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ABSTRACT 

In this dissertation, Zinc oxide (ZnO) nanorods grown by a two-step chemical bath 

deposition method on Si substrate is characterized. Research was conducted on ZnO 

nanorods for the understanding of their optical properties at room temperature (RT), with 

the emphasis on the visible luminescence. To this end, controlled thermal treatments of as-

grown ZnO nanorods were conducted under different conditions, such as annealing time 

and environment, at atmospheric pressure. Results related to the following studies are 

reported: an investigation of the structure of ZnO nanorods, an analysis of the chemical 

composition of the surface, an investigation of the surface stoichiometry of the rods, and a 

study of defect-related photoluminescence of ZnO nanorods upon thermal treatment in 

different ambients.To achieve this, the samples were investigated by Scanning Electron 

Microscopy (SEM), X-ray Diffraction (XRD), Time-of-Flight Secondary Ion Mass 

Spectrometry (ToF-SIMS), X-ray Photoelectron Spectroscopy (XPS), Auger Electron 

Spectroscopy (AES) and room temperature (RT) photoluminescence Spectroscopy (PL).  

As-grown ZnO nanorods exhibit a hexagonal shape and have the wurtzite structure; they 

have, respectively, an average length and diameter of ~900 nm and ~50 nm, and most of 

the rods are perpendicular to the substrate. The main extrinsic species found in as-grown 

nanostructures are C, H, F, S, and Cl. ToF-SIMS and XPS confirmed the presence of H 

related-defects, and the oxygen 1 S XPS peak at 531.5 eV is therefore assigned to oxygen 

bound to H-related defects. Based on stoichiometry studies, it is found that the near 

surface regions of as-grown ZnO nanorods (2 to 10 monolayers) are rich in Zn. The RT 

luminescence of as-grown ZnO nanorods exhibits a near band edge emission centered at 

~379.5 nm and deep level emission extending from ~450 nm to ~850 nm. When these 

nanorods are thermally treated at high temperatures (>850 oC), it is found that even though 

their crystalline quality is preserved, their morphology is significantly affected, regardless 

of annealing ambient. Furthermore, in the near surface regions of annealed ZnO nanorods 

it is found that the Zn/O stoichiometric ratios deviate from unity. Specifically, oxygen 

vacancies form within the first 100 nm from the sample surface.  Further from the surface, 

the material is deficient in Zn. It is deduced from XPS and AES that the ambient affects 

the activation rate of intrinsic defects. Furthermore, the only extrinsic defects that are 

affected by thermal treatment are found to be H-related defects. At high annealing 

temperatures (300 oC to ~700 oC), H-related defects are removed, and this removal 

process is found to affect significantly the RT luminescence properties of ZnO nanorods. 
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Specifically, hydrogen passivates vacancy-related defects, depending on the thermal 

treatment. PL spectroscopy is used to follow this passivation effect as a function of 

annealing temperature, which causes an initial quenching followed by an enhancement of 

the green and the red luminescence, regardless of the ambient.  

Finally, the green luminescence that arises following annealing above ~800 oC is assigned 

to Zn vacancy-related defects, while the red luminescence that dominates the visible band 

of ZnO nanorods upon annealing between 400 oC and 600 oC is suggested to be due to 

oxygen vacancy-related defects. 

 



1 

 

1. INTRODUCTION 

Zinc oxide (ZnO) is a semiconductor with interesting properties, such as a large direct 

band gap and a stable free exciton, even above room temperature. Its high band gap   

(~3.37 eV) ensures a large breakdown field, and the thermal stability of the material 

allows high temperature operation. These properties make ZnO an ideal compound for 

high power and high temperature electronic devices, and have caused it to gain substantial 

interest in the research community [1-5]. Specifically, a growing interest exists in quasi-

one-dimensional ZnO (e.g. nanorods, nanowires, nanobelts and nanotubes), considered as 

potential candidates for applications such as gas sensors [6], biosensors [1-2], nanolasers 

[3], optical waveguides [5], and light emitting diodes [3]. It is clear therefore, that ZnO 

nanostructures and its ternary alloys like MgxZn1-xO and CdxZn1-xO have the potential to 

compete with III-V nitrides for optoelectronic applications [7-8].  

Several techniques have been used in the fabrication of ZnO. These include: gas-phase 

methods (vapour-phase transport [9], pulsed laser deposition [10], metal-organic chemical 

vapour deposition [11], molecular beam epitaxy [12] and the like) and aqueous solution-

based methods (chemical bath deposition (CBD), hydrothermal growth and sol-gel 

methods). CBD is simple, requires no catalyst, is economical and can be carried out at 

significantly lower temperatures than most of the other techniques [13]; hence it has been 

used to produce the ZnO nanorods characterised in this study.  

Nevertheless, for ZnO to be usable within industry a great deal more research still needs to 

be conducted, including on the control of native defect activation, and the understanding 

of the effect of intrinsic and extrinsic defects on the optical properties, compensation 

processes, the achievement of stable and repeatable p-type conductivity, etc. As an 

illustration, nanostructured materials have a large surface-to-volume ratio compared to 

epitaxial films, which amplifies defect-related effects on/near the surface of ZnO in many 

ways [14]. For optoelectronic applications such as light emitting diodes, surface states in 

the band gap can lead to technical challenges. These states are mostly due to non-

stoichiometry, adsorbed foreign species and high concentrations of intrinsic defects in the 

near-surface region of ZnO. For example, the incorporation of hydrogen (H) in ZnO has 

been shown by cathodoluminescence spectroscopy to strongly affect the green 

luminescence in ZnO, and indeed in different ways, depending on deviations from the 

ideal stoichiometry [15]. Yang et al.[14], based on XPS investigations, showed also a 
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correlation between surface radiative recombination and the presence of OH-bonds and 

chemisorbed oxygen on the surface of solution-grown ZnO nanorod arrays, as well as H-

bonds on polar surfaces. Furthermore, Bai et al. [16] reported that the high surface 

coverage by hydroxyl (OH) groups can affect strongly the sensitivity of ZnO sensors. 

Therefore, it is important to investigate the structure, the complete chemical composition 

and the distribution of impurities, as well as the surface stoichiometry to achieve a better 

understanding of the origin and nature of deep centers involved in the PL of ZnO nanorods 

at room temperature (RT) [17-19].  

In this work, we report and discuss surface-sensitive experimental results for solution-

grown ZnO nanorods following thermal treatments in different ambients at atmospheric 

pressure. As-grown ZnO nanorods were studied first, followed by thermal treatment under 

different conditions, in order to investigate the effect of defects (extrinsic and intrinsic) on 

the optical properties. To this end, the morphology, crystalline properties and chemical 

composition as function of depth, annealing temperature and annealing ambient were 

respectively studied by Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD) 

and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). In order to support 

ToF-SIMS results, X-ray Photoelectron Spectroscopy (XPS) and Auger Electron 

Spectroscopy (AES) analyses were conducted in order to investigate the stoichiometry of 

ZnO nanorods as function of annealing temperature. Finally, PL spectroscopy was used to 

study the effect of native and extrinsic defects on the RT optical properties, with the 

emphasis on the visible emission from ZnO.  

Significant experimental evidence of the effects of thermal treatment on the morphological 

and crystalline properties, the identity of extrinsic defects and the stoichiometric 

properties of ZnO nanorods are provided. The presence of hydrogen in as-grown ZnO 

nanorods is confirmed and the effects of hydrogen and native defects upon thermal 

treatment on the RT optical properties are reported.  

