thin film deposition by MBE, Zn metal and O2 are commonly used as the 

source materials. The evaporation of high-purity Zn metal comes from an effusion cell, 

where the cell temperature can be varied to analyze the material properties and the effect of 

the Zn flux on the growth rate. Sources of reactive O2 species must be used for ZnO growth 

due to the high molecular bonding energy of O2 (5.16 eV) hindering the thermal 

dissociation of O2 at the substrate temperature [159].  
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Generally, in order to obtain high oxidation efficiency, the oxygen radical beam is 

directed on the film surface. The chamber pressure during ZnO growth is around 10
-5

 Torr 

with the presence of oxygen plasma in use [159]. It has been reported that successful 

growth of ZnO films by using H2O2 vapour as an active oxygen source has been achieved 

[160]. More importantly, the lifetime of heating elements in the growth chamber, especially 

the substrate heater, plays a key role for ZnO growth as oxygen radicals are extremely 

reactive. Oxidation of effusion-cell charge, especially in the case of such highly reactive 

materials as Zn and Mg, is a well-known problem in ZnO grown by MBE. The MBE 

method can also produce very high quality single crystal ZnO film with different micro- or 

nano-structures [161,162]. However, the MBE system is very expensive and the operation 

conditions must be accurately monitored and controlled. From this point of view, MBE is 

more suitable for academic research at the laboratory scale. 

 

2.4.3 Hydrothermal Method 

Amongst the different methods of synthesis of ZnO, the hydrothermal method is another 

important and commonly used technique to grow ZnO with different micro- or nano-

structures. Compared to the above-mentioned methods, such as thermal evaporation, 

magnetron sputtering, PLD, MOCVD, and PECVD, this method is highly attractive for its 

simplicity in system establishment and operation, and environmentally friendly conditions. 

More importantly, the hydrothermal synthesis can be applied to a large scale production at 

fairly low power consumption and cost. This section presents a summary of the conditions 

leading to the growth of ZnO by using the hydrothermal technique. 

The hydrothermal method is a solution-based technique, which means the growth 

process is carried out in a solution phase. Hydrothermal synthesis includes a variety of 

techniques for crystallizing substances from certain temperature aqueous solutions at 

certain vapour pressures. The reaction temperature and pressure depends on what kind of 

source materials and solvents are used to prepare the precursors. For example, when using 
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the commercial zinc acetate as the source material with deionized water to prepare the 

precursor, the reaction temperature for growing ZnO particles is above ~95
o
C [163, 164]. 

When preparing the precursor using the ethylene glycol as the solvent instead, the reaction 

temperature required is up to ~160
o
C [165]. Also, in the case of using an organic solvent, 

the reaction temperature must be considered to be below its decomposition point in order to 

not contaminate the products. 

After preparation of the precursor, the crystal growth is then performed in an apparatus 

named an autoclave. In this vessel nutrient supplies are provided for growing the particles. 

This vessel is usually a thick-walled stainless steel cylinder with a hermetic seal, which 

must withstand high temperatures and high pressures for prolonged periods of time, as the 

closure is one of the most important factors of the autoclave. Moreover, the autoclave 

material must be inert with respect to the solvent and source material. The inner container 

can be made of carbon-free iron, copper, silver, gold, platinum, titanium, glass, quartz, or 

Teflon, depending on the temperature and solution used. 

There are various benefits in using the hydrothermal method in the crystal growth. This 

method is mostly suitable for creating crystalline phases which are not stable at the melting 

point and for creating a variety of types of micro- or nano-structures leading to special 

electrical and optical properties in the application of optoelectronics. Furthermore, this 

method is also possibly applicable for introducing dopants during the crystal growth [166].  

From the view of cost efficiency, the hydrothermal method is a relatively low-cost 

chemical synthesis method with a high yield in production, and thus, it is undoubtedly true 

to say that this method is one of the most suitable methods for commercializing the micro- 

or nano-structured materials [167]. In our thesis, we will mainly focus on using this method 

to grow ZnO particles with special morphologies combining with the magnetron sputtering 

technique. In the following part of this section, several types of hydrothermal methods are 

briefly introduced. 

In the previous work of Gao’s group, ZnO micro- or nano-rods were successfully 

synthesized by using the hydrothermal method on the Si or glass substrates [163, 168]. In 

http://en.wikipedia.org/wiki/Iron
http://en.wikipedia.org/wiki/Copper
http://en.wikipedia.org/wiki/Silver
http://en.wikipedia.org/wiki/Gold
http://en.wikipedia.org/wiki/Platinum
http://en.wikipedia.org/wiki/Titanium
http://en.wikipedia.org/wiki/Glass
http://en.wikipedia.org/wiki/Quartz
http://en.wikipedia.org/wiki/Teflon
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order to initiate the ZnO growth from the substrate, a thin layer of ZnO nanoparticles is 

firstly deposited by the magnetron sputtering technique onto the substrate for the purpose of 

acting as a seed layer [163, 164]. The zinc nitrate hexahydrate and hexamethylenetetramine 

(HMT), which is also known as hexamine, are used as source materials in preparing the 

precursor. HMT is a highly water soluble and polar organic compound, which can produce 

ammonia during thermal degradation. The hydroxyl ions (OH
-
) are formed when the 

released ammonia is absorbed in the water. Subsequently, the hydroxyl ions react with Zn
2+

 

ions to form ZnO particles.  

After the preparation of the precursor, it is transferred to a sealed glass bottle in which 

the seeded substrates are vertically placed. Then, this container is heated in an oven set at 

95
o
C for an hour. The reaction process is summarized in the following equations: 

  32462 466 NHHCHOOHNCH                                     (2.5) 

  OHNHOHNH 423                                                     (2.6) 

2

2 )(2 OHZnOHZn                                                          (2.7) 

OHZnOOHZn 22)(                                                       (2.8) 

  2

42 )(2)( OHZnOHOHZn                                               (2.9) 

  OHOHZnOOHZn 2)( 2

2

4                                     (2.10) 

Generally speaking, the role of HMT is to supply the hydroxyl ions to drive the 

precipitation reaction during the ZnO formation. Apart from that, it is also considered that 

HMT acts as a buffer due to the fact that the rate of its hydrolysis decreases while the pH 

value increases. It is indicated in Ashfold’s work that HMT does act as a kinetic buffer 

during the reactions [169]. According to the experimental results shown in reference [163], 

it is found that the density of obtained ZnO micro- or nano-rods can be controlled through 

adjusting the solvent pH values, or the ZnO seed density on the substrate. Meantime, the 

concentrations of source materials also affect the density of ZnO rods. The reaction 

temperature has an influence on the growth rate, while the reaction time affects the size of 

the synthesized particles. 



Chapter 2. Structure, Properties and Synthesis of ZnO 49 

 

To our understanding, the phase which is thermodynamically less stable will precipitate 

out faster in the formation of oxide. In the initial growth stage, the ZnO growth is through 

the formation of Zn(OH)2. With a gradual increase of pH value and decrease of Zn
2+

 ion 

concentration, the Zn(OH)2 particles become thermodynamically unstable and the Zn(OH)2 

formed on the substrate will start dissolving. Thus, the complex Zn[(OH)4]
2-

 is formed. 

When Zn[(OH)4]
2-

 is thermally heated, water will be released and ZnO particles will be 

formed in this way. The corresponding process is shown in equations 2.9 and 2.10.  

The synthesized ZnO rods are presented in Figure 2.17 according to the recipe reported 

in Xiaodong Yan’s work [163]. There is a lot of literature reporting investigations on the 

growth and properties of ZnO nanorods such as the effect of substrates and seeded layers 

on the morphology of nanorods [163, 170-173]. It is reported in Pal and Santiago’s work 

that the morphology of ZnO nano-structures can be controlled by varying the amount of a 

soft surfactant, ethylenediamine, and the pH of the reaction mixture of zinc acetate, sodium 

hydroxide and the surfactant [174].  

 

 

Figure 2.17 The synthesized ZnO rods [163] 
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The sol-gel method is another type of hydrothermal method, in which the term “sol” 

refers to a colloidal suspension. The inorganic network is developed by the formation of sol, 

and after that, it becomes a gel in a continuous liquid phase. The precursors for 

synthesizing these colloids consist of a metal/metalloid surrounded by various reactive 

ligands. There are three main reaction steps involved in the sol-gel process, which are 

hydrolysis, alcohol condensation, and water condensation. However, by using the sol-gel 

method, the growth parameters are not easy to accurately control. 

In our previous work, we synthesized a ZnO film by employing this method [145]. The 

precursor is prepared by dissolving the commercial zinc acetate dihydrate with 2-propanol 

by a molar ratio of 1:55. The mixture solution is stirred thoroughly by a magnetic stirrer at 

50°C for 15 minutes to form a sol. The white precipitates are then formed during stirring 

and after that, diethylamine (DEA) is further added to increase solubility forming a gel. 

Deposition is carried out in air by the spin coating technique at certain spinning speeds on 

Si substrates. A precursor film forms following the spin coating process. The film is then 

dried at 120°C for 10 minutes on a hot plate. After the deposition of the last coating layer, 

the resulting films are annealed in nitrogen (N2), air, and O2 at a temperature of 800°C for 

an hour, respectively. To our understanding, though this method is inexpensive, it is hard to 

achieve high quality films as compared to magnetron sputtering, or PLD, or PECVD. 

 

2.4.4 Substrates 

In order to reduce the strains and dislocation density in epitaxial ZnO and related films, 

closely lattice-matched substrates are selected for growth. Table 2.2 shows several 

commonly used substrate materials for ZnO growth and their mismatch to ZnO is also 

listed in the Table [175]. 
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Table 2.2 Lattice parameters of several commonly used substrate materials for ZnO growth 

and their mismatch to ZnO [175] 

 

Material 
Crystal 

structure 

Lattice 

parameters, 

a (Å), c (Å) 

Lattice 

mismatch 

(%) 

Thermal 

expansion 

coefficient, 

α (10
-6

 K
-1

) 

Space 

group 

ZnO Hexagonal 
3.2498 

5.2066 
0 

4.75 

2.9 
P63mc 

MgO Cubic/Rocksalt 4.216 - 10.5 Fm 3m 

GaN Hexagonal 3.1893 -1.9 5.59 P63mc 

Si Cubic 5.4301 - 3.59 Fd 3m 

 

2.5 Applications of ZnO 

Because of the energy crisis, electrical power generation from solar energy is one of the 

most important strategic projects among all the nations of the world. The growing high 

demand for renewable energy technology has forced a rapid development of solar cells in 

recent years, as solar cells represent a very promising, environmentally friendly energy 

technology that generates clean and renewable energy, while reducing our dependence on 

fossil oil and its impact on the environment.  

In the current solar cell market, although the single-crystal or poly-crystal Si are still the 

dominant materials to manufacture solar cells, other semiconductor materials, such as ZnO, 

is being considered as a potential substitute material due to its unique electrical and optical 

properties [176-178], as discussed in the above sections in this chapter. 

Dye-sensitized solar cells (DSSCs), using inorganic semiconductors, are being studied 

for efficient, inexpensive, and large-scale solar energy conversion [176]. Although the 
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DSSCs still suffer from possible dye agglomeration or electrolyte leakage, DSSCs have 

been explored intensively as possible substitutes for conventional Si cells [179]. A DSSC 

has three main components. The first component is a thick (~10 μm) film fabricated using 

wide bandgap semiconductor nanostructures [179]. The second component is a monolayer 

of organic dye molecules absorbed into the semiconductor nanostructures. The third 

component is a liquid electrolyte containing the redox couple that penetrates in between the 

dye-coated nanostructures.  

According to the above discussion on the three main components in DSSCs, ZnO is 

obviously one of the best candidates among semiconductors for DSSC applications as it can 

be synthesized easily and inexpensively into different shapes and sizes using the various 

methods discussed in the previous sections. It is also environmentally friendly and 

chemically stable. More importantly, ZnO is characterized by higher electron mobility. 

Photovoltage and photocurrent measurements using modulated illumination on dye-

sensitized ZnO solar cells have been shown to have tens to hundreds of times faster 

electron transport in nanorod array electrodes compared to nano-crystalline particulate 

electrodes assembled from colloidal nano-particles, with the electron lifetimes being only 

slightly smaller [180]. A schematic structure of the ZnO-nanorod dye-sensitized solar cell 

is shown in Figure 2.18 [181]. 

A recent report of Zhang’s work showed that DSSCs fabricated with porous electrodes 

made of micron-sized aggregates of ZnO nanocrystallites achieved significantly enhanced 

power-conversion efficiency [182]. ZnO nanocrystallites ensure the availability of desired 

high specific surface area for dye-molecule adsorption, while the micron-sized aggregates 

serve as the light scatters without sacrificing the specific surface area. The scattering results 

in an increase of the power-conversion efficiency to 6.2%. Figure 2.19 shows the schematic 

diagram of the detailed microstructure of submicron-size aggregate, consisting of closely 

packed primary ZnO nanocrystallites.  
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Figure 2.18 Schematic structure of the ZnO-nanorod dye-sensitized solar cell [181] 

 

 

Figure 2.19 The schematic diagram of the detailed microstructure of submicron-size 

aggregate, consisting of closely packed primary ZnO nanocrystallites [182] 
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2.6 Summary 

In this chapter, an overview of the general properties of ZnO was given to provide basic 

background knowledge of its crystal structure, lattice parameters, electronic band structure, 

vibrational, mechanical and thermal, and electrical properties. The optical properties of 

ZnO were discussed in particular detail. Some basic chemical properties of ZnO were also 

briefly presented in this chapter. The above-mentioned basic understandings of ZnO will be 

of great importance in allowing us to understand the growth and luminescence mechanism 

of ZnO from the special synthesized micro- or nano-structures which are presented in the 

following chapters. The descriptions of different growth methods of ZnO and related 

micro- or nano-structures were also introduced in this chapter. In particular, the growth 

mechanism of ZnO micro- or nano-rods was recalled. Furthermore, substrates on which 

ZnO is deposited along with resultant properties were briefly presented. On the basis of 

pre-discussed ZnO electrical and optical properties, some ZnO applications were given. 



 
 

CHAPTER 3 

SYNTHESIS OF ZNO BY A TWO-STAGE 

SOLUTION METHOD 

 

A general review of the hydrothermal method for growing different micro- or nano-

structured ZnO was introduced in Chapter 2 [163-174]. The descriptions of growth 

conditions and the advantages associated with using this method for ZnO growth were 

presented and discussed in detail through comparisons with other commonly used ZnO 

synthesis techniques, such as PLD [133, 146-149], PECVD [156], MOCVD [152] and 

MBE [157-162]. In this chapter, we will look at the development of a modified 

hydrothermal method to grow our special micro-structured ZnO particles. Meanwhile, some 

potential applications are proposed. 

The modified hydrothermal method is called a two-stage solution method for the 

purpose of synthesizing the mono-dispersed ZnO spheres. The size and uniformity of the 

synthesized ZnO particles can be controlled in the sub-micrometer range. This makes this 

method applicable to the fabrication of photonic crystal structures which will be discussed 

in Chapter 4.  

In order to understand how to control the growth and morphologies of the synthesized 

ZnO particles in our experiments, investigations related to the effects of different reaction 

parameters such as hydrate, solvent, salt concentration, reaction temperature, and reaction 
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time on the formation of ZnO particles are carried out. On the basis of the experimental 

results, some related discussions are presented in this chapter. Furthermore, a possible 

growth mechanism is also proposed in this chapter to elucidate the formation of ZnO 

submicron spheres. The room temperature photoluminescence (PL) measurements of the 

obtained products are carried out to investigate their optical properties. The PL results show 

that the ZnO submicron spheres exhibit a strong ultraviolet (UV) emission and a broad 

band green emission in the visible region. Based on these PL results, further discussions are 

presented. The related potential luminescence mechanism will be presented and discussed 

in detail in our next chapter based on the studies of the effects of ZnO native point defects.  

This chapter is organized as follows. Section 3.1 gives an introduction to the chapter. 

Section 3.2 presents the design of the two-stage solution method. Section 3.3 describes the 

experiment procedures. The experimental results are given in Section 3.4 including the 

investigations of the effects of hydrate, solvent, salt concentration, reaction temperature, 

and reaction time. Section 3.5 presents the final product characteristics followed by a 

discussion on the growth mechanism of ZnO spheres given in Section 3.6. Some potential 

applications are proposed and presented in Section 3.7. Section 3.8 gives a summary of this 

chapter. 

 

3.1 Introduction 

As recalled in Chapter 2, ZnO is an important wide bandgap semiconductor material due to 

its numerous attractive properties such as high excitation binding energy at room 

temperature, controllable conductivity, and transparency in the visible light [183]. As such, 

it has attracted much interest because of its potentially wide applications in electronics and 

optoelectronics. 

A wide range of methods have been developed in the synthesis of different ZnO micro- 

or nano-structures, as presented in the previous chapter. However, large-scale applications 
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highly depend on the development of simple and low-cost production procedures. Although 

high-temperature physical and chemical vapour depositions can be employed to prepare 

ZnO materials of various sizes and morphologies, these vapour deposition routes are 

generally used at an academic research level. They commonly require a relatively high 

temperature, expensive vacuum equipment, and complex procedures, which limit their use 

in practical applications [184, 185]. Compared with the high-temperature vapour deposition 

methods, solution-based methods are more effective to synthesize ZnO material with 

controllable morphologies. This method also allows the growth of ZnO nano- or micro-

structures at a relatively low temperature. Furthermore, the solution-based method is 

relatively economic, and can be applied to large-scale productions, which means this 

method is much easier to commercialize in the industry [186, 187]. 

Materials with low crystal symmetry have been used as building blocks in bottom-up 

self-assembly. For this reason, a spherical-shaped structure is one of the most favourable 

morphologies due to its high level of symmetry. However, wurtzite ZnO prefers to grow 

along the c-axis in solution media because of its non-centrosymmetric hexagonal structure, 

which normally results in the commonly observed one-dimensional (1-D) ZnO 

nanostructures, such as nanobelts, nanorods, and nanowires [163,188,189].  

In order to overcome this problem, the surfactants are used to act as crystal growth 

modifiers in synthesizing ZnO spheres. It has been reported that polyethylene glycol (PEG) 

and polyvinylpyrrolidone (PVP) could be used in a solution-based process as surfactants 

[190, 191]. Also, it has been reported that the obtained nano-composite spheres are 

composed by ZnO and PVP and the PVP phase is removed by subsequent heating [191]. 

Although this method can successfully prepare ZnO particles with spherical-shapes, this 

method is rather complicated and expensive. 

In the following, a simple and low-cost modified hydrothermal method is developed to 

synthesise mono-dispersed ZnO spheres with good uniformity, which are possibly suitable 

for the fabrication of photonic crystal structures. The effects of processing parameters that 

can affect the morphologies of the ZnO particles are studied and analyzed. Additionally, a 
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possible growth mechanism to elucidate the formation of ZnO spheres is presented on the 

basis of our experimental results. Meanwhile, the room temperature PL measurements for 

our final products are carried out. The related luminescence mechanism of the obtained 

products will be discussed in Chapter 4. 

 

3.2 Experimental Design 

Spray pyrolysis and atomic layer epitaxy methods have been employed to synthesize 

spherical ZnO particles by allowing zinc acetate [Zn(Ac)2] to react with water vapour [192, 

193]. From this point, if Zn(Ac)2 and water are dissolved in a solvent with a sufficiently 

high boiling point, hydrolyzation will occur and the precipitation of ZnO will be obtained. 

Furthermore, the particles are generally formed by nucleation, growth, and aggregation in 

the solvent. These three processes decide the particle morphologies and size, and can be 

controlled by the reaction conditions. 

Polyols are considered to be good candidates for solvents as they can easily dissolve 

various organic and inorganic compounds, and they also have relatively high boiling points. 

Moreover, they have fairly high dielectric constants. These properties make the reactions 

possible at temperatures above 100
o
C. 

In our experiments, we used diethylene glycol (DEG) as the solvent and the surfactant, 

and further investigated the effects of other parameters in the reactions that could affect the 

morphologies of the ZnO particles such as reaction temperatures, reaction times, water 

concentrations, etc. 

 

3.3 Experiment Procedures 

A two-stage solution-based method is used to synthesize the ZnO spheres, which provided 

an effective and easy way to prepare spherical ZnO particles with good uniformity [194]. 
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The equipment such as hot plate, electrical oven, and ultrasonic bath are used in the 

experiments during the synthesis process. The electrical oven is shown in Figure 3.1. As 

shown in Figure 3.1, this oven is digitally controlled. Thus, the temperature for carrying out 

our experiments could be controlled precisely.  

As shown in Figure 3.1, the electrical oven is used as the heating source during the 

experiments. The temperature of this oven can be controlled digitally up to 300
o
C. The 

autoclave is shown in Figure 3.2. The maximum size of the autoclave is 125 ml and the 

maximum working temperature for this autoclave is 250
o
C. The inner container of this 

autoclave is made of Teflon, which makes it suitable for growing inorganic or organic 

samples at a relatively high temperature. The experimental procedure is described as 

follows. 

In the first stage, 0.003 mol Zn(Ac)2∙2H2O or zinc nitrate [Zn(NO3)2∙6H2O] was added 

to 30 ml DEG in a 50 ml beaker. The solution was then heated on a hot plate at a 

temperature of 50
o
C with magnetic stirring until a transparent solution was achieved. The 

solution was transferred to the 125 ml autoclave from the beaker. Then, the sealed 

autoclave was heated in an electrical oven under a certain temperature for several hours. 

Following this, the autoclave was cooled down to room temperature in air. The solid phase 

formed was then separated by centrifugation and washed with ethanol. The supernatant, 

including materials such as DEG, dissolved reaction products, and un-reacted source 

materials, were decanted off and saved for the use in the second stage. 

In the second stage, 0.003 mol Zn(Ac)2∙2H2O or Zn(NO3)2∙6H2O was added to 30 ml 

DEG in a 50 ml beaker. The solution was then heated on the hot plate at 50°C, and some 

volume (1~10 ml) of the primary supernatant obtained from the first stage was added to it. 

The solution was then stirred by a magnetic stirrer until it became clear. The remaining 

steps were the same as described in the first stage. 

Silicon (Si) substrates were firstly cleaned in acetone within an ultrasonic bath for 10 

minutes, and then rinsed in de-ionized (DI) water and heated at 200
o
C for an hour to 

remove contaminants. For preparing samples, one drop of the resultant ZnO colloidal 
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spheres was dipped onto Si substrates to form a film which was subsequently heated at 

200
o
C for an hour. Finally, the samples were dried at 400

o
C for 2 hours in air. 

 

 

Figure 3.1 Electrical oven used in the experiments 

 

Figure 3.2 Autoclave used in the experiments 
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3.4 Experimental Results 

Particle size and morphology of ZnO were characterized by field emission scanning 

electron microscopy (FESEM). X-ray diffraction (XRD) was used to analyse the crystal 

structure and to identify the phases. PL measurements were carried out by using 

FLUOROLOG-3-TAU at room temperature. Figure 3.3 shows the equipment of FESEM 

used in our measurements. Figure 3.4 shows the XRD equipment used in the measurements 

and Figure 3.5 shows the FLUOROLOG-3-TAU equipment used for PL measurements. 

 

 

Figure 3.3 The FESEM equipment used in the measurements 
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Figure 3.4 The XRD equipment used in the measurements 

 

 

Figure 3.5 The FLUOROLOG-3-TAU equipment used for PL measurements 
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As discussed in Section 3.2, the ZnO precipitation in our experiments is formed by 

hydrolyzation. The DEG is a non-ionic solvent agent and the hydroxyl group (-OH) in the 

reactions is provided by the hydrous compounds within the source materials. The volume 

ratio of water content will affect the morphology of the products. As the hydrolyzation 

occurs at a sufficiently high boiling point, the reaction temperature and time will be 

critically important in our experiments. The effects of various processing parameters on the 

morphology and size of ZnO are presented below. 

 

3.4.1 The Effect of Hydrate 

Hydrous compound in the source material Zn(Ac)2 or Zn(NO3)2 is denoted by the term 

∙nH2O, where n is the number of water molecules per molecule of salt. In order to 

investigate the effects of hydrous compound in the source material, our experiment was 

started from a solution obtained by dissolving dehydrated Zn(Ac)2/Zn(NO3)2 into the 

solvent of dehydrated DEG. In this experiment, we found that ZnO was not obtained. As a 

result, the mechanism of hydrolysis for the ZnO formation in our experiments is confirmed. 

To study the influence of the amount of water molecules, denoted as n, the n was varied 

in the range of 0 − 6. It was interesting to find out that the precipitation of ZnO with a good 

spherical shape was obtained when n = 2, which corresponds to commercial salt of 

Zn(Ac)2∙2H2O. For the other cases of 0 ≤ n < 2 or 2 < n ≤ 6, the shapes of ZnO particles 

became irregular according to the observations from our experimental results. So, based on 

all the findings in the effect of the amount of water molecules within the compound, the 

commercial salt of Zn(Ac)2∙2H2O is selected to be used in our experiments for the purpose 

of achieving good spherical shape of obtained particles. Figure 3.6 illustrates the FESEM 

images of ZnO spheres, which were obtained under the same reaction conditions (salt 

concentration 0.1 mol/l; reaction temperature 180
o
C; reaction time 12 hours), for the cases 

of n = 2 and n = 6. 
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Figure 3.6 FESEM images of: (a) ZnO spheres obtained when n = 2; and (b) ZnO spheres 

obtained when n = 6; n is the water molecular number in salt 
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3.4.2 The Effect of Solvent 

To study the effects of solvents in our research, DEG, pure or mixed with other materials, 

was used in our experiments. Ethylene Glycol (EG) was also used as the solvent to compare 

with DEG in our experiments. EG is another common used organic solvent, which also 

belongs to the family of Glycol but with smaller molecule size. By dissolving 

Zn(Ac)2∙2H2O or Zn(NO3)2∙6H2O into EG and heating up the solution in the autoclave, 

ZnO precipitation was obtained, but with irregular morphologies observed from our 

experimental results. DEG was further mixed with EG with volume ratio of 1:1 or 1:2 to 

obtain different solvent characteristics in our experiments. Although this led to the 

formation of ZnO, the particles were dispersed with irregular shapes. 

The precipitation of ZnO also took place when acetic acid was added into DEG instead 

of EG. It is proposed that water was produced by esterification between polyol and acetic 

acid during the reactions. However, it was found that the ZnO particles had irregular shapes. 

In the case of DEG mixed with a small amount of water (1 − 10%) to form the solvents, the 

ZnO formed and had a rod-shape. Figure 3.7 shows the FESEM images of ZnO particles, 

which were obtained by using different solvents. Further experiments and discussions about 

the effect of solvent were presented and studied in Chapter 5.   

A small amount of primary supernatant, which was obtained and saved in the first stage, 

was added into DEG to form the solvents. The mono-dispersed ZnO spheres were formed 

with a diameter of submicron size and good uniformity. XRD analysis of the ZnO colloid 

revealed that the material had hexagonal ZnO phase with no preferential growth directions. 

This result provides a method to synthesize mono-dispersed ZnO colloidal spheres over a 

broad size range (500 to 1000 nm) with good control over their diameter. It has been 

reported that the particles with a size in the range of submicron can be used to create 

photonic crystals with the bandgap covering the entire visible spectrum, and also extending 

well into the UV and infrared (IR) ranges [195]. Further discussions of the effect of primary 

supernatant used in the experiments are investigated in Chapter 4. 
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Figure 3.7 FESEM images of: (a) ZnO particles obtained by using EG as solvent; (b) ZnO 

particles obtained by using DEG mixed with EG; (c) ZnO particles obtained by using DEG 

mixed with acetic acid; and (d) ZnO particles obtained by using DEG mixed with 5% water 
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3.4.3 The Effect of Salt Concentration 

When the salt concentration was lower than 0.1 mol/l, the ZnO spherical mono-dispersed 

particles with one micrometer size were obtained. In the range of 0.1 to 0.2 mol/l, the ZnO 

particles became irregular and larger. Figure 3.8 shows a FESEM image of 1 m sized ZnO 

spheres obtained with a salt (Zn(NO3)2∙6H2O) concentration of 0.1 mol/l. 

 

3.4.4 The Effects of Reaction Temperature and Time 

In order to analyze the effect of reaction temperature on the formation of ZnO spheres, we 

varied the reaction temperature from 160
o
C to 250

o
C. In this temperature range, the 

morphology (spherical shape) of ZnO particle remained almost unchanged. When the 

reaction temperature was in the range from 100
o
C to 150

o
C, no ZnO spheres formed. 

 

 

Figure 3.8 A FESEM image of 1 m sized ZnO spheres obtained with Zn(NO3)2∙6H2O 

concentration of 0.1 mol/l 
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Figure 3.9 FESEM images of: (a) ZnO spheres obtained after reaction of 6 hours; and (b) 

ZnO spheres obtained after reaction of 12 hours 
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Under a fixed reaction temperature, the reaction time was varied from 6 to 24 hours. The 

results indicated that the shape and size of ZnO particles remained similar. However, in 

order to obtain better uniformity of the products, a reaction time longer than 6 hours was 

required according to our experimental results. Moreover, ZnO spherical particles did not 

form with a short reaction time of 2 to 6 hours. Figure 3.9 shows the FESEM images of 

ZnO spheres obtained at the reaction temperature of 200
o
C with two different reaction 

times of 6 hours and 12 hours. 

 

3.5 Final Product Characteristics 

The characteristics of the particles obtained under the optimal conditions are described 

below. The products were synthesized using Zn(Ac)2∙2H2O as the source material and DEG 

as the solvent (salt concentration of 0.1 mol/l). The reaction temperature was 200°C and the 

reaction time was 12 hours. Phase composition and phase purity of the obtained products 

were identified by XRD (as shown in Figure 3.10). Relatively strong and sharp peaks in the 

XRD pattern confirmed that the products were ZnO. The morphology of products was 

investigated by FESEM technique. 

Figure 3.11 (a) shows ZnO particles that are non-agglomerated and uniform with 

spherical shape. The sizes of these particles are mainly in a range of 480 − 500 nm. In this 

micrograph, we can see that the ZnO particles self-assembled to form a film with a good 

order. It therefore gives us the potential to construct a photonic crystal structure for the 

purpose of controlling the wavelength of light emission. 

In Figure 3.11 (b), it can be seen that the ZnO spheres contain a nano-structure, which 

indicates that the spheres are not single crystals but contain many smaller grains. Energy 

Dispersive Spectroscopy (EDS) results of the products shown in Table 3.1 confirm that the 

spheres contain only ZnO. 
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Figure 3.10 XRD spectra of ZnO spheres obtained at 200°C for 12 hours, showing a 

polycrystalline structure 

 

Figure 3.12 shows the room temperature photoluminescence emission spectrum of the 

hydrothermally synthesized ZnO particles excited by the laser with a wavelength of 325 nm. 

A strong UV emission (~375 nm or ~3.3 eV) and a broad band green emission centred at 

the wavelength of 565 nm (or ~2.19 eV) in the visible region were observed from the PL 

results. The broad band green emission indicates that several defects may have co-existed 

in the synthesized ZnO particles, including oxygen vacancy (Ov), oxygen interstitials (Oi), 

Zn vacancy (Znv), and Zn interstitial (Zni) [196].  

Based on Peng’s results of the theoretical calculations of the intrinsic defects in ZnO 

[197], it was supposed that the green emission was mainly attributed to Ov in the 

synthesized ZnO particles as its energy level was very close to the defect energy level of Ov 

(~2.0 eV). According to the results reported by Wu [198] the UV emission in the 

synthesized ZnO particles was very close to the ZnO bandgap (~3.37 eV); this can be 

attributed to the exciton radiate recombination. Further studies of the luminescence 

mechanism of ZnO spheres will be given in Chapter 4. 
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(a)

 

(b)

 

Figure 3.11 FESEM images: (a) general view of the final product; (b) specified view of the 

final product 
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Table 3.1 EDS results of the products 

 

Element Weight % Atomic % 

O 15.31 42.09 

Si 1.01 1.58 

Zn 83.68 56.33 

Totals 100.00  

 

 

 

Figure 3.12 Room temperature PL results of the ZnO spheres obtained at 200°C for 12 

hours excited with a laser of 325 nm wavelength 
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3.6 Formation Mechanism of ZnO Spheres 

To understand the growth mechanism of ZnO spheres, the growth process was analyzed 

based on the observations of the products at different reaction temperatures and times. A 

mechanism called oriented aggregation for the formation of complex structures has been 

suggested [199]. This mechanism proposes an oriented aggregation which is regarded as 

one of the non-classical crystallization mechanisms. It leads to the formation of multiform 

crystal structures and morphologies. Similarly, self-assembled structures were reported in 

α-Fe2O3 particles by Sugimoto et al. [200, 201]. It was also reported that the sticking point 

in the synthesis of Fe3O4 sphere-like aggregates was the application of polyethylene glycol 

nonylphenyl ether and cyclodextrin [202]. A similar formation mechanism that explains the 

ZnO sphere formation is therefore considered and proposed in our work. 

DEG is a non-ionic surface active agent with the formula O(CH2CH2OH)2. In the 

reaction, Zn
2+

 ions are attracted to the oxygen atoms on the DEG. The hydroxyl groups on 

the compound Zn(OH)2 can interact with each other, and as a result there is a linkage or a 

bridge to the neighbouring Zn(OH)2 as illustrated in Figure 3.13. The clusters of ZnO nano-

particles are then aggregated together to form a spherical shape to minimize the cluster 

surface energy. Figure 3.13 illustrates a schematic drawing of the formation process of the 

ZnO nano/micro-spheres. The corresponding equations are given below. 

In our synthetic process, it is proposed that the complex compound [Zn(OH)2]n is 

formed by reaction (3.1). Using DEG coordinates with [Zn(OH)2]n, the complex compound 

of [Zn(OH)2-DEG]n is formed. These complex compounds are then broken up to release 

H2O. The ZnO nano-particles are then formed by reaction (3.3). 

 

    nHOHZnOnHnZn
n

2)(2 22

2                                        (3.1) 

   
nn

DEGOHZnnDEGOHZn 22 )()(                                      (3.2) 

    OnHDEGZnODEGOHZn nn 22)(                                 (3.3) 



Chapter 3. Synthesis of ZnO by a Two-stage Solution Method 75 

 

This mechanism can be used to explain the effects of processing parameters on the shape 

and size of the ZnO spheres. In the case of the molar ratio of Zn
2+

:H2O > 4, for instance, the 

complex compound [Zn(OH)4
2-

] is supposed to be formed instead of [Zn(OH)2]n. Therefore, 

the morphology of ZnO particles changes to the rod-like shape as shown in Figure 3.7(d). 

In the case when the reaction temperature is below 160
o
C (reaction time up to 24 hours), 

the mixed solution becomes gel-like. No characteristic peak of ZnO can be detected from 

the XRD pattern, indicating that ZnO is not formed due to the insufficient energy provided. 

When the reaction temperature is above 250
o
C, DEG thermal degradation begins to be 

significant; and this causes the morphology of products to become non-spherical. 

 

 

Figure 3.13 Schematic illustration of the formation mechanism of the as-obtained ZnO 

nano-/micro-spheres 
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3.7 Applications in Optical Logic Element  

According to the previous work in our group [145], a ZnO light emitter structured on hot 

electron emitting substrate (HEES) can produce light emissions (red) at room temperature 

when a voltage is applied to this device. Looking at its device structure, this Si based ZnO 

light emitter has a ZnO film layer on the top of HEES, which is deposited by the technique 

of magnetron sputtering or by the sol-gel method [145]. Therefore, on the basis of these 

previous experimental results, a proposed simplified structure of an optical logic element is 

demonstrated in Figure 3.14. From this figure, we can see that this structure includes a 

photoemitter and a photoresistor. The photoemitter is structured by a ZnO layer which is 

deposited on the HEES. More detailed discussions related to this structure will be presented 

in Chapter 7. The ZnO based photoemitter is depicted in Figure 3.15. 