To provide a guide through the dissertation, the remaining chapters are previewed: a 

literature review is presented in chapter 2. Important characteristics of ZnO and 

established knowledge related to the material that have relevance to the present 

investigation are provided and discussed. This is followed in chapter 3 by a detailed 

discussion of characterisation methods that were used in the present study. The results 
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obtained are presented and discussed in chapter 4. The main conclusions from this study 

are given in chapter 5. 
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2. LITERATURE REVIEW 

In this chapter the fundamental properties of zinc oxide (ZnO) that are of relevance to the 

current investigation are briefly reviewed and summarised. Section 2.1 summarises some 

of the physical and electrical properties of ZnO. Section 2.2 presents theoretical 

calculations and related experimental results of the electronic band structure of ZnO. The 

basic radiative recombination mechanisms in ZnO in general, and the low temperature 

photoluminescence (PL) properties of ZnO nanorods grown by chemical bath deposition 

(CBD) in particular, are briefly discussed in section 2.3. Finally, section 2.4 summarises 

first-principles calculations of intrinsic point defects in ZnO and defect-related radiative 

recombination bands in ZnO. 

2.1. Crystal and electronic band structure 

2.1.1 Crystal structure 

ZnO is an IIb-VIa semiconductor. One of its constituents, namely zinc (Zn), has five stable 

isotopes, the most important ones being 64Zn (48.89%), 66Zn (27.81%), and 68Zn 

(18.57%), whereas oxygen (O) generally exists as 16O (99.76%) [20]. The electronic 

configuration of Zn is 1s2 2s2 2p6 3s2 3p6 3d10 4s2 and that of O 1s2 2s2 2p4. This shows 

that Zn and O have oxidation states of +2 and -2 respectively, forming ZnO as a 

compound. The possible phases are the cubic rock salt (NaCl) structure, cubic zinc blende 

structure and hexagonal wurtzite structure. They are represented in fig.2.1. At ambient 

pressure and temperature, the thermodynamically stable phase of ZnO is the hexagonal 

wurtzite structure. This is due to the strong electronegativity of oxygen 3.5, the second 

highest of all chemical elements, and the weak electronegativity of Zn compared to that of 

O [20]. Each atom of one kind is surrounded by four nearest neighbours of the other kind, 

forming a tetrahedral coordination consisting of sp3 covalent bonds. This covalent 

bonding is one of the facts that explains the high melting point (1975 oC) and relatively 

low density (5.606 g/cm3) of ZnO. Furthermore, the wurtzite structure consists of two 

interpenetrating hexagonal close-packed (hcp) sub-lattices and exhibits a unique axis, the 

c-axis that is directed along one of the tetrahedral binding orbitals. However, due to the 

fact that the zinc-oxygen bond possesses also a very strong ionic character, ZnO is both a 

covalent and ionic compound with an ionicity of fi=0.616 on the Phillips ionicity scale 

[20]. Per bond in the wurtzite lattice, the cohesive energy is approximately equal to 7.692 
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eV [21]. This value has been calculated theoretically using the generalized gradient 

approximation (GGA) method [21].   

 

The point group of the hexagonal wurtzite structure (symmetry operations of ZnO) is 6mm 

(international notation) or C6 (Schoenflies notation). The symmetry operations consist of 

a 6-fold rotation axis (the c-axis) and 6 mirror planes parallel to the axis of rotation. The 

conventional (primitive) unit cell is shown in fig. 2.1c in green and contains two pairs of 

ions. 

 

 

Fig. 2.2 displays the wurtzite ZnO structural parameters in details. The lattice parameters 

of the unit cell are a and c, with u an internal parameter describing the relative 

displacement between the group II and group VI sublattices, as showed in fig. 2.2. 

(a) (c) (b) 

Figure 2.1. Different structures of ZnO: (a) Cubic rock salt, (b) Cubic zinc blende and (c) 

Hexagonal wurtzite. The shaded gray and black spheres denote zinc and oxygen atoms, 

respectively. The parallelepiped in (c) is the unit cell [24]. 

 

 

Figure. Different structures of ZnO: (a) Cubic rock salt, (b) Cubic zinc blende and (c) Hexagonal 

wurtzite. The shaded gray and black spheres denote zinc and oxygen atoms, respectively. The 

parallelepiped in (c) is the unit cell (24). 

 

Figure 2.2. Schematic representation of a wurtzitic ZnO structure with lattice constants a in the 

upper basal plane and c in the basal direction, u parameter and bond angles α and β [24]. 

 

 

Figure. Schematic representation of a wurtzitic ZnO structure with lattice constants a in the upper 

basal plane and c in the basal direction, u parameter and α and β bonds angles (24). 
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Reported c/a ratios for the natural crystal structure of ZnO are between 1.593-1.6035, 

deviating slightly from the ideal wurtzite ratio 8 3 1.633c a  
  

[22]. Furthermore, due 

to the sequence of Zn2+ and O2- ions in planes perpendicular to the crystallographic c-axis, 

there exists a dipole moment parallel to the c-axis between the polar Zn-terminated and O-

terminated faces. The remaining faces show a non- polar character [23].  

The crystal facets/planes are specified using either Miller indicesor Miller-Bravais indices 

Fig. 2.3a shows in blue the crystallographic axes related to the Miller indices [hkl] and in 

black those relating to the Miller-Bravais indices [HKIL], where  2 3H h k  , 

 2 3K k h  ,  3I h k  
 
and L l . Fig. 2.3b shows the typical polar Zn (or O)-

terminated facets and lateral non-polar facets. Using the Miller-Bravais notations the Zn-

terminated polar facets are denoted by (0001), whereas the O-terminated polar facets are 

indicated by (0001̅).  The six non-polar side facets are denoted by (0110), (1100), (1010), 

(0110), (1100) and (1010). Six faces are easily distinguishable in the magnified scanning 

electron micrograph of ZnO shown in fig. 2.3b.    

In summary, the physical parameters of ZnO of interest are listed in table I. While most of 

these parameters are well-defined, uncertainty remains in some of them, such as the 

thermal conductivity. In the next section the electronic band structure of ZnO will be 

discussed in detail. 

 

 

 

 

(a) 

 

(b) 

Figure 2.3. (a) Crystallographic  axes  shown  using  Miller  indices  [hkl]  in  blue,  and  the 

Miller-Bravais notation [HKIL] in black [13]; (b) SEM image of one ZnO nanorod showing the 

polar Zn (O)-terminated face and six lateral non-polar faces. 

 

 

Figure  (a) Crystallographic  axes  shown  using  Miller  indices  [hkl]  in  blue,  and  the Miller-

Bravais notation [HKIL] in black (13); (b) SEM image of one ZnO nanorod showing the polar Zn 

(O)-terminated face and six lateral non-polar faces. 
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Table I. Some physical properties of ZnO (mo is the free electron mass) [13]. 

Physical Parameter Value 

Density (g/cm3) 5.606 

Stable phase Wurtzite 

Melting point (o C) 1975 

Thermal conductivity (W/K.cm) 0.6-1.2 

Linear expansion coefficient (/o C) a: 6.5x10-6  and c: 3.0x10-6 

Static dielectric constant 8.656 

Refractive index 2.008-2.029 

Exciton binding energy (meV) 60 

Electron effective mass (mo) 0.24 

Electron Hall mobility (low n-type conductivity) (cm2/Vs) 200 

Hole effective mass (mo) 0.59 

Hole Hall Mobility (for low p-type conductivity) (cm2/Vs) 5-50 

 

2.1.2 Electronic band structure 

The electronic band structure of ZnO has been calculated for the cubic rock salt (NaCl) 

structure, cubic zinc blende structure and hexagonal wurtzite structure using different 

theoretical methods, including the local-density approximation (LDA),  using atomic self-

interaction corrected pseudopotentials (SIC-PP), the Korringa-Kohn-Rostoker Green’s 

function method, the atomic sphere approximation (ASA) and linearized muffin-tin  

orbital (LMTO)) methods, including spin–orbit coupling (ASA–LMTO), within the LDA 

[21, 22, 24]. Only results for the hexagonal wurtzite structure are discussed here. 