 

 

ZnO 

HEES Photoresistor 

Current source 

Photoemitter 

Electrical contact 

 

Figure 3.14 A simplified optoelectronic logic element model structure 

 

From the above-presented experimental results, we can see that the as-obtained 

submicron ZnO spheres may be deposited onto the Si subtrates and form a film layer as 

shown in Figure 3.11 (a). Further study of the formation of the ZnO sphere film will be 
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given in Chapter 4. Therefore, we propose the ZnO layer in the photoemitter (as shown in 

Figure 3.15) can be substitued by a film formed by our synthesized submicron ZnO spheres. 

From the room temperature PL results, it is expected that the UV and green lights can be 

emitted from this ZnO sphere-based device. 

 

 

Photoemitter 

ZnO 

Polycrystalline silicon 

Si 

SiO2 

 

Figure 3.15 ZnO-based photoemitter structure 

 

3.8 Summary 

In this chapter a simple and economic two-stage solution-based method was developed to 

synthesize submicron ZnO spheres. The product had good uniformity and the diameter of 

the spheres was in the sub-micrometer range. The morphology and size of the ZnO spheres 

was able to be controlled by the solution composition, reaction temperature and time. The 

uniform- and submicron-sized ZnO spheres can be potentially used to fabricate the 

photonic crystal structures. The effects of different reaction parameters on the formation of 

ZnO spheres were investigated experimentally and a possible growth mechanism was 

proposed. In addition, room temperature PL measurements of the final products were 

carried out, showing that the ZnO submicron spheres exhibited a strong UV emission and a 
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broad band green emission in the visible region. Additionally, an application of the 

synthesized submicron ZnO spheres to an optical logic element was proposed based on the 

above-mentioned experimental results. 



 
 

CHAPTER 4 

MICROSTRUCTURE AND OPTICAL 

PROPERTIES OF SUBMICRON ZNO 

SPHERES 

 

In the previous chapter, a two-stage solution-based method was developed in order to 

synthesize mono-dispersed submicron ZnO spheres. We successfully achieved the diameter 

range from 500 nm to 1000 nm, as shown in Chapter 3, by using this method. Additionally, 

a potential application to a ZnO based photo-emitter in building an optical logical element 

was also proposed in the previous chapter, which involved placing a ZnO layer formed by 

the submicron ZnO spheres on the hot electron emitting substrate (HEES). In order to 

further reduce the size of the ZnO spheres down to ~200 nm and make them suitable for 

forming a tight film, the two-stage solution-based method is modified and further 

developed in this chapter.  

In this chapter, submicron ZnO spheres with the diameter range of ~200 nm to ~500 nm 

that were successfully synthesized by a modified two-stage solution-based method are 

presented. A vertical deposition technique is introduced and applied to form a tight ZnO 

sphere film. An investigation of the uniformity and size control for the ZnO spheres and the 

related mechanisms are discussed and analyzed in this chapter. The phase structure and 

morphology of the as-prepared samples are intensively studied by X-ray diffraction (XRD) 
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and field emission scanning electron microscopy (SEM) to confirm the formation of 

wurtzite hexagonal structured ZnO with regular sphere shape. 

The native point defects in ZnO are studied in this chapter to theoretically analyze the 

possible luminescence mechanism in our synthesized ZnO spheres. Several kinds of native 

point defects in ZnO are modelled and some results, which are obtained from the full-

potential implementation of density functional theory (DFT) using the linear muffin-tin 

orbital (LMTO) method, are presented and discussed in this chapter. The optical property 

of the deposited submicron ZnO spheres are experimentally investigated in detail by Raman 

scattering and photoluminescence (PL) measurements at room temperature. Three Raman 

peaks are observed at 331 cm
-1

, 437 cm
-1

, and 579 cm
-1

; and the PL spectra shows 

ultraviolet (UV), broad band green and orange emissions. All these results indicate that the 

ZnO-based microstructure has rich structural defects.  

The annealing effects of as-prepared samples are also studied in two different ambiences 

(oxygen (O2) and argon (Ar)) with different annealing temperatures (500
o
C and 800

o
C). 

The PL results of the annealed deposited submicron ZnO spheres indicate that the light 

emissions correspond to the exciton radiate recombination and native point defect of 

oxygen vacancy (Ov) in the synthesized ZnO microstructure. 

This chapter is presented in six parts. Section 4.1 gives an introduction. Section 4.2 

presents the experiment description, size, and uniformity control of the submicron ZnO 

spheres, and the characterization of the samples. A vertical deposition technique and a 

photonic crystal concept are also introduced, leading to a potential application of forming a 

ZnO-based photonic crystal structure. Section 4.3 studies the microstructure and surface 

morphologies of the synthesized submicron ZnO spheres. A potential application to the 

fabrication of photonic crystal structure by using the ZnO spheres is discussed in Section 

4.4. Section 4.5 studies the optical properties of the submicron ZnO spheres. The full-

potential linear muffin-tin orbital method is also introduced in this section. Several kinds of 

ZnO defects are also modelled, simulated, and presented under the platform of MStudio 

MindLab by using this method. Finally, Section 4.6 presents a summary of this chapter.  
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4.1 Introduction 

ZnO is one of the II-VI semiconductors with a hexagonal wurtzite structure. It has been 

studied and investigated intensively for many years due to its special optical and electrical 

properties. As reviewed in Chapter 2, ZnO has a direct bandgap of ~3.3 eV, a high exciton 

binding energy of ~60 meV at room temperature, and a high refractive index of ~2.0. 

Therefore, ZnO becomes one of the most promising wide bandgap semiconductor materials 

to replace silicon (Si) and gallium arsenide (GaAs) in fabricating micro- or nano-scale light 

emitting devices [203]. Furthermore, it has been reported that wide emission bands such as 

green, yellow, orange, and red are successfully achieved by introducing impurities into 

ZnO such as Li
+
 [204], Eu

3+
 [205] and Sn

2+
 [206]. Recently, Jung et al. reported that the 

Sn
2+

 doped ZnO nanowires showed a broad band green emission centred at ~500 nm and 

the light emission enhanced as the Sn
2+

 concentration increased [206]. 

Various kinds of processes including sol-gel [207, 208], magnetron sputtering [141-145], 

and hydrothermal methods [163-174, 194] have been developed to synthesize different ZnO 

based micro- or nano-scale structures, such as one-dimension (1-D) nanowires, nanobelts, 

nanorods, and microspheres. These structures are regarded as potential fundamental 

building blocks for micro- or nano-scale optoelectronic devices, and especially for photonic 

crystal structures [163, 209-214].  

Considering the benefits of the solution-based methods mentioned in our previous 

chapters, such as easy control of morphology, low reaction temperature, low cost, and the 

potential of application to large-scale productions, the hydrothermal method is commonly 

used in the synthesis of different ZnO-based micro- or nano-structures. Recently, Yang et al. 

synthesized the ZnO based microstructures by a simple thermal method and investigated 

the microstructures, morphologies and optical properties of as-prepared Eu
3+

 doped ZnO 

nanosheets. It was reported in Yang’s work that the light emissions of as-prepared Eu
3+

 

doped ZnO nanosheets could be observed at locations of ~580 nm, ~587 nm, and ~614 nm 

[205]. 
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In this chapter, we present a modified two-stage solution-based method to prepare 

submicron ZnO spheres in the diameter range of ~200 nm to ~500 nm on the basis of our 

previous work [194]. According to the previous chapters, the formation of different shapes 

of ZnO-based micro- or nano-structures depends largely on several parameters, including 

solvent, reaction temperature, reaction time, and the concentration of reactive elements. In 

this chapter, we further develop the control of uniformity and size in the synthesis of ZnO 

spheres based on the above points. Moreover, a vertical deposition technique is employed 

in forming ZnO sphere films. The potential of forming ZnO-based photonic crystal 

structure is presented and discussed. The microstructures and optical properties of the 

deposited submicron ZnO spheres are theoretically and experimentally investigated in 

detail. The effects of the annealing atmosphere and the annealing temperature on the as-

prepared samples are also studied and presented. Accordingly, the photoluminescence 

mechanism is given.  

 

4.2 Synthesis of Submicron ZnO Spheres 

4.2.1 Experiment Description of a Modified Two-Stage Solution 

Method 

The submicron ZnO spheres studied in this chapter were produced by reactions similar to 

that described in our previous chapter. Some modifications were made in this pre-described 

two-stage solution-based method. Subsequently, this modified method was used to 

synthesize the submicron ZnO spheres, providing an effective and easy way to prepare 

spherical ZnO particles with good uniformity. The experimental procedure is described as 

follows. 
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In the first stage, a seed solution was prepared by using commercial zinc acetate 

[Zn(Ac)2·2H2O] as the main source material and diethylene glycol (DEG) as the solvent 

and surfactant. 0.003 mol Zn(Ac)2∙2H2O was added to 30 ml DEG in a 50 ml beaker. The 

solution was heated on a hot plate at 50
o
C with magnetic stirring until a transparent solution 

was achieved. The solution was then transferred to a specially designed glass container 

which has a build-in thermocouple. The sealed glass container was then heated in the oil 

bath under a certain temperature with a different reaction time. The purpose of using the 

thermocouple was to correctly measure the heating rate. Control of the heating rate could 

be achieved by using the oil bath as the heating source. The whole modified system is 

shown in Figure 4.1. 

After the reaction temperature was achieved at 160
o
C, the reactions continued for an 

hour. Following that, the glass container was cooled down to room temperature in air. A 

milk-like solution was formed as shown in Figure 4.2 and the solid phase was then 

separated by centrifugation. The residual solution, including materials such as dissolved 

reaction products, un-reacted source material, and DEG, was decanted off and saved to 

serve as the seed solution in the next stage. 

In the second stage, the same amount of Zn(Ac)2∙2H2O was added to 30 ml DEG in the 

beaker. 1 ml of the seed solution obtained in the first stage was added into it. The mixed 

solution was then heated on the hot plate at 50°C, and stirred by a magnetic stirrer until it 

became clear. The remaining steps were the same as described in the first stage. After the 

reaction, the milk-like solution was cooled down to room temperature in air, and then the 

formed solid phase was centrifuged. The separated final products were washed by ethanol 

and de-ionized (DI) water several times in order to remove the residual solution. Following 

that, the products were collected and dried at 250
o
C in air to remove the remaining organic 

materials. 
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Figure 4.1 The modified reaction system 

 

 

Figure 4.2 The milk-like solution formed after the reactions 
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4.2.2 ZnO Sphere Colloid and ZnO Layer Deposition 

For the purpose of investigating and analyzing the microstructure, morphology and optical 

properties of the synthesized undoped submicron ZnO spheres, a ZnO sphere layer was 

deposited onto the Si substrates. 

ZnO sphere colloid was formed by dissolving the obtained products into water-enthanol 

solution (volume ratio of 3:1) at room temperature. The reason for dissolving the products 

into this water-ethanol solution was to form a stabilized ZnO sphere colloidal system. 

Following that, the Si substrates were firstly cleaned in acetone in an ultrasonic bath for 10 

minutes (min), and then rinsed in DI water and heated at 200
o
C for an hour to remove 

contaminants.  

There are various methods found in the literature for preparing colloidal crystals [215-

217]. The vertical deposition method was first introduced by Jiang et al. in 1999 who 

published a novel method to fabricate thin film solid artificial opals [215]. Since then, this 

method has attracted considerable attention as it requires no special equipment or training, 

is not laborious, and reproducibly yields dry crystalline colloidal multilayers with few 

defects that resulting from the cracks that form upon drying.  

Due to the advantages of using the vertical deposition method [215], including good 

control over sample thickness, deposition can be applied to a large area and various kinds 

of substrates can be used for deposition (usually a glass or Si slides) and easy manipulation; 

therefore, the vertical deposition technique became our choice to deposit the ZnO sphere 

film onto Si substrates. 

Many researchers have undertaken to identify the conditions that lead to optimal quality 

in vertically deposited colloidal crystals [218-212]. For deposition from water-ethanol 

solution, a number of researchers have reported an optimal temperature is in the range of 55 

– 65°C [212]. Figure 4.3 (a) shows a simplified experimental setup to fabricate a ZnO film 

by means of the vertical deposition method. Figure 4.3 (b) shows the meniscus formed in 
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the interface between the solvent and air where the spherical-shaped particles form a 

periodic structure. 

 

 

Figure 4.3 (a) shows a simplified experimental setup to fabricate a film by means of the 

vertical deposition method; (b) shows the meniscus formed in the interface between the 

solvent and air where the spherical-shaped particles form a periodic structure 

 

 

Figure 4.4 A schematic drawing of the vertical deposition mechanism 
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In Figure 4.4, it can be seen that the substrates are vertically immerged into the sphere 

colloidal suspension. It is understandable that in the case of an evaporating colloidal 

suspension in which the evaporation velocity (Ve) exceeds the sedimentation velocity (Vs), 

particles will consequently accumulate at the solvent-air interface. The particles will self-

assemble on the substrates due to capillary forces during drying; as a result, the lateral 

capillary immersion forces assemble the particles into a hexagonally ordered layer. The 

first particles to encounter the falling interface become strongly adsorbed to it by interfacial 

forces. The change in interfacial energy for adsorbing a spherical particle from the bulk of a 

colloidal suspension to the interface is expressed as [218]: 

22 )cos1(   REads                                                     (4.1) 

where R is the particle radius, γ the solvent surface tension, and θ the contact angle at the 

solvent-particle interface. The contact angle can be measured using the gel trapping 

technique [218].  

 

 

Figure 4.5 The vertical deposition system used in our experiment 
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It is proposed in Park’s work that the first assembled layer dewets and becomes less 

dense than water as its interstitial space fills with air. It then rises above the interface due to 

its buoyancy, leaving room for the same capillary forces to assemble a second layer beneath 

it, and so on [223]. Considering this, in order to deposit the ZnO spheres onto the Si 

substrate in our case, the vertical deposition system was set up as shown in Figure 4.5. 

As shown in Figure 4.5, the Si substrates were vertically immerged into the ZnO sphere 

colloidal suspension. They were then hung for 24 hours. The milk-like ZnO sphere 

colloidal suspension (as shown in Figure 4.2) continued to be stirred at 50 rpm on a hot-

plate at a temperature of 50
o
C. Muti-layered ZnO film is achieved as shown in Figure 4.9. 

After the deposition, the as-prepared samples were annealed in different ambiences of O2 

and Ar at 500
o
C for an hour, respectively. Different annealing temperatures (500

o
C and 

800
o
C) for the deposited ZnO spheres were also carried out in an O2 atmosphere for an hour. 

 

4.2.3 Size and Uniformity Control of Submicron ZnO Spheres 

4.2.3.1 Heating Rate Effect     

According to the description in Section 4.2.1, the mixed solution was kept at 50
o
C with 

stirring before being transferred to the specially designed glass container. In our previous 

work, as presented in Chapter 3, it is found that the reaction will occur only when the 

temperature of the mixed solution reaches at least 160
o
C. Afterwards, the white precipitates 

appear. In order to easily control the heating rate of the mixed solution to reach the 

minimum reaction temperature of 160
o
C, an oil bath was used in our experiments. Also, for 

the convenience of measuring the temperature change in the solution, a thermocouple was 

built into the specially designed glass container. 

In Figure 4.6, the relationship between the average heating rates and the diameter 

distributions of the synthesized particles is demonstrated. It can be seen that in our 

experiment there were three different average heating rates of 30
o
C/min, 20

o
C/min, and 

15
o
C/min as shown in Figure 4.6 (a), corresponding to the particle distributions of ~200 nm, 
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~300 nm, and ~500 nm diameters, respectively. The diameter distribution of the obtained 

particles is shown in Figure 4.6 (b), indicating that the obtained particles had a good 

uniformity and the particle size was an inversion to the increase of the average heating rate. 

Therefore, the size and uniformity could be controlled through adjusting the average 

heating rates. 

To give an explanation of the influence of the heating rate in the hydrothermal reactions, 

we must recall the growth mechanism discussed in the previous chapter. During the 

reactions, DEG is a non-ionic surface active agent. The Zn
2+

 ions are supposed to be 

attracted to the oxygen atoms on the DEG during the hydrothermal reactions. The hydroxyl 

groups (-OH) on the compound of Zn(OH)2 interact with each other, and as a result a 

linkage or a bridge to the neighbouring Zn(OH)2 can be provided. It is understandable that 

the heating rate has an influence on the hydrolysis rate of the reaction source material of 

Zn(Ac)2 during the heating process. The hydrolyzation of Zn(Ac)2 is an endothermic 

reaction. If we have increased the heating rate for the solutions, the hydrolysis of Zn(Ac)2 

during the heating procedure may have been affected as a result. It is supposed that a large 

amount of the tiny compound [Zn(OH)
+
] can have formed during the heating procedure at a 

low heating rate, instead of the compound Zn(OH)2. Therefore, this will have affected the 

size and uniformity of the final products. 

 

4.2.3.2 Seed Solution Effect 

In order to further understand the size control of ZnO spheres, the effect of seed solution 

was investigated in our experiments. Figure 4.7 shows the relation between the size of ZnO 

spheres and the volume ratio of seed solution added into the second stage reactions.  

In this figure, we can see that the volume ratio of seed solutions added into the reactions 

can greatly affect the size of the products. It is thought that the seed solutions have some 

primary particles so that when the seed solution is added into the reactions, these primary 

particles will work as a nucleus to induce the hydrolysis of Zn(Ac)2 in the second stage 

reactions. For this reason, it is suggested that the quality and quantity of the primary 
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Figure 4.6 Relationship between the heating rates and the diameter distributions of the 

synthesized particles: (a) the average heating rates of 30
o
C/min, 20

o
C/min, and 15

o
C/min; 

(b) the corresponding particle distributions of ~200 nm, ~300 nm, and ~500 nm  
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Figure 4.7 Relation between the size of ZnO spheres and volume ratio of seed solutions 

 

particles added into the reaction solutions will affect the hydrolysis of Zn(Ac)2 to a large 

extent. Should too little of the seeds be added to the reaction solutions during the 

hydrolyzation of Zn(Ac)2, some irregular self-formed nuclei will be produced, and these 

will affect the size of the ZnO spheres. 