The ultimate aim is to approximate the solution of the following many-body time-

independent Schrödinger equation for any electronic subsystem: 

2 2
2

1

1
( ) ( ,... ) 0

2 2
j ext j N

j j j i j i

e
V r E r r

m r r




  
      

  
                         2.1 

where  

2

( ) i
ext j

i j i

Z e
V r

r R
 


                                                            2.2 
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is the external potential acting on electron j, due to nuclei of charges Zi. Here i refers to 

nuclei and j to the N electrons in the subsystem; and Ri and Zi respectively the coordinates 

and atomic number of the nuclei.  

However, the wave function 1( ,... )Nr r
 
is a very complicated quantity that cannot be 

investigated experimentally and that depends on 4N variables: three spatial variables and 

one spin variable for each of the N electrons. Hence all theoretical methods are about the 

approximation of it and the associated Schrodinger equation using an electronic density as 

the basic variable in order to solve the Schrödinger equation.  

Fig. 2.4 shows the band structure (E vs k) of ZnO. Calculations were done using the 

following methods:  standard pseudopotential (PP), the SIC-PP, the LDA, and the SIC-PP 

[21]. The valence band (VB) maxima and the lowest conduction band (CB) minima occur 

at the 𝛤 point k=0 indicating that ZnO is a “direct band gap semiconductor”. Fig. 2.4a 

shows 10 bands (occurring at around -9 eV in the right hand panel and at around -5 eV in 

the left hand panel) corresponding to the Zn 3d levels; the 6 bands from -5 eV to 0 eV 

correspond to O 2p bonding states. The lowest CB is formed from the empty 4s states of 

Zn2+ or the antibonding sp3 hybrid states, whereas the VB originates from the occupied 2p 

orbitals of O- or from the bonding sp3 orbitals. Note that the fact that these results do not 

perfectly agree with experimental results does not invalidate this understanding of the 

band gap. In terms of accuracy, the ASA–LMTO method within the LDA proved to be 

more consistent with experiment. Table II presents both calculated and measured energy 

gap values for comparison. 

Table II. Calculated and measured energy gaps Eg [13, 24]. 

 LDA-PP LDA-SIC-PP ASA–LMTO 

within the LDA 

Experiment 

Eg 0.23 eV 3.77 eV 3.437 eV 3. 3714 eV 

 

In addition, it has been observed from experiments that the VB splits into three bands of 

states near the Γ point, named A, B, and C [24]. They are also referred to as the heavy-

hole, light-hole, and crystal field split-off bands, respectively. In reality, from the 

influence of the hexagonal crystal field, the VB splits into two states: A and B [25]. Given 

the spin, a further splitting (owing to spin–orbit coupling) into three twofold-degenerate 
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sub-VBs is induced. The theoretical energy splitting between the A, B, and C bands are 

EAB =10 meV and EBC=34 meV [25]. The latter values are in good agreement with the 

experimental values measured for several bulk crystals which are EAB = 9.5 meV and EBC= 

39.7 meV [26]. The next section focuses on basic recombination mechanisms and 

illustrates typical PL spectra of ZnO nanorods grown by CBD. 

 

2.2. Photoluminescence of zinc oxide: overview 

2.2.1. Recombination mechanisms 

Luminescence in semiconductors refers to light emission from a material through any 

process other than blackbody radiation. Being a non-equilibrium process, external energy 

has to be supplied to the system in order for luminescence to occur. Luminescence is 

referred to as photoluminescence (PL) when it is caused by photon absorption.   

Typically the material is irradiated by a laser with photon energy hν gE , the band gap in 

k-space. Fig. 2.5 exhibits a simplified band structure of ZnO near the centre of the first 

Brillouin zone. 

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

(PP) (left panel) and by using SIC-PP (right panel). (b) Comparison of calculated and measured 

valence bands of ZnO. The left panel shows the standard LDA, while the right panel shows SIC-PP 

results [21]. 

 

 

 

Figure. (a) LDA bulk band structure of ZnO as calculated by using a standard pseudopotential (PP) 

(left panel) and by using SIC-PP (right panel). (b) Comparison of calculated and measured valence 

bands of ZnO. The left panel shows the standard LDA, while the right panel shows SIC-PP results 

(21). Figure  
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Under photo excitation an electron in the valence band gains energy and leaves behind a 

hole (see arrow 1). An electron-hole pair (e-h) is thus generated. The generated electrons 

and holes thermalize to the lowest energy states in their respective bands via phonon 

emission, as shown by arrow 2 before they recombine across the fundamental band gap 

(arrow 3). Excited electrons and holes can also recombine through defect/impurity levels 

situated in the forbidden band gap. In general, recombination can happen through either   

radiative or non-radiative processes. When recombination produces light (photons), the 

process is called “radiative recombination”; if not, it is called “non-radiative 

recombination”. 

Radiative recombination involves different mechanisms. Possible radiative recombination 

mechanisms are illustrated in fig. 2.6a. Recombination mechanisms involving             

native defects will be discussed later in more detail. Fig. 2.6b shows exciton-related       

low temperature radiative recombination lines most often observed in the PL of ZnO         

[20, 27, 28-29]. 

Zn++ 4s 

O- - 2p 

Figure 2.5. A simplified schematic drawing of the band structure of ZnO in the vicinity of the Γ 

point in k-space. 

 

 

Figure A simplified schematic drawing of the band structure of ZnO in the vicinity of the Γ point 

in k-space. 
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a. Free excitons (FX) 

Due to the mutual Coulomb interaction, an excited electron in the CB and a hole in the VB 

can be bound together and form a hydrogen-like state. Consequently, the Coulomb 

interaction between the electron and the hole lowers the energy of the e-h pair such that 

the difference between the electron and hole energies of the coupled pair becomes less 

than that of the band gap energy Eg (see fig. 2.6). The Coulomb-coupled e-h pair thus 

formed is called an “exciton”. If it can move freely in the material, it is called a “free 

exciton (FX)”. The free exciton energy 𝐸𝐹𝑋 is given by 

binding

FX g FXE E E                                                       2.3 

where the binding energy 
binding

FXE  of the free exciton is given by 

2 2

1 1binding

FX H

o o

E R
n m




  .                                                   2.4 

The parameter n is the principal quantum number, RH the Rydberg constant (13.6 eV) for 

the hydrogen atom, κo the static dielectric constant and µ the reduced mass  
1 1 1

e hm m
  , 

where me and mh are, respectively, the electron effective mass and hole effective mass. For 

ZnO, the ground state (n=1) exciton binding energy is approximately 60 meV [27] (see 

table I also). 

(a) (b) 

Figure 2.6. (a) Possible mechanisms of e-h recombination; (b) A schematic drawing of the energy 

ranges (shaded and in colour) where the various bound exciton transitions in ZnO can be found 

together with the level scheme for the two-electron transitions of the neutral donor bound excitons 

(20). BTB stands for band-to-band, while other abbreviations are described in the text. 