 

4.2.4 Characterization of the Samples 

Particle size and surface morphologies of the deposited products were characterized by 

field emission scanning electron microscopy (SEM, Philips XL-30S) equipped with an 

energy dispersive X-ray spectrometer (EDS). X-ray diffraction (XRD, Bruker D8) with Cu-

Ka radiation was used to analyze the crystal structure and to identify the phases of the 

samples. Raman scattering and photoluminescence measurements of the prepared samples 

were carried out to study their optical properties using He–Cd (λ = 325 nm) laser as the 

excitation sources at room temperature. 
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4.3 Microstructure and Surface Morphology of ZnO 

Spheres 

The crystallographic structures and phases of the as-grown ZnO products were 

characterized by XRD. Figure 4.8 shows the XRD patterns of the as-obtained particles 

deposited on Si substrates (annealed at 500
o
C for an hour). Three relatively strong peaks 

could be observed for the as-obtained particles, corresponding to the crystal planes of (100), 

(002) and (101). This result confirmed that the as-grown products were ZnO with a 

hexagonal wurtzite structure. The average grain size of ZnO was estimated by the Scherrer 

formula [224]: 





cosFWHM

K
D                                                            (4.2) 

where D, K, λ, θ and FWHM are the mean grain size, Scherrer constant, the wavelength of 

x-ray, the diffraction angle of x-ray, and the full width at half maximum of (1 0 0), (0 0 2) 

and (1 0 1) peaks, respectively. The Scherrer constant in this formula generally takes the 

value of 0.9. The calculated results indicated that the average grain sizes were about 10 nm, 

18 nm and 25 nm, corresponding to the ~200 nm, ~300 nm and ~500 nm ZnO particles, 

respectively.  

The morphology of the as-grown products was investigated by the SEM technique. 

Figure 4.9 shows the SEM images of the as-obtained particles of ~200 nm, ~300 nm, and 

~500 nm. The views demonstrated in Figure 4.9 show that these different sized as-obtained 

particles had good spherical shapes and were deposited on the Si substrates in a well 

ordered manner. These results predict that the as-obtained particles have the potential of 

being fundamental blocks in fabricating the photonic crystal structures.  

Figure 4.10 shows a detailed view of the ~200 nm as-obtained particles. It can be seen 

that the submicron ZnO spheres contained nano-structures, which indicated that the spheres 

were not single crystals but contained many smaller grains. Moreover, it was found that the 

spheres were formed by hundreds of aggregated needle-like nano-particles of around 10 nm,  
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Figure 4.8 XRD patterns of the as-obtained ZnO particles 
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Figure 4.9 SEM images of the as-obtained ZnO particles: (a) ~200 nm; (b) ~300 nm; and (c) 

~500 nm 
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Figure 4.10 Detailed structure of the ~200 nm as-obtained particle 

 

which relates to the XRD calculation results. To further investigate the microstructure of 

the as-obtained ZnO particles, an energy dispersive X-ray spectrometry was used to 

examine the elemental composition. The related elements of Zn, O and Si were 

consequently recorded for the oxide compounds and Si substrate. 

 

4.4 Application to Fabrication of Photonic Crystal 

Structure 

Photonic crystals are periodic optical micro- or nano-structures that are designed to affect 

the motion of photons, which is similar to the way the periodicity of a semiconductor 

crystal affects the motion of electrons [215]. The periodic potential in a semiconductor 

crystal affects the electron motion by defining the allowed and forbidden electronic energy 



Chapter 4. Microstructure and Optical Properties of Submicron 
ZnO Spheres 

96 

 

bands. Similarly, in the photonic crystals the periodic dielectric micro- or nano-structures 

affect the propagation of electromagnetic waves [216]. More importantly, the internal 

regions of the high and low dielectric constant (normally air and structured material) are 

regularly repeating in the photonic crystal structures. Whether the propagation of photons 

(which is believed to be behaving as waves) can pass through this kind of structure depends 

on their wavelength. In other words, the wavelengths of light that are not allowed to travel 

in this kind of structure are called photonic bandgaps [217]. This distinct property creates a 

unique optical phenomenon for the photonic crystal structures. Thus, photonic crystals 

show a great deal of promise for applications in numerous types of devices in one-, two-, or 

three-dimensional (1-D, 2-D, or 3-D) structures [226].  

1-D structures are the simplest devices consisting of alternating layers of high- and low-

index materials [226]. This kind of structure can be engineered to reflect a selected range of 

wavelengths by prudently selecting the thickness of the alternating layers and refractive 

indices of the materials. Structures of this type form the basis for numerous devices 

including dielectric mirrors and vertical-cavity surface-emitting lasers. A great deal of work 

is underway in the area of 3-D photonic crystals [228, 229].  

Various techniques have been developed in an effort to produce periodic arrays of 

dielectric materials that can exhibit a photonic stop band including multi-layer lithography 

[230], multi-beam holographic lithography [231], optical interference methods [230], and 

production of so-called inverted opal structures [232]. However, these techniques are quite 

complex and elaborate. Thus, the colloid self-assembly is considered to be one of the 

simplest techniques to fabricate the photonic crystal structures, though self-assembly does 

have some limitations [216]. For example, so far, only a few materials are readily available 

to prepare mono-dispersed colloid spheres in sizes which are appropriate for photonic 

crystals including silicon oxide (SiO2) and polystyrene and Poly(methyl methacrylate) 

(PMMA). However, their refractive indices are relatively low [234].  

The points above suggest that ZnO is another promising candidate for optically-active 

self-assembled photonic crystals because of its interesting optical properties. ZnO has a 
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higher refractive index (2.1~2.2 in the visible region) than other materials, such as SiO2 

(1.4~1.5 in the visible region) and most polymers. Additionally, ZnO has been found to be 

an efficient emitter, exhibiting lasing behaviour in the near UV (~385 nm). As can be seen 

from Figure 4.9, by introducing the vertical deposition technique, a tight ZnO sphere film 

was achieved on the Si substrates, forming periodic microstructures. 

On the basis of these experimental results, it is proposed that this kind of periodic 

microstructure can be used to design an optical device which can be used to control the 

light wavelengths. The experimental results of our previous work [145] show that a ZnO 

light emitter can emit UV and a broadband visible emission from green to red. Therefore, 

when a light emitter is fabricated using ZnO photonic crystal structures, the light emissions 

can be selected. In other words, some unwanted light emissions can be filtered out. 

Furthermore, these ZnO photonic crystal structures can be employed in the optical logic 

element which we have presented and discussed in the previous chapter. 

 

4.5 Optical Properties of Submicron ZnO Spheres 

In this section, the defects in ZnO and the full-potential linear muffin-tin orbital (FP-LMTO) 

method are briefly introduced. The modelling of several types of ZnO native point defects 

are presented and discussed in the following subsections. In theory, the corresponding 

bandgap for these types of ZnO native point defects are simulated and analyzed on the 

platform of MStudio MindLab. All the above-mentioned results provide us with a possible 

luminescence mechanism to theoretically explain the light emissions of ZnO. Thus, this 

mechanism was applied to elucidate the experimental PL results from our synthesized 

submicron ZnO spheres in the investigation. 
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4.5.1 Defects in ZnO 

Characteristically, defects represent one of the controversial areas in semiconductors. Even 

today, the precise correlation between electrical or optical manifestation of defects and their 

origin is not fully understood [235]; in particular, the point defects in ZnO. As in any 

semiconductors, point defects affect the electrical and optical properties of ZnO. Point 

defects in ZnO include native defects (vacancies, interstitials, and antisites), impurities, and 

defect complexes. The concentration of point defects depends on their formation energies. 

The calculation of formation energies, the electronic structure of native point defects, 

and the hydrogen in ZnO were theoretically calculated by Van de Walle et al. based on the 

first-principles and plane-wave pseudopotential technique together with the supercell 

approach [235, 236]. A work which aimed to identify the native point defects was carried 

out by Vlasenko and Watkins. The native point defects in ZnO were produced by electron 

irradiation at liquid-helium temperatures [237]. 

According to the first-principles calculations, the Zn interstitials are shallow donors, 

with a characteristic “effective mass” (EM) g-factor of ~1.96 [236]. They have high 

formation energies in n-type ZnO and are fast diffusers with migration barriers as low as 

0.57 eV [236]. From the experimental work done by Vlasenko and Watkins, it was 

suggested that Zn interstitials are not stable at room temperature [237]. 

First-principles calculations consistently show that the oxygen vacancy is a deep and 

negative donor, where the 1+ charge state is thermodynamically unstable [238]. Electron 

paramagnetic resonance (EPR) measurements on electron-irradiated ZnO show that neutral 

oxygen vacancies are converted to the 1+ charge state by illumination at a low temperature. 

This results in a g-factor of ~1.995 [238]. The oxygen vacancies are stable up to 400°C. 

The famous green luminescence band centred at ~2.4 eV is believed to be attributed to 

oxygen vacancies, due to an excited-to-ground state transition [238]. 

First-principles calculations find the Zn vacancies are double acceptors. According to 

these calculations, the 0/1- and 1-/2- acceptor levels are to be 0.1 − 0.2 and 0.9 − 1.2 eV 
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above the valence-band maximum, respectively [236]. It was observed that Zn vacancies 

transform to the 1- or neutral charge state under illumination at low temperatures. Tuomisto 

et al. showed that Zn vacancies are important deep-level acceptors in as-grown and 

irradiated ZnO, with trapped positrons having a lifetime of ~230 ps. Zn vacancies formed 

by electron irradiation are annealed at 200 − 300°C [238]. 

 

4.5.2 Predictions from the FP-LMTO Method 

An all-electron, full-potential (FP) implementation of density functional theory uses linear 

muffin-tin orbitals (LMTOs) as basic functions, and the technique is generally referred to as 

the FP-LMTO method [239]. The term “all-electron” means that all electrons in the solid 

are considered in the calculation of electron density and total energy. The term “full 

potential” is used when no approximations are made to the shape of the electron density or 

the electronic potential. The LMTO basis set can be obtained from the older Korringa-

Kohn-Rostocker (KKR) method [240], where the main difference is the linearization of the 

energy-dependent basis functions. The main advantage with a FP-LMTO is that the 

electronic structure problem is solved with very high accuracy. As a result, total energies 

and Hellman-Feynman forces can be calculated with high precision. Meanwhile, a limited 

basis set can be maintained, and this makes the analysis of the calculated results straight 

forward [239]. As such, the calculation results from FP-LMTO for the native point defects 

in ZnO play an important role in explaining the achieved experimental PL results of our 

synthesized products presented in this thesis. 

All calculation results in this section were obtained by using the FP-LMTO method. The 

software program MStudio MindLab was employed as the calculation tool. According to 

the ZnO crystal structure mentioned in Section 2.1.1, the displacement of Zn and O 

sublattices along axis c was u = 0.382. A 16-atom supercell was designed in the 

calculations. The atomic orbits of O2s, O2p, Zn3d, Zn4s and Zn4p were considered. The 

Muffin-tin sphere radii of Zn and O were 1.987 a.u. and 1.69 a.u., respectively. 
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Figure 4.11 shows the total density of states (DOS) of ZnO, including a sub-DOS of 

Zn4s, a sub-DOS of three kinds of O2p, and a sub-DOS of five kinds of Zn3d. This result is 

similar to Sun’s result [239]. Two parts in the valence band were observed in the total DOS 

of ZnO. One was the band with an energy range from -6.8 eV to -4.3 eV, which showed a 

strong d character and came from Zn3d states. The other had energy above -4.3 eV, which 

originated mainly from O2p states, while the contributions of the lowest conduction band 

were almost fully from Zn4s states. In this region, only a sharp peak appeared at 1.6 eV 

below Fermi level in the DOS of pz. Meanwhile, there was also a similar sharp peak at 1.6 

eV below Fermi level in the DOS of 2z
d .  

Based on the analysis of the ligands in ZnO with group theory, the Pz orbits of O atoms 

interacted with the s and 2z
d  orbits of Zn atoms to form σ bonds, while px and py orbits of O 

atoms interacted with other orbits of Zn atoms to form π bonds [239]. In Figure 4.11, it can 

be seen that the interactions within σ bonds were obviously much stronger than that within 

π bonds. As no peaks appeared at the same position in the DOS of O2p, the sharp peaks in 

the middle of DOS of Zn3d formed the isolated d band. In theory, two pd hybridization 

bands were located on both sides of this isolated d band.  

Zn atom had 10 d electrons, which means that the d orbits were fully filled. The d 

electrons were unable to be treated as core electrons since these d electrons could not shield 

the nuclear charges completely. In theory, the hybridization possibly occurred between 

Zn3d and O2p due to the difference between Zn3d and O2p being only 1 − 2 eV. That is to 

say, Zn3d bonded with O2p in ZnO. Supercell geometry introduced stronger periodic 

perturbation of defect potentials in Hamiltonian. It induced incensement of the bandgap of 

ZnO with defects in the range of 2.6 − 3.3 eV, which is closer to the actual value of ZnO. It 

was obvious that the calculated curves of DOS and the position of defect levels were 

reliable as we used the FP-LMTO method. In the following subsections, different electronic 

structures of ZnO native defects are discussed in detail. 
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Figure 4.11 Total density of states of ZnO  

 

4.5.2.1 Electronic Structure of Zinc Vacancies 

As discussed above, the supercell of defect ZnO designed for theoretical calculations based 

on the FP-LMTO method was constructed by adding one atom to or taking one out of the 

ZnO supercell. Figure 4.12 shows the ZnO supercell for calculations. No interactions 

between defects were considered. The atomic coordinates of zinc vacancies (Znv) in the 

ZnO supercell were listed in Table 4.1. The 15 atoms in the supercell of ZnO for the case of 

Znv were divided into 7 kinds, which were O1, O2, O3, O4, Znl, Zn2 and Zn3. O2 and O3 

atoms form a tetrahedron and the vacancy of Zn was located in the centre of them. O2 and 

O3 atoms were the nearest atoms to Znv, placing on the top and bottom plane, respectively. 

Meanwhile, the O1 atom shared the same plane with the O2 atom. O1 atoms form hexagons 

and the O2 atom was at its centre, while O3 and O4 atoms were in the same plane. Zn1 

atoms were in the same plane with Znv, which played the role of the second nearest atoms  
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Figure 4.12 ZnO supercell. Shaded grey and black spheres denote Zn and O atoms, 

respectively 

 

Table 4.1 The atomic coordinates of zinc vacancies in the ZnO supercell 

 

Type Atomic coordinates 

O1 (0, 0, z); (1/4, 43 , z); (-1/4, 43 , z) 

O2 (0, 23 , z); 

O3 (0, 33 , z+1/2); (1/4, 1237 , z+1/2); (-1/4, 1237 , z+1/2) 

O4 (0, 635 , z+1/2) 

Zn1 (0, 0, z+u); (1/4, 43 , z+u); (-1/4, 43 , z+u) 

Zn2 (0, 33 , z+1/2+u); (1/4, 1237 , z+1/2+u); (-1/4, 1237 , z+1/2+u) 

Zn3 (0, 635 , z+1/2+u) 
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to Znv. Zn2 and Zn3 atoms shared the same plane, and each of them was a half lattice 

parameter from Znv in the direction of (0001). 

From the calculation results, we could determine that a defect state existed in the 

bandgap and was located at 0.3 eV above the top of valence band. This defect state was 

considered to be a shallow acceptor induced by Znv. 2p orbits of O2 and O3 are the nearest 

atoms to Znv; however, the defect states of O2 atoms are empty, while those of O3 atoms 

are partially filled. As ZnO has a relatively strong ionized capacity, it is considered that the 

Zn atoms located at the centre of the tetrahedron can transfer a majority of charges to the 

four O ligands in an ideal ZnO crystal structure.  

If we consider removing the Zn atoms in these positions neutrally, the valence electrons 

of Zn will become zero from +2q and so will their charges from +2q to zero. And thus, the 

valence electrons of O2 and O3 atoms will consequently reduce. In order to balance the 

energy in the system, the surrounding charges near Znv will eventually move to the Znv 

positions. Through this, the polarization of the atoms near Znv will be induced. As a result, 

this change will cause redistribution of electron density around Znv. Certain states in the 

valence band will move to a higher energy level and enter into the bandgap forming the 

acceptor level.  

From all the above-discussion, it can be seen that Znv has a negative charge centre and 

can induce a shallow acceptor level at 0.3 eV above the top of valence band. 

 

4.5.2.2 Electronic Structure of Oxygen Vacancies 

The supercell of defect ZnO designed for the case of oxygen vacancies (Ov) were divided 

into 7 kinds, which included O1, O2, O3, Znl, Zn2, Zn3 and Zn4. The atomic coordinates 

of Ov in the ZnO supercell were listed in Table 4.2. Zn2 and Zn3 atoms formed a 

tetrahedral structure, which had Ov at the centre. Zn2 and Zn3 atoms were on the top and at 

the bottom planes, respectively. O2 atoms were below Zn2 atoms with a distance of u. O3 

atoms formed a hexagonal structure with the centre of Ov. O1 and O3 atoms constructed  
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Table 4.2 The atomic coordinates of oxygen vacancies in the ZnO supercell 

 

Type Atomic coordinates 

O1 (0, 0, z) 

O2 (0, 23 , z); (1/4, 43 , z); (-1/4, 43 , z) 

O3 (0, 635 , z+1/2); (1/4, 1237 , z+1/2); (-1/4, 1237 , z+1/2) 

Zn1 (0, 0, z+u) 

Zn2 (0, 23 , z+u); (1/4, 43 , z+u); (-1/4, 43 , z+u) 

Zn3 (0, 0, z+1/2+u) 

Zn4 (0, 635 , z+1/2+u); (1/4, 1237 , z+1/2+u); (-1/4, 1237 , z+1/2+u) 

 

tetrahedrons, which had Zn1 atoms in the centre. Zn4 atoms were above O3 atoms with a 

distance of u. 

The calculation results showed two defect states in the DOS of Zn2 and Zn3 atomic 4s 

orbits, which were the nearest atoms to Ov. From the simulation results, it was considered 

that one defect state was located in the conduction band and the other was below the Fermi 

energy in the bandgap of 1.3 eV below the conduction band. Thus, it was obvious that the 

defect state placed in the bandgap was a fully filled deep donor level. In the DOS of 4s 

orbits of Znl and Zn4, only one defect state appeared, which below the Fermi energy in the 

bandgap of 1.3 eV below the conduction band. 

Similarly, two defect states in the DOS of 2p orbits of O2 and O3 atoms could be seen 

due to the direct bonding between O2 and O3 atoms and Zn2 and Zn3 atoms. It is also 

interesting to find that another defect state existed in the DOS of 2p orbits of O2 and O3 

atoms.  

In an ideal ZnO crystal structure, O atoms accept the electrons and thus, if certain O 

atoms are removed from their original positions neutrally, the valence charges of O will 

change from -2q to zero as the valence electrons become zero. In order to balance the 
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energy in the system, Ov turns into a positive charge centre and induces a defect potential, 

attracting the states of conduction band to move to lower energy. As a result, it can get into 

the bandgap forming a donor level. Therefore, Ov is a positive charge centre forming a deep 

donor level at 1.3 eV below the bottom of the conduction band. 

 

4.5.2.3 Electronic Structure of Zinc Interstitials 

In the ZnO supercell, it was supposed that the position of zinc interstitial (Zni) was located 

in (0, 63 , 0.191), where this position was at the centre of triangular prism across the Zn 

and O sublattice. The reason for this consideration of the Zni position was that the 

redundant Zn atom was much easier to access and it stayed at this position as there was 

large space with fairly low charge density. Moreover, the impacts from the upper O atoms 

and the bottom Zn atoms in the triangular prism were not taken into account in the 

calculations. Thus, no atomic relaxation in this position was considered, and this potentially 

caused a difference from the real position to some extent. 

Since this ZnO supercell belongs to the group of C3v, the 16 lattice atoms in the supercell 

were divided into 8 kinds for the case of Zni, including O1, O2, O3, O4, Znl, Zn2, Zn3 and 

Zn4. O1 and O3 atoms constructed an O octahedral structure, while Zn1 and Zn3 atoms 

formed a Zn octahedral structure. The triangular prism of Zn1 and O1 atoms were formed 

by the crossing volume of these two octahedrons. Zni was in the centre of this triangular 

prism. Furthermore, O2 and O3 atoms formed a tetrahedral structure with a Zn2 atom in the 

centre of its tetrahedron. Zn1 and Zn4 atoms also formed a tetrahedron with the O4 atom in 

its centre. The atomic coordinates of Zni in the ZnO supercell were listed in Table 4.3. 

From the calculation results, it could be seen that there existed four defect states in 2p 

orbits of O atoms and 4s orbits of Zn atoms. Among them, two were in the valence band, 

and one was in the conduction band. The fourth one was located below the Fermi energy 

level in the bandgap of 0.5 eV below the bottom of the conduction band. Based on the 

above-mentioned findings, it was obvious that the fourth defect state formed a fully filled 

shallow donor level. 
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Table 4.3 The atomic coordinates of zinc interstitials in the ZnO supercell 

 

Type Atomic coordinates 

O1 (0, 0, z); (1/4, 43 , z); (-1/4, 43 , z) 

O2 (0, 23 , z) 

O3 (0, 33 , z+1/2); (1/4, 1237 , z+1/2); (-1/4, 1237 , z+1/2) 

O4 (0, 635 , z+1/2) 

Zn1 (0, 0, z+u); (1/4, 43 , z+u); ( -1/4, 43 , z+u) 

Zn2 (0, 23 , z+u) 

Zn3 (0, 33 , z+1/2+u); (1/4, 1237 , z+1/2+u); (-1/4, 1237 , z+1/2+u) 

Zn4 (0, 635 , z+1/2+u) 

 

Looking into the ZnO supercell structure designed for the case of Zni, O1 atoms were at 

the bottom plane of the triangular prism with Zni in its centre. As a result, the strong 

interactions between O1 atoms and Zni needed to be considered in this case.  

As a consideration that the Zni is not shielded completely by the surrounding atoms in an 

ideal octahedral structure, the valence electron potential will be transferred to a lower place 

(the surrounding Zn atoms) in order to stabilize the whole system energy. Thus Zni 

becomes a positive charge centre inducing attractive defect potential. This makes the states 

of conduction band to shift to lower energy and enter the gap forming a donor level. That is 

to say, Zni is a positive centre forming a shallow donor level located at 0.5 eV below the 

bottom of the conduction band. 

 

 

 

 



Chapter 4. Microstructure and Optical Properties of Submicron 
ZnO Spheres 

107 

 

4.5.2.4 Electronic Structure of Oxygen Interstitials 

Similar to the assumption of Zni, it was supposed that the position of the oxygen interstitial 

(Oi) had the location of (0, 63 , 0.191) in the ZnO supercell, where this position was the 

centre of the triangular prism across the Zn and O sublattice. The influences from the upper 

O atoms and the bottom Zn atoms in the triangular prism were not taken into account in the 

calculations, which means no atomic relaxation in this position is considered even though 

this may cause a difference from the real position to some extent. Since this ZnO supercell 

belongs to the group C3v, the 16 lattice atoms in the supercell were divided into 7 kinds in 

the case of Oi, including O1, O2, O3, O4, Znl, Zn2, Zn3 and Zn4, which were listed in 

Table 4.4. The position of Oi was chosen in the same as Zni. The atoms of the supercell 

were the same as that of Zni excepted when Zni was replaced by Oi. In this way, Oi was the 

centre of the triangular prism, which was constructed by O1 and Znl atoms. 

The calculation results showed that there were two defect states induced by Oi. One was 

in the conduction band and the other was in the bandgap located at 0.4 eV above the 

valence band. Oi was supposed to absorb the valence electrons from the surrounding atoms 

in order to stabilize the whole system energy due to the fact that Oi is not shielded 

completely by surrounding atoms in an ideal octahedral structure. Thus it becomes a 

negative charge centre and induces certain states from the valence band to move into a 

higher energy level forming an acceptor level in the bandgap. Consequently, Oi forms a 

shallow acceptor of 0.4 eV above the top of valence band. 

Comparing the calculation results of Oi with Zni, it can be seen that Oi produces 

different defect levels, although they are under the same assumed structure. Oi produces an 

acceptor level, while Zni produces a donor level. This difference may be caused by their 

different electronegativity values. O atoms have large electronegativity and as a result, it is 

much easier to accept electrons from surrounding atoms forming a negative charge centre. 

On the other hand, Zn atoms have small electronegativity, and accordingly, it is much 

easier to lose electrons forming a positive charge centre.  
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Table 4.4 The atomic coordinates of oxygen interstitials in the ZnO supercell 

 

Type Atomic coordinates 

O1 (0, 0, z); (1/4, 43 , z); (-1/4, 43 , z) 

O2 (0, 23 , z) 

O3 (0, 33 , z+1/2); (1/4, 1237 , z+1/2); (-1/4, 1237 , z+1/2) 

O4 (0, 635 , z+1/2) 

Zn1 (0, 0, z+u); (1/4, 43 , z+u); ( -1/4, 43 , z+u) 

Zn2 (0, 23 , z+u) 

Zn3 (0, 33 , z+1/2+u); (1/4, 1237 , z+1/2+u); (-1/4, 1237 , z+1/2+u) 

Zn4 (0, 635 , z+1/2+u) 

 

 

Figure 4.13 The native point defect levels in ZnO 
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In summary, the calculation of electron states on ZnO, ZnO with Ov, ZnO with Znv, ZnO 

with Zni, and ZnO with Oi by using FP-LMTO method is produced in the above sections. 

The results show that Zn3d electrons play a key role in determining the effects of different 

native point defects in ZnO. The hybridization occurs within Zn3d and O2p increases the 

band width of the valence band, while decreasing the bandgap. It is interesting to find that 

Znv and Oi form shallow acceptor levels at 0.3 eV and 0.4 eV above the valence band, 

respectively. Ov forms a deep donor level at 1.3 eV below the conduction band and Zni 

forms a shallow donor level at 0.5 eV below the conduction band. The native defect levels 

in ZnO are shown in Figure 4.13. 

 

4.5.3 Raman Scattering Results and Discussions 

Raman scattering measurement was performed to characterize the optical properties of the 

synthesized spherical shaped ZnO microstructure at room temperature. The Raman spectra 

are sensitive to the crystal quality, structural defects, and disorders of the grown products. 

As discussed in Chapter 2, a typical wurtzite structured ZnO belongs to the space group of 

C4
6v 

(P63mc) with four atoms in the unit cell. The primitive cell is hexagonal.  Group theory 

predicts the existence of the following optic modes: Γ = A1 + 2B1 + E1 + 2E2 at the Γ point 

of the Brillouin zone for the hexagonal wurtzite structured ZnO. Among them, A1, E1 and 

E2 are Raman active whereas B1 is forbidden. Furthermore, the A1 and E1 are infrared 

active and split into longitudinal optical (LO) components and transverse optical (TO) 

components [241]. 

Figure 4.14 showed the Raman spectra of the synthesized submicron ZnO spheres 

annealed in O2 atmosphere. Three Raman peaks were observed at 331 cm
-1

, 437 cm
-1

 and 

579 cm
-1

 for the synthesized products in the measurements. A sharp and strong peak at 437 

cm
–1

 was attributed to the optical phonon E2 mode, and the appearance of the E2 mode 

corresponded to the wurzite hexagonal structure of the ZnO crystals [242]. A weak and 

suppressed peak at 579 cm
-1

 was assigned to the E1 mode. The origination of E1 mode in 
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the Raman scattering is directly related to the structural defects (such as oxygen vacancies 

and Zn interstitials) and impurities in the deposited structures [243]. Additionally, a small 

peak at 331 cm
–1

 was obtained and was assigned to 2E2 mode which is known as a multi-

phonon process [244]. Accordingly, the presence of a high intensity E2 mode with the 

suppressed E1 peak in the Raman scattering indicated that the synthesized spherical shaped 

ZnO microstructures were good in crystal quality and possessed a wurtizte hexagonal 

crystal structure. 

 

 

Figure 4.14 Raman spectra of the synthesized submicron ZnO spheres annealed in O2 

atmosphere  
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4.5.4 Photoluminescence Results and Discussions 

The optical property characterization of the hydrothermally synthesized submicron ZnO 

spheres was also carried out by photoluminescence measurement at room temperature 

excited by a laser with a wavelength of 325 nm. Different sized submicron ZnO spheres 

were developed and investigated after annealing. In addition, the effects of annealing 

temperatures and annealing ambiences were demonstrated and studied in this work, 

separately. 

Two sizes of the deposited ZnO spheres (~200 nm and ~300 nm) were annealed in a 

tube furnace under O2 atmosphere (O2 flow rate = ~0.2 L/min) for one hour at 500
o
C. The 

corresponding room temperature PL result is shown in Figure 4.15. It was found that two 

emission peaks appeared for both cases. One was in the UV range centred at ~375 nm (~3.3 

eV) and the other was in the visible range centred at ~595 nm (~2.08 eV). The observed 

short UV emission and broadband orange emission indicated that many of the structural 

defects (such as oxygen vacancy, oxygen interstitial, Zn vacancy, and Zn interstitial) 

existed in the deposited ZnO spheres.  

According to the theoretical calculations of the ZnO point defects using the FP-LMTO 

method presented in the above-discussions, the related defect energy level of Ov in ZnO 

particles were drafted and are shown in Figure 4.13. From this figure, it can be seen that the 

defect energy level of Ov (~2.0 eV) was quite consistent with the experimental result of 

broadband orange emission shown in Figure 4.15. Consequently, it was considered that the 

Ov was the dominant structural defect in the ~200 nm and ~300 nm ZnO spheres and the 

defect luminescence centre could be formed by excitons bonded with the Ov defects. 

Therefore, the corresponding broadband orange emission was mainly attributed to the Ov in 

the deposited ZnO particles. Additionally, the UV emission coincided well with the ZnO 

bandgap of ~3.37 eV, indicating that the UV emission of the deposited ZnO spheres was 

attributed to the exciton radiate recombination [245]. 
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Figure 4.15 Room temperature PL spectra of ~200 nm and ~300 nm deposited ZnO spheres 

annealed in O2 for an hour at 500
o
C 

 

In Figure 4.15, it can be seen that the deposited ZnO spheres with a larger size exhibited 

stronger light emissions. This could have been caused by the incident laser having more 

interactions with the larger sized spheres, which contribute to a higher photon induced light 

emission. The discussion in Section 4.3 indicated that the larger sized ZnO spheres had 

larger grain size. Consequently, it is postulated that the incident laser will have a higher 

chance of passing through the surface of the smaller spherical shaped ZnO particles, 

resulting in a larger portion of the photon energy being dissipated with less emission in the 

smaller sized ZnO spheres. On the other hand, the proportion of the structural defects in the 

synthesized submicron ZnO spheres can also explain the decreased emission intensity in the 

microstructures having smaller sized ZnO spheres. It is reasonable to suppose that more 
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structural defects exist in the smaller sized ZnO spheres than that in the larger sized ZnO 

spheres. Hence, the emissions from the smaller sized ZnO spheres are decreased.  

The deposited ZnO spheres (~200 nm) were annealed in a tube furnace under Ar 

atmosphere (Ar flow rate = ~0.2 L/min) for one hour at 500
o
C. The room temperature PL 

spectra of the deposited ZnO spheres annealed in O2 and Ar are shown in Figure 4.16. A 

UV band emission and a visible band emission centred at ~375 nm and ~595 nm (2.08 eV, 

orange) can be observed in both cases.  

According to the discussions above, the UV emission originated from the exciton radiate 

recombination, while the orange emission was mainly related to the contribution of the Ov 

defect. It was seen that the emission bands were almost unchanged while the light emission 

intensity varied considerably when performing the deposited ZnO spheres in different 

ambiences at the same annealing temperature and annealing time. This could be explained 

by the compensation existence of the Ov defect in the O2 rich annealing condition. As a 

result, the Ov defect could have been greatly reduced in such a condition, leading to a 

decrease in the orange emission. Therefore, from Figure 4.16, it can be seen that the 

deposited ZnO spheres annealed in the Ar atmosphere exhibited better light emission 

intensity than those annealed in the O2 atmosphere. The corresponding compensation 

reaction can be expressed by the following equation:  

ov OOO  2
2

1
                                                             (4.3) 

where Oo is the oxygen on the lattice place.  

In order to investigate the annealing temperature effect on the deposited ZnO spheres, 

the deposited ~200 nm ZnO spheres were annealed in a tube furnace under an O2 

atmosphere (O2 flow rate = ~0.2 L/min) for an hour at 800
o
C. The room temperature PL 

spectra of the deposited ZnO spheres annealed at 500
o
C and 800

o
C in an O2 atmosphere are 

shown in Figure 4.17. A UV band emission and two visible band emissions were obtained 

centred at ~375 nm, ~550 nm (~2.25 eV, green) and ~595 nm (~2.08 eV, orange) for both 

cases. The blue-shift phenomenon was observed when annealing at 800
o
C compared with 
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annealing at 500
o
C under the same annealing ambience and annealing time (the visible 

band emission centre from ~595 nm shifted to ~550 nm).  

According to the theoretical calculation presented in Lin’s work [246], the oxide anti-

site (OZn, ~2.38 eV) defect energy level in ZnO particles was very close to the observed 

green emission, and thus the broadband emission could be attributed to the OZn defect in the 

deposited ZnO spheres. The blue-shift phenomenon could therefore be explained as the 

increased probability of forming the OZn defect in the ZnO at a higher annealing 

temperature under an O2 rich annealing condition (emitting the green emission) and the 

compensation of the Ov defect as discussed above (causing the quenching of the orange  

 

 

Figure 4.16 Room temperature PL spectra of the deposited ZnO spheres annealed in O2 and 

Ar at 500
o
C for an hour 
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emission). The related OZn defect forming reaction can be expressed by the following 

equation:  

Znv OOZn  2
2

1
                                                       (4.4) 

Additionally, it was seen that the higher annealing temperature exhibited a stronger UV 

emission while its visible emission was depressed. This could be due to the fact that after 

annealing at a higher temperature in an O2 atmosphere, the deposited ZnO spheres showed 

a better crystalline quality with lower surface states (the structural defects reduced). 

Accordingly, the UV emission increased and the visible emissions decreased. 

 

 

Figure 4.17 Room temperature PL spectra of the deposited ZnO spheres annealed at 500
o
C 

and 800
o
C in an O2 atmosphere for an hour 
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4.6 Summary  

This chapter presented a modified two-stage solution-based method to synthesize 

submicron ZnO spheres and control uniformity and size in the synthesis procedure. The 

vertical deposition technique was introduced in order to deposit the synthesized submicron 

ZnO spheres on the Si substrates. The growth mechanism was briefly recalled and the 

microstructures and optical properties of the deposited submicron ZnO spheres were 

investigated in detail. A potential application to fabricate the photonic crystals by using the 

synthesized ZnO spheres was discussed. The native point defects in ZnO were studied in 

this chapter to theoretically analyze the possible luminescence mechanism in our 

synthesized ZnO spheres. Several kinds of native point defects in ZnO were modelled and 

several results, obtained from the full-potential implementation of density functional theory 

using the linear muffin-tin orbital method, were presented and discussed in this chapter. 

The Raman scattering results indicated that the synthesized spherical-shaped ZnO 

microstructures were good in crystal quality and possessed a wurtizte hexagonal crystal 

structure. Room temperature PL results showed that the UV emission could be attributed to 

the exciton radiate recombination and the orange emission could be attributed to the Ov 

defect in the ZnO particles. The deposited ZnO spheres annealed in the Ar atmosphere 

performed better light emission intensity than those in the O2 atmosphere. Meanwhile, the 

blue-shift phenomenon was observed for the deposited ZnO spheres annealed at a higher 

temperature. Furthermore, a better crystalline quality with lower surface states led to a 

stronger UV emission and depressed the visible emission of the deposited ZnO spheres. 