 

Figure (a) Possible mechanisms of e-h recombination; (b) A schematic drawing of the energy 

ranges (shaded and in colour) where the various bound exciton transitions in ZnO can be found 

together with the level scheme for the two-electron transitions of the neutral donor bound excitons 

(20). BTB stands for band-to-band, while other abbreviations are described in the text. 
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b. Bound excitons (BE) 

Excitons can localize at impurities, point defects, other potential fluctuations or even large 

scale defects such as surfaces [13, 27]. The resulting configuration is called a “bound 

exciton (BE)”. A transition involving an exciton bound to a neutral donor is denoted      

(Do, X); a transition involving an exciton bound to a positively ionised donor is denoted 

(D+, X); similarly, (Ao, X) is a transition involving an exciton bound to a neutral acceptor 

(see fig. 2.6b). The photon energy emitted from any of these transitions is given by: 

BE FX locE E E                                                           2.5 

where Eloc is the exciton localization energy, which is the energy required to remove the 

exciton from the impurity/defect. This localization energy is related to the impurity 

ionisation energy Ei using Haynes’ empirical rule [28]:  

loc iE b cE                                                               2.6 

where 𝑏 and 𝑐 are constants (material dependent) and are determined experimentally. 

c. Donor-Acceptor Pair (DAP) Transitions  

When donor and acceptor impurities are both present in the material at a close proximity 

so that their wave functions overlap, a loosely bound donor electron can recombine with a 

hole on to a neutral acceptor (see fig. 2.6a). This process is called “donor-acceptor pair 

recombination (DAP)”. The energy of the emitted photon during this type of transition is 

given by 

21

4
g iD iA

o

e
h E E E

R


 
                                        2.7 

where EiD and EiA are the  donor and acceptor ionisation energies, respectively, and εo and 

κ are the permittivity of vacuum and the dielectric constant of the material, respectively. R 

is the distance between the donor and the acceptor for the specific pair. The bigger the 

separation of the pair, the smaller the Coulomb interaction is and thus the lower the 

photon energy. The emission energy should then increase as the pair separation decreases. 

For partially ionic bonding as in ZnO, DAP transitions cause polarization of the crystal 

lattice that leads to lattice distortions [24]. Therefore, DAP transitions are always 
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accompanied by phonon replicas due to the relaxation of the lattice. In ZnO, the energy 

separation between longitudinal (LO) phonon replicas is 72 meV [29].  

d. Two electron satellite (TES) transitions  

During the recombination of an exciton bound to a neutral donor, the donor final state can 

be the 1s state (yielding the normal (Do, X) line in the PL spectrum) or the 2s/2p state, 

yielding the so-called two electron satellite (TES) transition lines (see the insert in fig. 

2.6b). The energetic distance between the (Do, X) and its TES, is therefore the difference 

between the donor energies in the 1s and 2s/2p states, which is 3/4 of the donor ionisation 

energy in the simple hydrogen-like effective-mass-approach (EMA) [20]. The photon 

energy ETES of the TES is given by: 

2

1
1oTES iDD X

E E E
n

 
   

 
                                              2.8 

For n = 2 

3

4
oTES iDD X

E E E                                                     2.9 

e. Free-to-Bound Transitions 

Free electrons can also recombine (radiatively or nonradiatively) with holes trapped on the 

acceptors. This happens at sufficiently low temperatures when carriers are “frozen” on 

impurities. Such transitions, involving a free electron and a hole bound to an impurity, are 

known as “free-to-bound transitions”. The emitted photon energy in the case of radiative 

recombination is given by Eg-EiA, where EiA is the shallow acceptor ionisation energy [30]. 

In general, the above mentioned recombination channels in ZnO are grouped into 

two major energy regions: the near band edge (NBE) region and the deep level emission 

(DLE) region. Fig. 2.7 is a typical photoluminescence spectrum of solution grown ZnO at 

room temperature (RT). The NBE region is in the ultra violet spectrum and the DBE 

region in the visible and near infrared spectral regions.   
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2.2.2. Low temperature PL characteristic of solution grown zinc oxide nanorods 

Solution growth of ZnO nanorods on Si substrate usually consists of two steps: formation 

of a seed layer followed by the growth (from solution) of nanorods on the seed layer. 

More details about the chemical bath deposition (CBD) method will be given in chapter 3. 

Fig. 2.8 shows a typical NBE steady state low temperature PL spectrum of solution grown 

ZnO. Several lines are observable: those at 3.322 eV, 3.3628 eV and 3.374 eV are 

ascribed to (e, Ao), (Do, X), and FX recombination, respectively [13]. The line  (e,  A°)  is  

followed  by  its  first,  second  and  third  phonon  replicas at 3.11 eV, 3.18 eV, and 3.25 

eV, respectively; phonon replicas of the FX  line co-exist with these and are indicated  by  

the  arrows in fig. 2.8 [13]. A complete summary of bound exciton related lines in ZnO is 

given in table III [31]. For a better understanding of the concentrations of defects and their 

formation energies, as well as the diffusion mechanisms of vacancies and interstitials in 

ZnO crystals, results from theoretical investigations and relevant experiments are 

discussed in the next section. 

Figure 2.7.  Typical photoluminescence spectrum of solution grown ZnO at room temperature. 

 

Figure Typical photoluminescence spectrum ofsolution grown ZnO at room temperature. 

 

DLE NBE 

2ndorder of NBE 
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Table III. Energy positions of free and neutral donor–bound exciton recombination lines           

reported for ZnO at 11 K [31]. The wavelength to energy conversation was done using 

E(eV)=1239.7(6)/λ (nm). 

 Line Wavelength 

(nm) 

Energy (eV) Chemical 

identity 

Z
n

O
 n

a
n

o
ro

d
s 

a
t 

1
1
 K

 

AL
a 367.10 3.3770 - 

AT
a 367.26   3.3759 - 

- 368.44 3.3647 - 

I4 368.34   3.3628 Hydrogen 

I5 368.86   3.3614 - 

I6 368.92   3.3608 Aluminium 

I6a 368.96   3.3604 - 

I7 369.01   3.3600 - 

I8 369.03   3.3598 Gallium 

I8a 369.08   3.3593 - 

I9 369.37   3.3567 Indium 

I10 369.76   3.3531 - 

I11 370.28   3.3484 - 

AL
a is the longitudinal and AT

a the transversal free A-exciton states.   

Figure 2.8. Low temperature (40 K) steady state PL spectrum of a sample of solution grown ZnO 

nanorods annealed at 700 oC [13]. 

 

 

Figure Low temperature steady state PL spectrum of a sample of solution grown ZnO nanorods 

annealed at 700 oC showing the (e,A°) line followed by its first, second and third phonon replicas 

at 40 K[5]. 
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2.3. Native point defects in zinc oxide: first-principles studies and recent 

experimental findings 

In this section, first principles formalisms and corresponding predictions are reviewed 

after a brief inventory of native point defects in ZnO. Special attention is given to defect 

concentrations formation energies, and transition energies, as well as the diffusion 

mechanisms of vacancies and interstitials in wurtzite ZnO crystals. It is worth knowing 

that the effects of the association of impurities with intrinsic defects and the interaction 

between defects have not been taken into account in theoretical investigation reported 

here. Therefore, all the predictions given below will be interpreted within these limitations 

and used as an indication of what the behaviour would be if only non-interacting defects 

were present in the material.   

2.3.1 Defects in zinc oxide 

Defects are classified into two categories: intrinsic defects (or native defects) and extrinsic 

defects (or impurities). They disrupt the perfect arrangement of the atoms in the crystal 

and affect, amongst other, the optical properties of the material. Intrinsic defects are also 

classified into point defects and extended defects. Point defects usually involve isolated 

atoms in a localized region, whereas extended defects, on the other hand, can be classified 

into line, planar and bulk defects. A 2D illustration of vacancies, interstitials and 

substitutional defects in semiconductors is given in fig. 2.9.  

 

 

In ZnO, possible intrinsic defects are O (Zn) vacancies, denoted as VO(Zn), O (Zn) 

interstitials (Oi/Zni) and O (Zn) anti-sites (OZn/ZnO). In the wurtzite structure only two 

possible interstitial sites exist: the first one is tetrahedrally (tet) coordinated and the second 

Figure 2.9. Illustration of point defects in a semiconductor: (a) vacancy, (b) interstitial atom and 

(c) substitutional defect. 