 
 

CHAPTER 5 

PEG-400 ASSISTED SYNTHESIS OF ZNO 

SPHERES 

 

In order to further reduce the size of the ZnO spheres down to ~200 nm and make them 

applicable to the photonic crystals fabrication, the two-stage solution-based method was 

modified and presented in Chapter 4. In both these methods, Diethylene glycol (DEG) was 

used as a solvent and surfactant during the reactions. In this chapter, we study another 

surfactant, other than DEG, that can be used in the synthesis of ZnO spheres by employing 

the modified two-stage solution-based method.  

This kind of surfactant belongs to the glycol category, called polyethylene glycol (PEG). 

In this chapter, the synthesized products are characterized by techniques including X-ray 

diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), and energy dispersive spectrometry (EDS). Photoluminescence (PL) is also used to 

characterize the optical property of the as-prepared samples. A possible growth mechanism 

is proposed and discussed. The results show that the PEG-400 plays a significant role in the 

formation of ZnO spheres. The polycrystalline ZnO particles show a good spherical shape 

with good uniformity. The room temperature PL results of the ZnO spheres reveal a strong 

ultraviolet (UV) emission and a broad green emission band. The related luminescence 

mechanism of the synthesized ZnO spheres is discussed.  
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This chapter is organized as follows. Section 5.1 gives an introduction to the chapter. 

Section 5.2 describes the experiment procedures. The experimental results and discussions 

are given in Section 5.3. Section 5.4 presents a possible growth mechanism of ZnO spheres. 

Section 5.5 gives a summary of this chapter. 

 

5.1 Introduction 

Various kinds of surfactants have been applied to ZnO growth in the hydrothermal method 

as they can modify the micro- or nano-structures during ZnO growth [247-250]. In Duan’s 

work it is reported that PEG-2000 has been used to grow ZnO nanotubes based on a low-

temperature solution-based method [250]. It has been shown that PEG-2000 plays a key 

role in the formation of tube-like structured ZnO. Other different kinds of micro- or nano-

structured ZnO such as nanorods, nanowires and semi-spheres, have also been reported by 

other researchers [248, 251]. 

In our previous chapters, DEG was used as the surfactant in our experiments; it has a 

formula of HOCH2CH2(OCH2CH2)nOH, where n = 1. Other glycol related compounds 

where n>4 are named PEG. In the following experiments carried out in this chapter, PEG-

400 is used as a substitute for DEG during the ZnO growth. The formula for PEG-400 is 

HOCH2CH2(OCH2CH2)nOH, where n = 9. The number 400 means that PEG-400 has an 

average molecular weight of approximately 400 daltons [252].  

Since PEG-400 is a low-weight grade of PEG, it is a clear, colourless and viscous liquid. 

Due to its low toxicity, PEG 400 is widely used in a variety of pharmaceutical formulations. 

Similar to DEG, PEG-400 is soluble in water and is a thermally stable heating medium and 

better than other conventional mediums with a higher boiling point. Comparing the formula 

of DEG with PEG-400, we can see that PEG-400 has longer chains of −OCH2CH2−, which 

means that PEG-400 will have more significant steric hinerance than DEG. Thus, the 

growth of ZnO will be affected by steric hinerance to a certain extent.  
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In the following section, the solvent effect of PEG-400 in the ZnO sphere growth will be 

studied. The modified two-stage solution-based method is used in the experiments. The 

morphologies and optical properties of the products are characterized by XRD, SEM, TEM, 

and PL measurements. Additionally, a possible growth mechanism is proposed to explain 

the formation of ZnO spheres by a PEG-400 assisted process on the basis of our 

experimental results. Meanwhile, the related luminescence mechanism of the obtained 

products is discussed based on the studies of ZnO native point defects presented in Chapter 

4.  

 

5.2 Experiment Procedures 

The submicron ZnO spheres studied in this chapter were produced by a reaction similar to 

that described in our previous chapters. A modified two-stage hydrothermal method was 

used to synthesize the submicron ZnO spheres. The experimental procedure is described as 

follows. 

In the first stage, a seed solution was prepared by using commercial zinc acetate 

[Zn(Ac)2·2H2O] as the main source material and PEG-400 as the solvent and surfactant. 

0.003 mol Zn(Ac)2∙2H2O was added to 30 ml PEG-400 in a 50 ml beaker. The solution was 

heated on a hot plate at 50
o
C with magnetic stirring until a transparent solution was 

obtained. The solution was then transferred to a specially designed glass container which 

had a thermocouple built-in. The sealed glass container was then heated in the oil bath at a 

certain temperature. The average heating rate was kept at ~20
o
C/min. Following that, the 

glass container was cooled down to room temperature in air. A milk-like solution was 

formed and the solid phase was then separated by centrifugation. The residual solution, 

including materials such as dissolved reaction products, un-reacted source material and 

PEG-400, was decanted off and saved to serve as the seed solution in the next stage. 
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In the second stage, the same amount of Zn(Ac)2∙2H2O was added to 30 ml PEG-400 in 

the beaker. 1 ml of the seed solution obtained in the first stage was added into it. The mixed 

solution was then heated on the hot plate at 50°C, and was stirred by a magnetic stirrer until 

it became clear. The remaining steps are the same as described in the first stage. After the 

reaction temperature reached 160
o
C, the precipitation appeared. The reactions continued for 

an hour, and then the milk-like solution was cooled down to room temperature in air. After 

that, the formed solid phase was centrifuged. The separated final products were washed 

with ethanol and de-ionized (DI) water several times in order to remove the residual 

solution. After that, the products were collected and dried at 250
o
C in air to remove the 

remaining organic materials. 

The ZnO sphere colloid was formed by dissolving the obtained products into a water-

ethanol solution (volume ratio of 3:1) at room temperature. The silicon (Si) substrates were 

firstly cleaned in acetone in an ultrasonic bath for 10 minutes (min), and then rinsed in DI 

water and heated at 200
o
C for an hour to remove contaminants.  

 

 

Figure 5.1 The deposited ZnO sphere films on the Si substrates 
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For preparing samples, one or two drops of the resultant ZnO colloidal spheres were 

placed onto Si substrates to form a film which was subsequently heated at 200
o
C for an 

hour. After that, the as-prepared samples were annealed in the ambience of oxygen (O2) at 

500
o
C, for an hour. Figure 5.1 shows the deposited ZnO sphere films on the Si substrates. It 

can be seen that the ZnO sphere films have slightly different colours: some are light grey 

and some are light purple. Thus it is supposed that the ZnO spheres may form periodic 

structures on the Si substrates. 

 

5.3 Experimental Results 

Crystal structure, particle size and morphology of the obtained products were characterized 

by XRD, SEM, TEM, and EDS. In addition, the room temperature photoluminescence 

measurements were carried out to characterize the optical property of the as-prepared 

samples. 

 

 

Figure 5.2 XRD results of the as-grown products 
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5.3.1 XRD Results 

The crystallographic structures and phases of the as-grown products were characterized by 

XRD. Figure 5.2 shows the XRD patterns of the as-obtained particles deposited on Si 

substrates (annealed at 500
o
C for an hour under the O2 ambience). Three relatively strong 

peaks were observed for the as-obtained particles corresponding to the phases of (100), 

(002) and (101). This result confirmed that the as-grown products were ZnO with a 

hexagonal wurtzite structure. The calculation results indicated that the average grain sizes 

were about ~10 nm for the as-grown ZnO particles.  

 

5.3.2 SEM and EDS Results 

The particle size and morphology of the as-grown ZnO particles were characterized by 

SEM and EDS. Figure 5.3 shows the general and detailed views of the synthesized ZnO 

particles. From Figure 5.3, it can be seen that the as-obtained ZnO particles had a spherical 

shape with a ~200 nm size. The good level uniformity of these ZnO spheres both in size 

and shape also can be seen in Figure 5.3. It is interesting to see that the ZnO spheres were 

composed of hundreds of nano-structured needle-like ZnO grains, which indicates that the 

spheres were not single crystals but contained many very small grains. EDS results of the 

products shown in Table 5.1, confirm that the spheres contained Zn and O elements. 

Based on the descriptions presented in Section 5.2, the average heating rate was kept at 

~20
o
C/min. Backwards to the experimental results shown in Chapter 4, ZnO spheres in the 

range of ~300 nm were achieved for that heating rate. From the comparison, we can see 

that when we used PEG-400 instead of DEG as the surfactant during the growth of ZnO 

under the same conditions, a smaller sized particle could be achieved. This could be due to 

the fact that PEG-400 has a stronger steric hinerance effect than DEG because of its longer 

chain of −OCH2CH2−. During the growth process, the ZnO spheres were formed by the 

aggregation of numerous needle-like nanostructured ZnO as shown in Figure 5.3. When the 
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steric hinerance is enlarged during the reactions by the surfactant, the ZnO nanocrystallites 

do not easily aggregate with each other to form larger sized ZnO spheres. 

 

5.3.3 TEM Results 

Figure 5.4 shows the TEM results of the hydrothermally synthesized ZnO particles. More 

detailed images of the ZnO spheres are seen in Figure 5.4. The diffraction patterns of the 

as-grown ZnO samples are showed in Figure 5.5. The diffraction patterns confirmed that 

the as-grown ZnO particles had a polycrystalline structure. 
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Figure 5.3 (a) general view of the synthesized ZnO particles; (b) detailed view of the 

synthesized ZnO particles 

 

Table 5.1 EDS results of the products 

 

Element Weight% Atomic% 

O 12.43 40.45 

Si 0.89 1.42 

Zn 86.68 58.13 

Totals 100.00  
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Figure 5.4 TEM results of the synthesized ZnO particles 

 

 

Figure 5.5 Electron diffraction patterns of the synthesized ZnO particles 
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5.3.4 PL Results 

Figure 5.6 shows the room temperature PL results of the as-grown ZnO samples which 

were annealed at 500
o
C for an hour in an O2 ambience. From this figure, we can see that the 

as-grown ZnO samples exhibited a UV emission located at ~380 nm and a broad band 

green emission centered at ~590 nm. 

According to the theoretical calculations of the intrinsic defects in ZnO using the FP-

LMTO method, which were studied in Chapter 4, we consider that the green emission was 

mainly attributed to oxygen vacancies (Ov) in the synthesized ZnO particles as its energy 

level was very close to the defect energy level of Ov (~2.0 eV). The UV emission in the 

synthesized ZnO particles was very close to the ZnO bandgap (~3.37 eV), which could be 

attributed to the exciton radiate recombination. 

 

 

Figure 5.6 Room temperature PL results of the ZnO spheres annealed at 500°C for an hour 

under O2 ambience excited with a laser of 325 nm wavelength 
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5.4 Growth Mechanism of ZnO Spheres Assisted by 

PEG-400 

On the basis of the growth mechanism discussed in Chapter 3 that focused on the use of 

DEG as the surfactant and solvent in the reactions, a similar formation mechanism is 

proposed in this chapter to explain the submicron ZnO sphere formation in our experiments 

by the assistance of PEG-400. 

 

 

Figure 5.7 Schematic drawing of the formation process of the submicron ZnO spheres 
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According to the discussions in Section 5.1, PEG-400 is a non-ionic surface active agent 

with the formula HOCH2CH2(OCH2CH2)9OH. It is supposed that the Zn
2+ 

ions were 

attracted to the oxygen atoms on the PEG-400 during the hydrothermal reactions. The 

hydroxyl groups (-OH) on the compound of Zn(OH)2 interacted with each other, and as a 

result a linkage or a bridge to the neighbouring Zn(OH)2 could be provided. Figure 5.7 

illustrates a schematic drawing of the formation process of the submicron ZnO spheres. As 

shown in Figure 5.7, the clusters of needle like ZnO nano-particles were aggregated 

together to form a spherical shape to minimize the total surface energy. The corresponding 

equations are given below. 

    nHOHZnOnHnZn
n

2)(2 22

2                                 (5.1) 

   
nn

PEGOHZnnPEGOHZn 22 )()(                                  (5.2) 

    OnHPEGZnOPEGOHZn nn 22)(                             (5.3) 

 

5.5 Summary 

In this chapter, PEG-400 surfactant was used in the modified two-stage solution-based 

method to grow ZnO spheres instead of using DEG. In our experiments, uniform spherical-

shaped ZnO particles were achieved. The crystal structure, particle size and morphologies 

of the products were characterized by techniques such as XRD, SEM, TEM and EDS. From 

the experimental results, it was interesting to find out that the steric hinerance created by 

the surfactant during the reactions could affect the size of the products. Meanwhile, similar 

particle morphologies were observed that compared to the results when using DEG as the 

solvent and surfactant in the ZnO sphere growth. In addition, the PL measurements were 

carried out at room temperature in order to investigate the optical property of the 

synthesized ZnO spheres, which were grown by PEG-400 assistance. The PL result showed 

that the as-prepared ZnO sphere samples produced a UV emission and a broad band green 
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emission. The related luminescence mechanism was briefly discussed and a possible 

growth mechanism was proposed in this chapter. 



 
 

CHAPTER 6 

MICROSTRUCTURE AND ENHANCED 

PHOTOLUMINESCENCE OF ZNO/V2O5 

COMPOSITE 

 

Essential physical and chemical properties of ZnO including its electrical and optical 

properties were studied in Chapter 2. Chapter 3 introduced a two-stage solution-based 

method to synthesize ZnO spheres. Based on the studies of Chapter 3, a modified two-stage 

solution-based method was further investigated in Chapter 4 including the growth 

mechanism and optical property studies of ZnO spheres. In Chapter 5, some further 

research regarding the solvents of diethylene glycol (DEG) and polyethylene glycol 400 

(PEG-400) used in the ZnO growth were studied in detail. 

According to the literature review, one‐dimensional (1-D) functional metallic oxides 

have attracted much attention due to their potential applications in electronic, optical and 

spintronic devices [253, 254]. Among them, ZnO, titanium dioxide (TiO2) [255], and 

vanadium pentoxide (V2O5) [256] micro- or nano-structures including nano-wires, nano-

belts, micro- or nano-rods and micro- or nano-spheres have been extensively investigated 

because of their special electronic, chemical and optical properties. Considering the above, 

the incorporations of these metallic oxide materials into an integrated structure with a 

micro- or nano-scale dimension is of great interest and importance as the resulting 
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hierarchical micro- or nano-structures often possess much larger surface areas and 

improved physical and chemical properties, providing potential applications for sensing, 

light emission and photocatalysis. Therefore, ZnO-based composite micro- or nano-

structures combined with other metallic oxides is of interest to us in further exploring and 

investigating the potential applications of ZnO spheres. The outside metallic oxide layers 

can be deposited onto the surfaces of the ZnO micro- or nano-structure substrates by 

various techniques, such as magnetron sputtering or PLD, or PECVD. Through these 

techniques the so‐called “hierarchical nanostructures” are formed. 

In this chapter, the microstructure and optical properties of the ZnO/V2O5 composites 

are studied. The photoluminescence (PL) results in this chapter indicate that the intensity of 

PL in the annealed ZnO/V2O5 microstructures is dramatically improved compared to the 

annealed single V2O5 and the annealed single ZnO spheres. The enhancement of light 

emission from the ZnO/V2O5 composite can be attributed to the special microstructures of 

ZnO particles and the coupling effect between ZnO and V2O5. It is hoped that this transition 

oxide mixture can be developed to create a group of new light emission materials with high 

efficiency.  

This chapter is presented in 4 parts. Section 6.1 gives an introduction to this chapter. 

Section 6.2 describes the experimental details. Section 6.3 presents the experimental results 

and discussions. Section 6.4 gives a summary of this chapter. 

 

6.1 Introduction 

ZnO is an important wide bandgap (~3.3 eV) semiconductor material having numerous 

attractive electrical and optical properties such as high excitation binding energy at room 

temperature, controllable conductivity and transparency in the visible light. ZnO combined 

with several transition metal oxides such as V2O5 and TiO2 can form composite micro- or 

nano-structures that exhibit many interesting properties including much enhanced 
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photoluminescence and chemical reactivity for photo-catalytic reactions [257, 258]. Some 

interesting configurations or morphologies obtained from these combined micro- or nano-

materials have been reported recently in our research group [258].  

Typical composite nano-materials such as core‐shell nanostructure formed by the inside 

nanorods with the outside covered layers have been achieved in current experiments [258]. 

Other examples including ZnS/ZnO [259], ZnO/MgO [260] and ZnO/SnO2 [261] core‐shell 

structures also have been fabricated successfully. The intensive increase in light emission 

or efficiency enhancement for dye‐sensitized solar cells based on these core‐shell structures 

have been observed [262], which certainly proves that these types of composite 

nanostructures have enhanced optical and electronic properties that may have practical 

applications. In particular, these multi-material combinations of micro- or nano-structures 

create potential applications in optoelectronics and photocatalysis. In this chapter, we 

choose ZnO and V2O5 to form the special multilayer structure, in which the ZnO layer acts 

as the base (in order to easily build up the multilayer structure). The magnetron sputtering 

technique is applied to deposit V2O5 in the formation of the multilayer structure.  

Within the vanadium oxide family, V2O5 is the most stable compound with an energy 

gap of ~2.2 eV, showing a semiconductor-metal transition at about 250C [258]. V2O5 

materials exhibit multi-coloured electrochromism and therefore have a good potential for 

applications in electrochromic display devices, smart windows, colour filters and other 

optical devices [263, 264]. The layered crystal structure of V2O5 films has also been 

investigated due to the films’ superior electrochemical performance, which makes facile 

tuning of their physical characteristics possible via chemical intercalation, yielding 

excellent film materials for lithium thin film batteries [265]. 

According to the literature review, V2O5 has several polymorphs encompassing α-V2O5 

(orthorhombic), β-V2O5 (monoclinic or tetragonal) and γ-V2O5 (orthorhombic) [263-265]. 

The α-V2O5 phase is the most stable phase and the other two phases can be transformed 

from the α-V2O5 phase under high pressure and high temperature. According to recent 

reports, the metastable phases of the β-V2O5 film can probably be obtained by magnetron 
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sputtering, and temperature plays an important role during the deposition process [257, 258, 

263].  

Due to the above-mentioned unique properties of V2O5, such as multicoloured 

electrochromism, photochromism and its special layered structure,
 
our group has been 

studying the ZnO/V2O5 system intensively [257, 258, 263-266]. The results indicate that 

modulating the microstructure of ZnO/V2O5 composite can greatly enhance the emission 

intensity performance. Based on our previous work [145, 194, 257, 258], we further 

develop ZnO/V2O5 composite microstructures by substituting the ZnO layer with ZnO 

spheres of different sizes in the following sections. The related PL properties of our new 

ZnO/V2O5 composite microstructures are compared with those of the simpler ZnO and 

V2O5 constituents. The much improved PL emission implies that the composite ZnO/V2O5 

system may provide a new, effective approach to increase energy efficiency of light 

emitting devices. 

 

6.2 Experimental Details 

6.2.1 ZnO Sphere Layer 

A number of methods [124-155] have been developed for the synthesis of different ZnO 

nano- or micro-structures including the hydrothermal method, magnetron sputtering and 

high temperature vapour deposition, and these were presented and discussed in the previous 

chapters. Special morphologies and micro- or nano-structures of ZnO have been obtained 

including nanorods arrays, core-brushes and flower shapes [198, 259, 263].
 

In the 

ZnO/V2O5 system presented in this chapter, the ZnO spheres were grown by the modified 

two-stage solution-based method which was discussed in Chapter 4. Submicron ZnO 

spheres with good control of size and uniformity were achieved in the experiments. 

According to the results presented in Chapter 4, different sized ZnO spheres can be 

adjusted through controlling the average heating rate during the reactions. 
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Two different sized ZnO spheres (~200 nm and ~400 nm) were prepared by using 

commercial zinc acetate [Zn(Ac)2·2H2O] as the main source material and diethylene glycol 

as the solvent and surfactant. The details of the experimental procedures were described in 

Chapter 4. The average heating rates for the formation of ~200 nm and ~400 nm ZnO 

spheres were 30
o
C/min and 26.5

o
C/min, respectively. The as-prepared submicron ZnO 

sphere powder was dispersed into a water-enthanol solution (volume ratio of 3:1) to form a 

stable colloid. These submicron ZnO spheres were then deposited onto silicon (Si) 

substrates by using the vertical deposition technique.  

The Si substrates were firstly cleaned in acetone in an ultrasonic bath for 10 minutes, 

and then rinsed in DI water and heated at 200
o
C for an hour to remove contaminants. The 

Si substrates were then vertically immerged into the ZnO sphere colloidal suspension and 

were hung for 24 hours. The milk-like ZnO sphere colloidal suspension was continually 

stirred at 50 rpm using a hot-plate magnetic-stirrer at a temperature of 50
o
C. It was 

interesting to discover that this deposition technique could produce well ordered submicron 

ZnO sphere layers on Si substrates. Figure 6.1 shows the deposited ZnO sphere films on the 

Si substrates using the vertical deposition technique. 

 

 

Figure 6.1 The deposited ZnO sphere films on the Si substrates using the vertical deposition 

technique 
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6.2.2 V2O5 layer 

6.2.2.1 Magnetron Sputtering System 

The magnetron sputtering system used in our laboratory is home-made equipment. Initially, 

this equipment was designed to study the hard and corrosion resistant coating of metal. 

Therefore, its configuration has some differences from the commercially available 

magnetron sputtering systems. However, it has the advantage of a high deposition rate, and 

can be used to deposit both thin films and thick metal coatings [263-265]. Figure 6.2 shows 

the home-made magnetron sputtering equipment. 

 

 

Figure 6.2 The magnetron sputtering system 
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Usually, the targets used in our magnetron sputtering system are ~15 cm (6 inches) 

diameter targets, which are much larger than those used in a commercial magnetron 

sputtering system, and they allow large sized or more samples to be prepared in one batch. 

For the working gas supply system, high pure Argon (Ar) gas is normally used as the 

working gas. Other types of gas, such as nitrogen (N2) and/or oxygen (O2), can also be 

introduced into the chamber at the same time from a separate channel for the purpose of 

reactive deposition. The flow-rate of each gas and the total working pressure in the 

sputtering chamber can be adjusted simultaneously, so that the doping or reactive sputtering 

can be performed on this machine. 

Before the deposition, the substrates/samples are required to be loaded into the centre of 

the vacuum chamber, about ~13 cm away from the target. In order to ensure the uniformity 

of the deposition, the substrates can be rotated at a certain speed. A bias voltage is applied 

to the substrates to assist the deposition and increase the adhesion of the film to its substrate. 

There is no heating unit for the substrate in this system.  

A rotary pump and a diffusion pump are used to achieve the desired vacuum condition 

within the chamber. The background pressure is commonly required to achieve 4~5×10
-6

 

Torr before the deposition begins. The chamber walls and the targets are cooled with 

flowing water to ensure safe operation, and there is an observation window for monitoring 

the sputtering process as shown in Figure 6.2. 

Both direct current (DC) and radio frequency (RF) power are available for use in this 

magnetron sputtering system in order to deposit conductive and non-conductive materials. 

The RF power supply can also be connected to the substrate holder to perform plasma 

cleaning of the substrate prior to the deposition. A schematic drawing of the interior 

configuration of the home-made magnetron sputtering equipment is shown in Figure 6.3.  
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Figure 6.3 A schematic drawing of the interior configuration of the magnetron sputtering 

equipment used in this study 

 

6.2.2.2 V2O5 Layer Deposition 

Several approaches were developed to synthesize the micro- or nano-structured vanadium 

oxides, including the hydrothermal method, the sol-gel method and the vapour phase 

epitaxy method (VPE) [267-269]. Among these methods, the V2O5 layer within our 
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ZnO/V2O5 structure was deposited by using unbalanced magnetron sputtering from a V2O5 

target (purity 99.9%) onto the submicron ZnO sphere layer during our experiments, which 

is presented as follows. 

The V2O5 layer was prepared by an unbalanced magnetron sputtering system in Ar 

plasma with a V2O5 target (purity 99.9% powder by pressing and sintering). The ZnO 

sphere substrates were prepared and then dried with hot air before sputtering. The base 

vacuum of the sputtering chamber was lower than 6.7×10
−4

 Pa. Before deposition, the 

target was sputtered with Ar plasma for 15 minutes to remove possible surface 

contamination. Ar gas was then introduced into the chamber with a total flow rate of 10 

sccm and a working pressure of 1.33 Pa controlled by a mass flow controller. During 

deposition, the substrates, without intentional heating, were rotated at a speed of 3 rpm. The 

corresponding deposition time was 30 minutes and the pressure was 10
-4

 Pa. After 

deposition, the samples were annealed in a tube furnace in O2 flux (~0.2 L/min) at 500
o
C 

for an hour. From the previous work in our group, the pre-results indicate that the visible 

photoluminescence properties and emission intensity of ZnO/V2O5 strongly depend on its 

microstructures [257, 258, 263-266]. 

For comparison, V2O5 films were deposited onto Si substrates under the same 

experimental parameters. The layered V2O5 films were then annealed in a tube furnace 

under O2 atmosphere with a flow rate of ~0.2 L/min for one hour at 500
o
C.  

 

6.2.3 Characterization of Samples 

Particle size and surface morphologies are characterized by field emission scanning 

electron microscopy (SEM, Philips XL-30S). X-ray diffraction (XRD, Bruker D8) with Cu-

Ka radiation is used to analyze the crystal structure and to identify the phases. 

Photoluminescence measurements are carried out using FLUOROLOG-3-TAU (325 nm 

He-Cd laser) at room temperature to investigate the optical properties of the samples. 
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6.3 Results and Discussions 

6.3.1 Microstructure and Surface Morphologies of ZnO/V2O5 

Composite 

Figure 6.4 shows two differently sized ZnO submicron spheres using the method described 

in Chapter 4. It can be seen that the spheres had good uniformity in size at both ~200 nm 

and ~400 nm respectively. Figure 6.4 (c) is a detailed view of the ~200 nm ZnO spheres, 

showing that the ZnO spheres consisted of numerous aggregated ZnO nano-needles. This 

special ZnO nano-structure may have significantly enhanced the coupling interface between 

ZnO and V2O5 in the ZnO/V2O5 composite.  Furthermore, the submicron ZnO spheres laid 

down on the Si substrates by the vertical deposition technique had a good ordered 

arrangement as illustrated in Figure 6.4 (d). This may allow realization of ZnO photonic 

crystal structures that could bring us the benefits of controlling the wavelength and 

enhancing the PL. 

The ZnO/V2O5 composite structures were investigated by SEM, and the top and cross-

section views are shown in Figures 6.5 (a) and 6.5 (b). It can be seen that the V2O5 layer lay 

on the top of ZnO spheres (the darker coloured part in Figure 6.5 (a)). In Figure 6.5 (b), it is 

interesting to note that V2O5 was able to penetrate into the ZnO matrix after annealing at 

500
o
C, and form wire-like structures between ZnO spheres. 

As shown in Figure 6.6 (a) the XRD patterns have sharp diffraction peaks from ZnO and 

β-V2O5 (VO(200)) for the ZnO/V2O5 composite after annealing at 500
o
C for 1 hour. These 

results agree with other findings that reported β-V2O5 formation after annealing. To further 

investigate the ZnO/V2O5 composite, energy dispersive X-ray spectroscopy (EDX) is used 

to examine the composition, indicating strong Zn, O and weak V, and Si from the substrate 

as shown Figure 6.6 (b). 
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Figure 6.4 SEM images of synthesized ZnO spheres: (a) ~200 nm, (b) ~400 nm, (c) detailed 

view of ~200 nm, and (d) well ordered film formed by ~200 nm ZnO spheres 
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Figure 6.5 SEM images of ZnO/V2O5 composite: (a) top view, and (b) cross-section view. 

Note that in most areas the V2O5 layer covers the ZnO layer well 



Chapter 6. Microstructure and Enhanced Photoluminescence of 
ZnO/V2O5 Composite 

143 

 

 

 

 

Figure 6.6 Phase and composition of ZnO/V2O5 composite after annealing at 500
o
C: (a) 

XRD patterns, and (b) EDX results 
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The above SEM images show that the submicron ZnO spheres were in close contact 

with β-V2O5 and formed a mixture of β-V2O5 and ZnO. It is understandable that the 

interfacial strain and stress between the layers of these two oxides can have led to the 

formation of a certain ZnO/V2O5 complex. According to the binary phase diagram of ZnO 

and V2O5, it is unlikely that the changes in surface morphology of the ZnO/V2O5 

microstructures annealed at 500
o
C are caused by the solid-state reaction between V2O5 and 

ZnO for the reason that the critical reaction temperature for these two oxides is above 

500
o
C. 

 

6.3.2 Optical Properties of ZnO/V2O5 Composite 

The photoluminescence properties of ZnO/V2O5 composite are shown in Figure 6.7. The 

comparison PL curves of pure V2O5 and pure ZnO spheres (~400 nm) were measured with 

the same PL system with identical settings. From Figure 6.7, it can be seen that the 

annealed pure V2O5 (500
o
C) exhibited a broadband green emission centred at the 

wavelength of ~565 nm (~2.19 eV), which was consistent with the V2O5 bandgap of ~2.2 

eV. Compared to the pure annealed V2O5 and ZnO (~400 nm, 500
o
C), the annealed 

ZnO/V2O5 (500
o
C) composite showed a great enhancement in its light emission. This 

emission was slightly red shifted to ~595 nm (~2.08 eV). Considering the special structures 

of ZnO spheres shown in Figure 6.4 (c), the needle-like ZnO nanoparticles on the surface 

may play an important role for light emission enhancement; and the wire-like structures of 

V2O5 shown in Figure 6.5 (b) may also play a role in light emission enhancement. 

During the PL testing process, the incident laser excited the ZnO and V2O5 

simultaneously in the composite. It is believed that the V2O5 mainly emits in the visible 

range as its bandgap is ~2.2 eV, and the ZnO emits ultraviolet (UV) light corresponding to 

its bandgap of ~3.3 eV. In Figure 6.4 (c) and Figure 6.5 (b), we can see that the two 

compounds were closely interlocked. It is reasonable to suppose that the V2O5 is able to 

absorb the incident laser as well as the UV emission from the ZnO particles. As a result, 
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two excitation channels for the V2O5 in the ZnO/V2O5 composite become available – the 

incident laser beam and the internal UV emission from the ZnO spheres. These two sources 

may form the so-called resonant excitation (the excitation from an external source coupled 

to an internally generated source) for the V2O5, thus making the ZnO/V2O5 system achieve 

a much higher light emission. This phenomenon is quite similar to a previous report of 

ZnO/TiO2 bottlebrush nanostructure, which indicates that resonant light emission can occur 

for composite nanostructures with different bandgaps [214]. 

 

 

Figure 6.7 Room temperature PL spectra of ZnO/V2O5 microstructures, pure V2O5, and 

pure ZnO spheres after annealing at 500
o
C 
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In Figure 6.7, we can observe that the ZnO (~400 nm)/V2O5 microstructures exhibited 

stronger light emission than the microstructures of ZnO (~200 nm)/V2O5. This could have 

been caused by the incident laser having more interactions in larger sized spheres, which 

would contribute to a higher photon induced light emission. Consequently, it is postulated 

that the incident laser will have a higher chance of passing through the surface of the 

smaller spherical shaped ZnO particles, resulting in a larger portion of the photon energy 

being dissipated with less emission in the smaller sized ZnO spheres.  

On the other hand, the proportion of the structural defects in the synthesized submicron 

ZnO spheres could also explain the decreased emission intensity in the microstructures 

having smaller sized ZnO spheres. It is reasonable to suppose that more structural defects 

exist in the smaller sized ZnO spheres than that in the larger sized ZnO spheres. Hence, the 

UV emission from the smaller sized ZnO spheres is decreased. According to the above 

discussion of resonant excitation, the V2O5 emission will be affected and accordingly the 

emission intensity from the ZnO/V2O5 system for the smaller sized ZnO spheres is reduced 

to some extent. 

 

6.4 Summary 

In this chapter, the ZnO/V2O5 composite microstructures were synthesized and studied in 

detail. The ZnO spheres were grown by the modified two-stage solution-based method 

which was developed in Chapter 4. The ZnO sphere layer was deposited by the vertical 

deposition technique. The V2O5 layer in the ZnO/V2O5 system was constructed using the 

technique of magnetron sputtering. The characterization of the as-prepared samples was 

carried out by using SEM and XRD. Room temperature PL measurements were used to 

analyze the optical property of the synthesized ZnO/V2O5 micro-structure. The PL results 

indicated that the annealed ZnO/V2O5 multi-structure exhibited a broadband emission 

centred at ~595 nm in the visible region, which was much higher intensity compared to the 
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unmixed constituents of annealed V2O5 and ZnO spheres. The enhancement of the light 

emission may have been attributed to the special structures of ZnO particles and the 

coupling effect between ZnO and V2O5. More importantly, these findings may be 

applicable to the fabrication of new ZnO-based light emission devices. 



 
 

CHAPTER 7 

SILICON-BASED ZNO LIGHT EMISSION 

DEVICE 

 

As a key component in the concept and implementation of integrated optoelectronics, the 

idea of a silicon-based light source has been proposed and investigated for more than a 

decade [270-272]. However, due to silicon’s indirect electronic bandgap structure, there has 

been no successful development in this domain. Although advances are being made to 

achieve light emission from silicon (Si), either by modifying the silicon material on a nano-

scale [273] or by exploiting its nonlinear optical properties [274], in the foreseeable future 

these devices will not outperform their counterparts – heterogeneous III-V semiconductors 

on Si (III-V/Si) [275]. The complementary metal–oxide–semiconductor (CMOS) 

manufacturing process needs to be applied for the fabrication of III-V/Si devices in order to 

maintain their high yield and economic scale. However, the bonding process which is the 

key to the realization of III-V/Si devices increases the complexity and therefore the 

fabrication cost [276]. 

In this chapter, we present a unique I-V (Current-Voltage) characteristic of a newly 

developed silicon-based structure which we call “hot electron emitting substrate” (HEES). 

Voltage applied to the HEES system results in an exponential increase of current, with a 

peak followed by a subsequent exponential rise. The current peak indicates an abrupt 
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reduction of emission of electrons. The exponential increase of current is used to excite 

light emission from the optoelectronic material, lithium (Li) doped ZnO, deposited on the 

top of HEES. The proposed light emitter is realized through, and totally compatible with, 

the standard CMOS fabrication processes. This light emitting unit is composed of three 

parts: HEES, Li-doped ZnO deposited by sputtering or sol-gel process, and a top metal 

electrode. 

This chapter is organised as follows. Section 7.1 gives an introduction to the chapter. 

Section 7.2 presents the experimental descriptions of HEES and the fabrication of the Si-

based ZnO light emission device. Section 7.3 presents the experimental results and 

discussions. Lastly, Section 7.4 gives a summary of this chapter.  

 

7.1 Introduction 

Upsurge for II-VI semiconductors took place at the beginning of last century due to the 

developments in ZnO technology. With its own properties of a direct bandgap of 3.37 eV, 

combined with a high exciton binding energy of ~60 meV at room temperature, ZnO is 

considered to be suitable for light emission in the near-ultraviolet (UV) spectral range. 

More importantly, the successes in introducing different dopants into ZnO thin film, such 

as Li
+
 [277], Cu

2+
 (copper ion) [278] and Na

+
 (sodium ion) [279], have greatly expanded 

the ZnO applications in the light emitting diodes (LEDs). The doping technique also allows 

different micro- or nano-structured ZnO to exhibit a wide range of visible emissions from 

blue, to green, and to red [145]. 