 

(a) (b) (c) 
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one is octahedrally coordinated [32]. Table IV summarises all possible native defects 

identified either by their charge state or using the Kroger-Vink notation. In addition to 

native defects, a combination of one or more point defect(s) and (or) one extrinsic element 

can form also defects called “clusters or complexes” (e.g. VOZni formed by VO and Zni  

[33-35]). Species adsorbed on the surface of ZnO, such as ordered ad-layers including 

carbon IV oxide (CO2), carbon II Oxide (CO), water molecules (H2O), hydroxyl (OH) 

groups and hydrogen (H) atoms are other possible impurities [36, 37].  

Table IV. Possible native defects identified either by the charge state or using the Kröger-Vink 

notation [32]. 

Defect Charge state Kröger-Vink notation 

Zni 0 
x

iZn  

Zni +1 
iZn 

 

Zni +2 
iZn 

 

Oi -2 iO  

Oi -1 iO  

Oi 0 
x

iO  

VZn -2 ZnV   

VZn -1 ZnV   

VZn 0 
x

ZnV  

VO 0 
x

OV  

VO +1 OV 
 

VO +2 OV 
 

ZnO 0 
x

OZn  

ZnO +2 OZn
 

OZn -2 ZnO  

OZn 0 
Zn

xO  
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2.3.2 Formalism and theoretical results 

a) Defect concentration and formation energies 

The concentration of an isolated defect d (denoted by Cd) in a crystal depends on its free 

energy of formation ∆Gf. At equilibrium, the defect concentration follows the following 

Arrhenius behaviour [38]: 

f BG k T

d sitesC N e


                                                     2.10 

where NSites, ∆Gf, and kB represent the number of possible sites for the defect d in the 

crystal  per unit volume, the free energy of formation of the defect d, and the Boltzmann 

constant, respectively. At a given temperature T and a pressure P, the free energy for the 

formation of a defect is given by [38] 

f f f fG E T S P V      
                                                         

2.11 

where ∆Ef is the change in the total energy of the system, ∆Sf the change in entropy and 

∆Vf  the change in volume when a defect is introduced in the system.  

At zero Kelvin, the defect formation energy in a given charge state q in ZnO is given by 

[32, 39]: 

Zn O(N , N ) qf Zn Zn O O FE E N N                                           2.12 

where E(NZn, NO) stands for the total energy of the system containing N atoms of zinc and 

oxygen, µZn and µO are chemical potentials of Zn and O, respectively. The parameter εF 

stands for the Fermi energy taken as the energy of the reservoir from which an electron is 

removed to form a defect with charge q. Chemical potentials depend on the conditions of 

growth and determine the off stoichiometry of the system [32].  

From equations 2.10, 2.11 and 2.12 it can be seen that amongst other parameters, the 

concentration of a defect depends also on the chemical potentials set by the growth 

environment. 

b) Diffusion of defects in zinc oxide 

Consider again a point defect d. The rate 
d

i  at which the defect d moves via a migration 

path i can be described also by an Arrhenius behaviour [40]: 



19 

 

0,
i BG k Td

i ie


                                                    2.13  

where 0,i  is an attempt frequency. It is frequently approximated by a characteristic 

frequency such as the Einstein or Debye frequency [40]. The free enthalpy of migration 

∆Gi is given by [40]: 

i i i iG H T S P V      
                                         

2.14 

where ∆Hi is the enthalpy of migration (migration barrier), ∆Vi is the migration volume, 

and ∆Si the migration entropy. All the other symbols in 2.13 and 2.14 have their usual 

meaning as defined above. 

c) Different first principles predictions  

Native defect concentration and formation energies 

Formation energies of native point defects and their concentrations have been calculated 

based on first principles formalism using the plane-wave pseudopotential approach by 

Kohan et al. [32]. The local-density approximation (LDA) was used in order to solve the 

equation of Schrödinger (see eq. 2.1) during the estimation of the band gap. Even though a 

useful basic theoretical understanding on the formation and concentration of defects can 

be obtained from these calculations, the inaccuracy in determining the band gap also 

introduces uncertainty. Consequently, all results that depend on the accuracy of the 

theoretical band gap of ZnO compared to the experimentally known value (see table II) 

such as formation energies, will be affected by the non-accurate prediction of the band gap 

(~0.91 V) by LDA. 

Fig. 2.10 shows the formation energies as a function of Fermi level for the most dominant 

defects at equilibrium, under (a) Zn-rich conditions and (b) O-rich conditions. Only the 

lowest formation energies are presented as function of the Fermi level in the case of Zn-

rich (or high Zn partial pressure) and O-rich (or low Zn partial pressure) environments. 

Calculations were done for environments with a temperature of 1000 K (726.85oC) using 

eq. 2.10 [32]. In fig. 2.10a and b the change in formation energy of a particular charge 

state is shown for the Fermi energy range where this state has the lowest energy, and the 

“slope” of the lines corresponds to the charge state of the corresponding defect (see        

Eq. 2.12).  
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From fig. 2.10a and 2.10b, it can be seen that VO and VZn have the lowest formation 

energies. It follows that in a Zn-rich environment the most abundant native defect 

expected to form is VO, in particular x

OV and OV due to their lowest formation energies (see 

fig 2.10a). When there is a shortage of Zn, the most abundant native defects to form are 

VZn, in particular x

ZnV , ZnV  and ZnV   (see fig. 2.10b). Therefore, VO and VZn should be the 

most abundant native defects in ZnO depending on the environmental conditions. 

Moreover, as can be seen from fig. 10c, which plots intrinsic defect concentrations as 

function of Zn partial pressure, VO and VZn remain the predominant defects at 726.85oC 

even though Oi and Zni defects are present as well. However, when the underestimated 

band gap predicted by LDA methods is corrected at equilibrium, VZn dominates in an O-

rich environment whereas VO ceases to be the most dominant defects in a Zn-rich 

environment – rather, the most dominant defect will be Zni (Data not shown here) [32]. 

 

 

(a) 

 

(b) 

(c) 

Figure 2.10. Calculated defect formation energies for dominant defects (lowest formation energy 

values) as function of the Fermi level: (a) when there is Zn in excess; (b) when there is a shortage 

of Zn. The zero Fermi level is set to the top of the VB. (c) Intrinsic defect concentrations at 1000 

K (726.85oC) computed using eq. 2.10 [32]. 
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Diffusion of oxygen and zinc in zinc oxide 

The mobility of most dominant point defects, i.e. their ability to diffuse at certain 

temperatures, has been predicted through first-principles calculations by Tsurkan et al. 

[24] and Erhart et al. [41]. The shortcoming of the LDA and generalized gradient 

approximations, in that they underestimate the band gap of ZnO, does not affect the 

validity of these calculations [41]. 

Fig. 2.11 presents the charge state dependent enthalpies of migration of some dominant 

native defects in the case of O-rich and Zn-rich environments. Fig. 2.11a presents the 

migration barriers for Oi in an O-rich environment whereas fig. 2.11b presents the 

migration barriers for Zni in a Zn-rich environment [41]. Both the in-plane and out of plane 

migration mechanisms were considered.  

 

 

As can be seen from fig. 2.11a, the diffusion barriers of oxygen interstitials with charge 

states q=-1 and q=-2 in an O-rich environment are very small (  1 eV), hence they are 

mobile at low temperature [41]. Specifically, Erhart et al. [41] found that iO  diffuses 

already between -193.15°C and -173.15°C, and iO
  

between -143.15°C and -113.15°C 

[41]. In the case of a Zn-rich environment, fig. 2.11b shows that for any charge state, the 

migration barrier for Zni is less than 1 eV [41] meaning that at low temperature Zni  should 

be mobile. Specifically, it was found that iZn migration happens between -183.15°C and 

-163.15°C; iZn between -163.15°C and -143.15; and x

iZn between -173.15°C and               

Figure 2.11. (a) Charge state dependence of migration enthalpies of interstitial (a) oxygen and (b) 

zinc [41]. 
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-153.15°C [41]. At high temperature, Tsurkan et al. [24] estimated the annealing 

temperature above which VZn and VO can be mobile. It has been reported that ZnV  , x

OV  and 

OV 

 
start to diffuse through different mechanisms (which are not described here) at 

265.85°C, 381.85°C and 635.85°C, respectively,  in ZnO [24, 41]. 

2.3.3 Reported defect related optical transitions in zinc oxide 

2.3.3.1 Deep level emission positions in the forbidden band gap 

Excited electrons can recombine radiatively or non-radiatively within defect-related levels 

situated in the forbidden band gap. These levels are called deep centres. Some act as 

donors and others as acceptors, with energy levels far from the conduction and valence 

band edges, respectively [27]. The related emission is consequently called “deep level 

emission (DLE)”. 

a) Violet and blue deep level emission 

Using PL spectroscopy, Ahn et al. [42] investigated the origin of the violet luminescence 

in ZnO prepared on p-Si substrates by radio frequency magnetron sputtering (RFMS) 

under different conditions of growth. The thin films were deposited at 680 °C with pure 

Ar and O2 gas, and without any low-temperature grown buffer layers. They varied the 

partial pressures of Ar and O2 during growth, and observed interesting features in the 

corresponding luminescence spectra: when the partial pressures of Ar and O2 during 

growth were equal, a violet luminescence band centered at 3.1 eV (~400 nm) was 

measured at low temperatures (<100 K). However, in samples grown with different partial 

pressures of O2 and argon, the violet luminescence quenched when the pressure of O2 was 

higher than that of Ar. Consequently, the authors concluded that the only possible defect 

whose concentration could decrease under such growth conditions was Zni. This 

assignment was justified by the assumption that ZnO grown in Ar-rich and extreme O-rich 

environments by RFMS will predominantly contain Zni and (or) VZn as intrinsic defects. In 

addition, by taking into consideration predictions from the full potential linear muffin-tin 

orbital calculations, the violet DLE centered at ~400 nm was attributed to transitions 

involving Zni [42].  

Fang et al. [43] also studied the source of blue luminescence from ZnO grown by RFMS. 

ZnO films were produced by sputtering pure zinc metal at room temperature onto silicon 
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substrates with a mixture of O and Ar present in the chamber (the O/Ar pressure ratio 

equalled 2/3). It was reported that only a blue DLE band centered at 430 nm was observed 

from as-grown samples. Furthermore, annealing at high temperatures (250 oC, 600 oC and 

800 oC) in air for 1 hour resulted in the reduction of the intensity of the blue band, a 

decrease in the concentration of free carriers and an increase in the resistivity of ZnO 

films. Based on these observations and on theoretical calculations of the energy levels of 

intrinsic defects in undoped ZnO films using the full-potential linear muffin-tin orbital 

method, Fang et al. [43]  assigned the blue luminescence to electron transitions from the 

Zni level to the valence band. The assumption made was that the free carrier concentration 

in ZnO is primarily dominated by electrons generated by oxygen vacancies and Zni. 

Hence, if Zni are the source of the blue DLE, a decrease in the concentration of Zni will 

likely be caused by the evaporation of Zn at high temperature and by the diffusion of Zni 

through vacancies left behind by evaporated atoms of Zn [43]. 

b) Green, yellow and red deep emission level bands  

Using PL spectroscopy Børseth et al. [33] studied the origin of the green and yellow 

luminescence bands in hydrothermally grown single crystal ZnO. Samples were annealed 

in different environments such as air, O-rich and Zn -rich atmospheres, and in the 

presence of ZnO powder at different temperatures. Annealing in Zn-rich and O-rich 

atmospheres was performed in sealed quartz ampoules in order to alter the concentration 

of intrinsic defects. The authors reported that after annealing above 800 oC in different 

environments, significant changes in both the peak positions and intensities were 

observed. The following assumptions were made: “competing non-radiative channels play 

a negligible role, and the concentrations of optically active defects are homogeneous 

through the layer”. Experimentally the following results were obtained from PL 

spectroscopy: an increase in the concentration of VZn through annealing of ZnO in a Zn-

poor environment (this was accompanied by an enhancement of the band centered at 2.35 

eV (~527.60 nm)) and an increase in the concentration of VO through annealing in an O-

poor environment (this was accompanied by an enhancement of the band centered at 2.53 

eV (~490.06 nm)); a reduction in the concentration of VZn through annealing in a Zn-rich 

environment (this was accompanied by a decrease in the intensity of the band centered at 

2.35 eV) and a reduction in the concentration of VO through annealing in an O-rich 

environment (this was accompanied by a decrease in the intensity of the band centered at 

2.53 eV). The authors therefore attributed the 2.35 eV DLE to VZn and the band at 2.53 eV 
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to VO. For the samples annealed in the presence of ZnO powder, only a yellow DLE band, 

centered at 2.17 eV (~571.36 nm), was observed and attributed to Li, a well-known 

impurity in hydrothermally grown ZnO [33].  

Likewise, Knutsen et al. [44] also studied the characteristic of the green and red DLE of 

melt-grown undoped ZnO using positron annihilation (PA) and photoluminescence 

spectroscopy. The concentrations of radiative intrinsic defects were altered by means of 

variable energy electron irradiation and thermal processing in O-rich and Zn-rich 

environments. One set of samples was subjected to thermal annealing at 800 oC for 30 

minutes in Zn- and O-rich environments, respectively, whereupon several samples were 

cross annealed (sequentially annealed in different environments), and probed by PL 

spectroscopy; another set was electron irradiated at 300 K using different energies and 

fluences, and subjected to PA and to PL spectroscopy studies. The authors reported that 

annealing in an O-rich environment leads to a significant increase of the DLE intensity 

compared to the as-grown samples. On the other hand, annealing in a Zn-rich environment 

caused an overall decrease in the luminescence intensity of the NBE emission, the green 

DLE band, and the red DLE. However, by swopping the environments, a close to full 

recovery from the effects first introduced by the initial anneal in oxygen (or zinc) was 

observed. Additionally, upon electron irradiation, the same green and red bands centered 

at 2.45 eV (∼510 nm) and 1.75 eV (∼680 nm) were distinguished. While the green 

emission gradually quenched with increasing electron energy, the red emission increased, 

reaching its highest intensity. Based on these observations, Knutsen et al. [44] reported 

that the origin of the two emission peaks is related to single point defects. Specifically, the 

red band was attributed to VZn and the green band to V [44]. 

Gorelkinskii et al. [45] studied the in situ diffusion of interstitials created by low 

temperature electron irradiation at 4.2 K, using PL spectroscopy and optically detected 

electron paramagnetic resonance. The temperature dependence of defect mobilities from 

4.2 K up to room temperature was also reported [45]. The samples studied were undoped 

ZnO single crystal wafers grown by two methods: chemical vapour transport and a melt 

process. Irradiation produced new prominent DLE bands centered at 680 nm (~1.8 eV), 

750 nm (~1.6 eV) and 900 nm (~1.3 eV). Sequential thirty minute anneals between 110 K 

and room temperature caused a systematic quenching of the bands centered, respectively, 

at 750 nm and 900 nm. The authors attributed these observations to the migration of one, 
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or possibly both, of the host interstitial atoms (Zni and Oi), because it had been established 

in previous studies that vacancies are stable in the temperature range studied [45].  