In recent years there has been a great deal of research activity on the integration of 

electronic and optical devices as this integration can provide the basic structure of photonic 

computing. As a critical part of the research, an integrated optical light source on electronic 

devices is needed to provide optical signals. However, Si, which is the base material for the 

integrated circuits, is not suitable for light production due to its indirect bandgap structure. 
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The methods of integrating a laser onto a Si wave-guiding structure (hybrid laser) [280] or 

growing a laser structure on Si [281] have been intensively investigated. However, none of 

these investigations have led to practical success because of the complicated fabrication 

processes and/or high materials/processing costs. After all, Si dominates the world of 

integrated circuits, and is not shakable based on the current technologies. A light emission 

unit needs to be built on Si based structures. 

In the following sections, we demonstrate a silicon-based light-emitting device structure 

that exhibits an exponential increase of current with a linear increase of applied voltage. At 

a certain voltage level, typically around 9 V, the current reaches a peak, then drops abruptly, 

followed by an exponential rise. When the Si structure is used as a substrate on which an 

optoelectronic emissive material, in this case Li-doped ZnO, is deposited, the device emits 

light with wavelengths centred around ~540 nm and ~620 nm.  

 

7.2 Silicon-based ZnO Light Emission Device 

We have developed a Si-based structure that can generate high-energy electrons, which we 

call “HEES”. Based on this structure, light emission is realized by adding a ZnO layer as 

the light emitting material. This structure operates with a different principle from other light 

emission systems, and can generate light from Si-based electronic devices. The proposed 

light emitting structure consists of two main parts: HEES and the ZnO light emitter. HEES 

provides high energy electrons (so called “hot electrons”) and ZnO emits UV and/or visible 

lights. The descriptions and fabrications for these two parts are given below. 

 

7.2.1 HEES and its Fabrication 

HEES itself consists of three layers of materials (as shown in Figure 7.1): an n-doped single 

crystal Si substrate, a layer of heavily n-doped polycrystalline Si (Poly-Si) (~1×10
19

 cm
-3

), 
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and a very thin layer (6 − 12 nm) of Si dioxide (SiO2) formed by wet-oxidation of 

polycrystalline Si.  

The single-Si has a low resistivity of 0.008 − 0.02 Ω∙cm
-1

. Poly-Si is deposited through a 

technique of low-pressure chemical vapour deposition (LPCVD) [282] with a thickness of 

around 500 nm. Ion implantation [283] with energy of 120 keV was used for Poly-Si 

doping. The arsenic (As
3+

) doping concentration is at the level of ~1×10
18

 cm
-3

, followed 

by annealing in nitrogen (N2) ambient. The SiO2 layer is formed using wet-oxidation [284], 

with a thickness controlled to be in a range between 6 nm and 12 nm.  

 

n-type single crystalline silicon 

wafer

Doped polycrystalline silicon
Silicon dioxide

 

Figure 7.1 A schematic drawing of the HEES structure 

 

 

Figure 7.2 The I-V curves measured from HEES with different resistances: (a) on a high-

resistance Si substrate, and (b) on a low-resistance Si substrate  
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The SiO2 was formed on Poly-Si in our experiments. As its thickness is not uniform, 9 

points are taken for thickness measurement by an ellipsometer on a 6” silicon wafer. The 

results show an average SiO2 thickness of 10 nm with ±4.7% differences. From the I-V 

measurements carried out repeatedly on HEES, we see that the thickness uniformity does 

not have significant influences on the device performance. 

 

7.2.2 Si-based Light Emission Device and its Fabrication 

The schematic drawing of the HEES structure is shown in Figure 7.1, the I-V results of this 

HEES structure are shown in Figure 7.2, and the light emitter structure composed of Li
+
 

doped ZnO and the pattern of gold (Au) electrode are shown in Figure 7.3. 

Our preliminary experiments indicated that when a relatively low direct current (DC) 

voltage was applied to the HEES structure, energetic electrons were emitted and double 

current peaks appeared in the I-V curve (Figure 7.2). The light emitter was created by 

depositing a ZnO layer and electrode on the HEES unit, as shown in Figure 7.3 (a). 

Standard CMOS fabrication processes [285] were used to make this device.  

While the conventional solid state light emission is based on the electron-hole 

recombination at a p-n junction, this light emission is based on the interaction between 

high-energy electrons and a luminescent material, without the need of semiconductor p-n 

junctions; therefore, it is fundamentally different from the conventional light emission 

concept. By configuring the thickness and composition of the ZnO layer, the light emission 

intensity and wavelength can be controlled.  

In our experiment, we aimed to generate red light (~650 nm). We chose Li
+
 doped ZnO 

as the light emitting material based on the literature report [286-288], and two methods 

were used in depositing the Li
+
 doped ZnO layer. One is a modified sol-gel process [286] 

where lithium nitrate is added to the solution in order to deposit a thin film of ZnO on the 

HEES substrate. The other is where Li
+
 doped ZnO thin films are grown by the reactive 

magnetron sputtering method with DC mode and in an Ar atmosphere [145, 289]. Li metal 
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belts are attached on the ZnO target as the doping source. When sputtering, both ZnO and 

Li are bombarded by Ar
+
 (argon ion) and deposited on HEES. 

 

ZnO:Li
+

Au

Single Silicon

Polycrystalline Silicon
SiO2

   

(a) 

 

                              

0.1mm

0.1mm

Ø 0.3mm

0.8mm

0.6mm

0.2mm

1.0mm

0.1mm

Gold is to be sputtered

Where light is 

expected to be seen

 

(b) 

Figure 7.3 (a) the light emitter structure composed of Li
+
 doped ZnO, and (b) the pattern of 

gold electrode 
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After the sputtering, ZnO was annealed at 600
o
C in air for an hour to activate Li

+
 defects 

as the doping ions in ZnO. The doping profile of ZnO was then characterized. The carrier 

concentration of 8.2×10
16

 cm
-3

 was obtained from the X-ray photoelectron spectroscopy 

(XPS). Using the Hall-Effect measurements, the ZnO:Li
+
 film was shown to have a 

resistivity of 1.15×10
3 

Ω∙cm and Hall mobility of 1.24 cm
2
/V·s. The thickness of ZnO : Li

+
 

film was ~400 nm. The role of Li
+
 in ZnO is to create defect centres, which emit light at a 

visible range (red). Based on the references [290, 291], the PL results showed red light 

(~604 nm) emission from Li
+
 doped ZnO samples. Red light luminescence was therefore 

expected from our voltage-driven light emission device. 

After ZnO deposition, a layer of gold, used as the electrode (anode), was deposited on 

the top of ZnO. Gold is not transparent in light, so light emission can only be seen from the 

edge of the electrode. For this reason, a special patterned mask was designed as shown in 

Figure 7.3 (b). The voltage was applied on the device as shown in Figure 7.3 (a). 

 

7.3 Experimental Results and Discussions 

The HEES-ZnO structure was sputtered with gold electrode for EL testing. Figure 7.4 (a) 

shows a typical top view of the light emitter with gold electrode. The experiment was 

carried out in a dimmed light environment. The sample was placed on an aluminium foil, 

which acted as a cathode, while a probe tip was mounted on the gold electrode which acted 

as an anode. Voltage was applied to this unit and the injecting current was limited to 40 mA. 

The I-V curve of the device is shown in Figure 7.4 (c).  

The I-V plot agreed with HEES by showing a current peak at ~9 V. The current started 

increasing exponentially when the voltage was increased to ~6 V. The current reached a 

peak of ~15 mA at ~9 V and dropped afterwards. Visible light emission at 9 V is shown in 

Figure 7.4 (b). The light emission could be observed by the naked eye. When the voltage 
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rose higher, the light emission became stronger in intensity.The emitting light spectrum is 

shown in Figure 7.4 (d). 

In Figure 7.4 (b), the light is seen coming from the edge of the gold electrode. The 

spectrum shows two sharp peaks at ~540 nm and ~620 nm. We propose that the emission 

peaks shown in Figure 7.4 (d) correspond to the emission from the localized defect centres. 

Therefore, the light emission presented here was analyzed by comparing the spectrum with 

the photoluminescence characteristics of intrinsic ZnO [292] and Li
+
 doped ZnO films. 

For the emission at λ = 540 nm, this peak was associated with the blue green emission of 

intrinsic ZnO. According to the literature, this blue green emission in ZnO could be related 

to the oxygen vacancies or to a narrow band of electron trapping levels that were observed 

below the conduction band edge. These levels are characteristic for ZnO, and their presence 

is not associated with any impurities [293-295]. A few other sub-peaks scattered in the 

spectrum could also be explained based on this mechanism. 

 

 

(a)                                                                         (b) 
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(c) 

 

 

(d) 

Figure 7.4 (a) Top view of the patterned gold electrode on ZnO; (b) light emission at 9 V 

captured by charge coupled device (CCD) camera at room temperature with ambient 

pressure; (c) I-V curve of the light emitter; and (d) the spectrum of the emitted light 
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However, the emission at λ > 600 nm did not happen in the PL spectrum of intrinsic 

ZnO. According to the literature [291], 604 nm emission is only present in Li
+
 doped ZnO 

films. Therefore, the 620 nm emission that presented here could be attributed to the 

localized centres introduced by Li
+
 impurities. It is well established that Li

+
 acceptor 

participates in a luminescence band centred at around 2.0 eV can be explained by a shallow 

donor-deep acceptor recombination [288].  

Compared to the Li
+
 doped ZnO PL spectrum, the 620 nm emission peak that presented 

here was red-shifted. The red-shift of the ZnO bandgap could have resulted from electron 

heating
 
which implies there was high energy electron (hot electron) generation and 

injection [296]. However, the exact reason for the shift is still under study. We propose that 

it was related to the source of excitation being injected electrons rather than light.  

In order to verify that the light emission from this device was due to the I-V features in 

HEES, a simple experiment was conducted for comparison. HEES is different from the 

normal Si substrate because of the Poly-Si and SiO2 layers. In the comparison experiment, 

Poly-Si and SiO2, shown in Figure 7.3 (a), were removed and the rest was left unchanged 

(the substrate in this case was n-type single-Si with the same conductivity as the Si 

substrate in HEES (0.008 − 0.02 Ω∙cm
-1

). The Li
+
 doped ZnO and gold electrode were the 

same as the light emitter. When the voltage was applied, no light emission could be 

observed no matter how high the voltage was. Also, no large amount of electron emission, 

which corresponded to the current peak, could be found in the single Si substrate with a 

linear I-V feature. Through this comparison, we concluded that the HEES is a unique 

system that is able to supply sufficient energy to ZnO for sustainable light emission. 

 

7.4 Summary 

In this chapter, a Si-based ZnO light emitter was established, which consisted of a Si 

substrate, and a multi-layer structure of polycrystalline Si, SiO2 and a thin film of Li
+
 doped 
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ZnO. Red light was emitted with a low applied voltage. This light emission was based on a 

new concept in which highly energetic electrons induce photo-excitation, which is different 

from the traditional p-n junction-based semiconductor light emission. From the emission 

spectrum, we could see that the emitting wavelength was determined by the Li
+
 doping, and 

thus could be further controlled. It is believed that different doping elements and 

nanostructure control of the ZnO or other oxide layers can be applied to the same light 

emitting structure in an effort to make a designed light emission for display and signal 

transmission between Si chips. 



 
 

CHAPTER 8 

CONCLUSION AND FUTURE WORK 

 

8.1 Conclusion 

The research work presented in this thesis is focused on the synthesis, characterization and 

applications of the spherical micro- and nano-structured ZnO, which is produced by a 

simple and economic solution-based method. This work is unique in the sense that it 

represents detailed studies of spherical-shaped ZnO micro- and nano-structures, related 

composite that are formed by combining micro- or nano-structured ZnO with other 

transition metal oxides, and the potential device applications. Several important goals have 

been achieved in this thesis study and these are listed as follows: 

1. The general properties of ZnO including its physical and chemical properties were 

reviewed and presented in this thesis. This is of great importance for us to 

understand the growth mechanism and luminescence mechanism in ZnO material 

and related compounds. Some potential applications of ZnO micro- or nano-

structures to electronic or optoelectronic devices were briefly introduced from the 

literature;  

2. A simple and low-cost growth method for synthesizing spherical shaped ZnO was 

developed in this thesis, which we called a two-stage solution method. In order to 

investigate and understand the control of the growth and morphologies of the 



Chapter 8. Conclusion and Future Work 160 

 

synthesized ZnO particles in a two-stage solution method, detailed studies on the 

effects of different reaction parameters including the concentrations of hydrate, 

solvent and salt, reaction temperature and reaction time on the formation of ZnO 

particles were carried out in our experiments. The equipment used in our 

experiments was demonstrated in this thesis. Discussions were also presented based 

on these experimental results, including a possible growth mechanism to elucidate 

the formation of ZnO submicron spheres;  

3. Based on the achievements of our second goal, modifications to the two-stage 

solution method were made. Subsequently, the ZnO submicron spheres with well 

controlled diameters, ranging from ~200 nm to ~500 nm, were successfully 

synthesized. Furthermore, the effects of heating rate and seed solution on the ZnO 

growth in this modified two-stage solution method were studied experimentally; 

and the related mechanisms were analyzed and discussed to explain these effects; 

4. A vertical deposition technique was introduced and applied to form tight ZnO 

sphere films based on the different sized ZnO spheres. The deposition conditions for 

forming the ZnO sphere films were also investigated in the experiments.  Potential 

applications of ZnO sphere structures, such as photonic crystals and for 

optoelectronic devices, were explored and discussed; 

5. Theoretical models of some major native point defects in ZnO were built. 

Calculations and simulations were carried out by using the software program 

MStudio MindLab on the basis of the full-potential linear muffin tin orbital method. 

Thus, the effects of the native point defects of ZnO were theoretically investigated 

and analyzed, which laid down the cornerstones for understanding the luminescence 

mechanism related to the synthesized ZnO micro- and nano-structures, and the 

related ZnO-based composite; 

6. The optical properties of the deposited submicron ZnO sphere films were 

investigated in detail by Raman scattering and photoluminescence (PL) 
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measurements at room temperature. Raman peaks were observed at 331 cm
-1

, 437 

cm
-1

 and 579 cm
-1

. PL spectra showed ultraviolet (UV), broadband green and 

orange emissions. All these results indicated that the ZnO-based microstructure had 

rich structural defects. Moreover, the annealing effects of as-prepared samples were 

studied in two different ambiences (oxygen (O2) and argon (Ar)) with different 

annealing temperatures (500
o
C and 800

o
C). The PL results of the annealed 

deposited submicron ZnO spheres indicated that the light emissions corresponded to 

the exciton radiate recombination and native point defect of oxygen vacancy (Ov) in 

the synthesized ZnO microstructure; 

7. The polyethylene glycol 400 (PEG-400) assisted ZnO sphere growth was reported 

in this thesis. Comparisons were made between the synthesis using the diethylene 

glycol (DEG) and PEG from our experimental results;  

8. Further development using ZnO/V2O5 (zinc oxide/vanadium pentoxide) composite 

as a potential light emitting material was attempted. ZnO/V2O5 composite was 

designed based on ZnO spheres, successfully fabricated, analyzed and investigated, 

including its properties and potential applications in electronic devices. The 

investigations and analyzes of the microstructure and optical properties of the 

ZnO/V2O5 composite were carried out in this thesis. The PL results indicated that 

the intensity of PL in the annealed ZnO/V2O5 microstructures was dramatically 

improved compared to the annealed pure V2O5 and pure ZnO spheres. The 

enhancement of light emission from the ZnO/V2O5 composite may have been 

attributed to the special microstructures of ZnO particles and the coupling effect 

between ZnO and V2O5. It is hoped that this transition oxide mixture can be 

developed into a new group of highly efficient light emission materials; 

9. Si-based ZnO light emission was investigated. A Si-based high-energy electron 

emitter with Lithium (Li) doped ZnO layer was designed, fabricated and 

investigated based on the previous research work in our research group. The success 
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of this application may pave the way to fabricating a light emission enhanced ZnO 

optical logic element. 

 

8.2 Future Works 

In this thesis, the submicron ZnO spheres were successfully synthesized by a relatively easy 

and low-cost solution-based method. The growth parameter and mechanism were addressed. 

Some physical properties of the submicron ZnO spheres were presented. A ZnO/V2O5 

micro-structure intended for implementation in a light emitter was designed, fabricated and 

investigated. However, the above-research only makes up a small portion of this field. 

More study and work are needed to fully explore the physical and chemical properties of 

the ZnO spherical micro- and nano-structure, and its related ZnO/V2O5 composite. These 

works will be carried out in the future.  

In this section, the future works on ZnO spheres and related ZnO/V2O5 system are 

proposed. There are several challenges that are presented below. 

1. The two-stage solution-based method needs to be further developed in order that it 

can be used for commercial uses. Also, more work needs to be carried out to reduce 

the ZnO sphere size to ~50 nm as this size range can be used to fabricate ZnO-based 

photonic quantum dots; 

2. Further modifications are needed in the vertical deposition method for forming a 

ZnO sphere film, the thickness of which can be controlled and the deposition rate 

can be increased. A lot of work needs to be carried out for preventing the formation 

of cracks during the deposition, and developing a way to fabricate ZnO-based 

photonic crystal structures, which have a variety of applications in optoelectronic 

devices in controlling the light wavelengths; 
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3. Further work in exploring the applications of submicron ZnO spheres to the light 

emitter is important; and other potential applications, such as dye sensitized solar 

cells, also needs to be investigated; 

4. More investigations of the ZnO/V2O5 micro- or nano-structures need to be done in 

future work to improve the fabrication quality. The enhanced PL results of the 

ZnO/V2O5 system has to be further investigated for better understanding the 

luminescence mechanism and implementing these types of micro- or nano-

structures in the application of the ZnO-based light emitter. 

Other than the above-described topics, other future work includes: 

1. Synthesizing other types of micro- or nano-structured ZnO through the two-stage 

solution-based method, such as nano-belts, nano-needles, nano-rods, etc;  

2. Designing and fabricating a ZnO/TiO2 micro- or nano-structure and investigating its 

physical and chemical properties; 

3. Modifying the Si-based ZnO light emitter by substituting the ZnO film layer with 

ZnO spheres and studying the properties of this new system. 
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