In summary, at ambient pressure and temperature, the thermodynamically stable phase of 

ZnO is the hexagonal wurtzite structure, which has a direct band gap. Calculated and 

measured energy gaps Eg are 3.437 eV (LDA-SIC-PP) and 3. 3714 eV (ASA–LMTO 

within the LDA), respectively. It is worth noting that the lowest CB is formed from the 

empty 4s states of Zn2+ or the antibonding sp3 hybrid states, whereas the VB originates 

from the occupied 2p orbitals of O- or from the bonding sp3 orbitals. Furthermore, the most 

abundant native defects in ZnO are VZn, VO, Oi, Zni as well as their related complexes, 

such as VOZni, etc. It is understood that thermal treatment can activate these defects at 

different temperatures, depending on the nature of the environment, and that Zni and Oi 

can diffuse at very low temperatures (even below RT). No consensus has been found 

concerning the origin of the visible luminescence bands in ZnO: the violet luminescence 

(~400 nm (~3.0 eV)) has been attributed to transitions involving Zni and the blue 

luminescence (430 nm (~2.8 eV)) to electron transitions from the Zni level to the valence 

band. On the other hand, both the DLE bands centered at ~527.5 nm (2.35 eV) and ∼680 

nm (~1.8 eV) have been attributed to VZn, while bands at ~490.0 nm (2.53 eV) and ∼510 

nm (2.45 eV) have been ascribed to VO. The yellow DLE band, centered at 2.17 eV 

(~571.36 nm), was attributed to Li, a well-known impurity in hydrothermally grown ZnO. 

Details of the methods of characterisation used in this study, as well as the reasons for the 

choice of each method, are provided in the next chapter.  
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3. GROWTH METHOD AND CHARACTERISATION TECHNIQUES 

This chapter briefly describes the growth method used to produce the ZnO nanorods     

and the characterization techniques employed in this study. The characterization 

techniques include: X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), 

Photoluminescence (PL) Spectroscopy, X-ray Photoelectron Spectroscopy (XPS), Auger 

Electron Spectroscopy (AES), and Secondary Ion Mass Spectrometry (SIMS). The basic 

theory underlying these characterization techniques is described in each subsection. The 

necessary calibrations and correction procedures related to the detectors and lenses used in 

the PL setup are also explained.  

3.1. Zinc oxide nanorods synthesis 

The growth of nanorods by chemical bath deposition (CBD) consists of two steps: 

deposition of a ZnO seed layer on a cleaned silicon substrate (001) and growth of the 

nanorods on the pre-treated substrate. Before the deposition of the seed layer, the substrate 

was cleaned sequentially using trichloroethylene (TCE), acetone, methanol, and de-

ionized (DI) water and blown dry in nitrogen gas. A well agitated ethanolic solution made 

of 5 mM of zinc acetate dihydrate (Zn(CH3COO)2•2H2O) and 0.01 g of 

polyvinylpyrrolidone (PVP) was spun five times onto the pre-cleaned substrate using a 

spin coater. The spin rate and spin time were, respectively, 3000 revolution per minute and 

30 seconds. Then the spin coated substrate was annealed in an oxygen environment for 30 

min at 300 oC at atmospheric pressure. This spin coating and annealing process was 

repeated twice in order to control the density of the seed layer. For the formation of the 

nanorods, the seeded substrate was immersed into the growth solution, which was a 

mixture of aqueous solutions of zinc nitrate hexahydrate (Zn(NO3)2•6H2O)) and 

hexamethylenetetramine (hexamine) (C6H12N4). The Table V summarises the measured 

pH during and after growth of the growth chemical solutions as function of temperature. It 

can be seen that the ZnO nanorods grew in an acidic environment at ~85 oC. The growth 

step lasted 90 minutes at a temperature of 85 oC. The precursors, zinc acetate dihydrate, 

zinc nitrate hexahydrate and hexamine were obtained from Sigma Aldrich, and used as 

received. The zinc nitrate hexahydrate contained less than 50 mg/kg of Ca, Cd, Co, Cu, 

Fe, Cl, Ni and Pb, and also less than 100 mg/kg of sulfate, K and Na. The solvents used 

were ethanol (98%) and doubly de-ionized (DI) water (ρ = 18.2 MΩ.cm).  
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Table V. Summary of the measured temperature and pH of the chemical bath in which ZnO 

nanorods were deposited, both during and after growth. 

Chemical solution Temperature (oC) pH 

Hexamethylenetetramine 0.1 M 22.5 7.53 

Zinc nitrate 50 mM 22.4 4.93 

Hexamethylenetetramine 

(0.1 M) and Zinc nitrate 50 

mM mixed together. 

During growth 

61.2 5.66 

68.8 5.77 

70.8 5.73 

75.4 5.65 

80.5 5.57 

84.7 5.51 

After growth 

45.2 5.98 

35.0 6.16 

29.0 6.38 

 

3.2. X-ray diffraction 

X-ray diffraction (XRD) is a powerful non-destructive technique for characterizing 

crystalline materials. In this study, the technique has been used in order to determine the 

crystalline quality of the solution grown ZnO nanorods on Si substrate. The type of phases 

present and the orientation of the rods with respect to the substrate surface were also 

determined from the analysis. 

X-rays directed onto a sample are scattered elastically by the electronic clouds of atoms 

present in the material. If the material is crystalline, this elastic scattering results in signal 

maxima and minima in the diffracted intensity spectrum according to Bragg’s law: 

2 sinn d                                                               3.1 

The parameter n is an integer (1 in the present case), λ the wavelength of the X-ray beam, 

d the distance between crystal lattice planes and  the diffraction angle. Fig. 3.1shows a 2-

dimensional scattering scheme of X-rays by a crystalline material.  

During an XRD scan, the angles of incidence and detection, often known as 2, are 

scanned. Hence, an X-ray diffraction pattern is obtained when the intensities of the 
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detected X-rays is plotted as a function of angle . The observable series of peaks in 

intensity are due to constructive interference of diffracted waves from different layers 

constituting the lattice. In this study, a Bruker D8 Discover X-ray Diffractometer with a 

Cu-Kα x-ray source (λ = 1.5405 Å) was used. No filter was used. 

 

 

3.3. Scanning Electron Microscopy 

In order to investigate the morphology, amongst other details, of the nanorods, Scanning 

Electron Microscopy (SEM) was used. This technique is non-destructive and is commonly 

used for surface analysis.  

In SEM an electron beam is used to trace over the sample, creating an exact replica of the 

original sample on a monitor giving a 3-dimensional image. The beam of electrons is 

controlled by means of scanning coils, which create a magnetic field using a fluctuating 

voltage in order to manipulate the electron beam direction and to focus it on the desired 

section of the sample [46]. The smaller the selected section is, the bigger the 

magnification will be. The interaction of the beam of electrons with the surface of the 

sample results in a variety of particles (radiation) such as backscattered and secondary 

electrons, characteristic x-rays, continuous x-rays, and Auger electrons [46]. A suitably-

positioned electron detector and other sensors detect most of these scattered particles and, 

depending on the number of detected particles from a particular feature of the object, the 

levels of brightness on a monitor are set. A Jeol JSM-7001F Field Emission SEM 

(FESEM) has been used in this study. 

3.4. Photoluminescence Spectroscopy 

Due to the fact that PL spectroscopy is a very efficient, contactless, and non-destructive 

characterisation technique, it has been used for the analysis of optical properties of 

 

d 

 

Figure 3.1. Schematic representation of diffraction of X-rays in a crystalline material. 

 

 

Figure. Schematic representation of diffraction of X-rays in a crystalline material. 
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semiconductors materials for many years, especially in the detection of defect and 

impurity levels involved in the radiative emission.  

A preliminary investigation of the optical properties of ZnO was conducted using a mini-

PL UV Laser System 5.0 (Photon Systems, USA), which employs a NeCu laser with 

excitation wavelength of 248.6 nm. Throughout the text it will be called “Mini PL”. 

However, due to the fact that this Mini PL is less sensitive to visible and near infrared 

light than to UV light, another PL system which is sensitive to the entire spectrum, from 

the UV to the near infrared range, was used. This second PL system will be called “Big 

PL”. The schematic diagram of the “big PL” is shown in Fig. 3.2; it consists of the 

following major parts: a 325 nm He-Cd laser source (cw), a chopper, a set of lenses and 

mirrors, a computer controlled monochromator equipped with a photomultiplier tube and a 

lock-in amplifier. 

 

 

A sample is excited by a focused laser beam that has energy greater than the band gap of 

the sample. The collected emissions, focused onto the entrance slit, are measured as a 

function of wavelength (or energy). The luminescence was filtered with high pass filters 

(GG385 and KV450) depending on the wavelength range of interest, in order to avoid 

artefacts stemming from laser radiation and higher order diffractions. The main part of the 

PL spectrometer that makes possible this measurement is the monochromator, which is 

equipped with detectors that are sensitive in the wavelength range of interest. The detected 

signal was amplified with a lock-in amplifier connected to a mechanical chopper. 

Computer controlled  

1 metre monochromator 

Sample holder 

Lens 

Lens 
325 nm Laser 

Lock-in amplifier 

PM tube detector 

Mirror 

Filter 

Figure 3.2. Schematic diagrams of the experimental set-up for PL measurements using a 

photomultiplier tube (PM Tube). 

 

 

Figure Schematic diagrams of the experimental set-up for PL measurements using a 

photomultiplier tube (PM Tube) or a CCD camera. 
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Laser specifications 

Based on the band gap of ZnO, which is around 3.37 eV (~367.9 nm) at RT (24) (13), an 

IK-series He-Cd laser source (from KIMMON) with a wavelength of 325 nm (3.9957 eV) 

was used as an excitation source. It has 15 mW of initial power and a beam diameter of 

1.2 mm. Fig. 3.3a shows the penetration depth of ZnO as function of the excitation 

wavelength. From a transmission measurement for high quality single crystal epitaxial 

zinc oxide thin films grown by pulsed laser deposition on c-plane sapphire substrates 

determined by Muth et al. [47], the room temperature absorption coefficient α(λ) for ZnO 

is shown as insert in fig. 3.3(a). From this graph the penetration depth profile for ZnO at 

room temperature as a function of wavelength is shown in fig. 3.3(a). From this figure the 

penetration depth for the He-Cd laser source (325 nm laser) is ~63 nm. As compared to 

the length of the nanorods in this study (about 1.1 μm, see the typical cross-sectional 

image shown in fig. 3.3(b)), the penetration depth is only ~ 6 % of the average length of 

the rods. 

 

 

Monochromator specifications 

A monochromator of high accuracy (Horiba FHR1000), throughput and resolution has 

been used in order to scan over a wide spectral range, extending from the UV range to the 

near IR. Table VI shows key specifications of this monochromator when it is equipped 

with a 1200 grooves/mm (gr/mm) grating. Due to the fact that the visible and near IR 

emission are the wavelength range of interest, the following gratings have been carefully 

Figure 3.3. (a) Penetration depth of ZnO deduced from the work of Muth et al. [47]; (b) cross-

section  SEM image of ZnO nanorods. 

 

Figure. (a) Penetration depth of ZnO deduced from the work of J. F. Muth and R. M. Kolbas (47); 

(b) cross section  SEM image of ZnO nanorods. 
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chosen: a 1800.48 gr/mm grating of 400 nm blaze wavelength and a 1200.28 gr/mm 

grating of 750 nm blaze wavelength. They are more efficient, respectively, in the 

following wavelength ranges: ~270-720 nm and 500-1350 nm. For the remaining 

discussion these gratings are called grating 1 and 2, respectively. 

Table VI. Monochromator specifications 

Focal length 1 m 

Grating size 80 mm × 110 mm 

Wavelength position accuracy ±0.03 nm 

Scanning range 0-1500 nm 

 

To complete the setup, a suitable detector that is sensitive over the mentioned extended 

range of wavelengths was used: a Hamamatsu R3896 photomultiplier tube (PMT) with a 

GaAs photocathode. 

Spectral sensitivity of the system 

The spectral sensitivity of the various system components had to be calibrated in order to 

correct the measured PL spectra. In order to do this, the radiation from a quartz tungsten 

halogen lamp (50 W QTH - short filament – colour temperature 3300 K) was scanned 

using the PM tube and all possible combinations of the gratings and high pass filters 

mentioned above. The measured spectra were normalised and compared to the calculated 

black body spectrum (for a source with colour temperature of 3300 K) in the same 

wavelength range of the scan. The final calibration curves (normalised blackbody 

spectrum divided by measured spectrum for the tungsten lamp) are given in fig.3.4. Fig 

3.4a shows the calibration curve for the PL system with grating 1 and with the GG385 

filter used. When grating 1 is replaced by grating 2, the calibration curve is shown in 

fig3.4b. Fig 3.4c shows the calibration curve when grating 1 and the KV450 filter are 

used. Again when grating 1 is replaced by grating 2 the relevant calibration curve is 

shown in fig 3.4d. Dotted lines in fig. 3.4c and d show the cut-off wavelengths of the 

filters used.  
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All other optical components were kept the same during these measurements. The 

measured PL spectra were multiplied by these calibration curves in order to obtain 

corrected results. Moreover, in order to avoid over correction, correction factors exceeding 

10 were not taken into account.  

3.5. X-ray Photoelectron and Auger Electron Spectroscopy 

In order to investigate the formation of different kinds of surface-related defects, to 

identify surface-adsorbed impurities in ZnO, and to study the effect of annealing 

temperature and environment, X-ray Photoelectron (XPS) and Auger Electron 

Spectroscopy (AES) were used. The investigations were accomplished by irradiating a 

sample with either mono-energetic soft X-ray photons (XPS) or an electron beam (AES) 

and analysing the electrons emitted after the interaction between the primary beams and 

the sample. Therefore, atoms in the sample are ionised, and electrons are liberated from 

the surface, either as a result of the photoemission process (XPS), or of the Auger electron 

emission process (AES). The photoelectric process and Auger process are schematically 

illustrated in fig. 3.5 for the emission of an electron from the 1s shell of an atom. Electrons 
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Figure 3.4. (a) Calibration curves for the PL set-up including the PM tube, grating 1 and 

GG385filter, (b) PM tube, grating 2 and GG385filter, (c) PM tube, grating 1 and KV450 filter, 

and (d) PM tube, grating 2 and KV450 filter. 

 

 

Figure. (a) Calibration curve for the PL set-up including the PM Tube, grating 1 and 

GG385filter, (b) PM Tube, grating 2 and GG385filter, (c) PM Tube, grating 1 and KV450 filter, 

and (d) PM Tube, grating 2 and KV450 filter. 

 



33 

 

leaving the sample are detected by an electron spectrometer. Specifically, the analyser 

functioning as an energy window accepts only electrons that have the energy fixed within 

its range of detection referred to as the pass band. Then the number of electrons detected 

for a given detection time and given is stored and digitally treated.  

On one hand, photoelectrons are emitted with the following kinetic energy [48, 49]: 

KE h BE    ,                                                     3.2 

where h  is the energy of the incident photon (X-ray), BE  is the binding energy of the 

atomic orbital from which the electron originates, and   represents the spectrometer work 

function, which is to a first approximation the difference between the energy of the Fermi 

level and the energy of the vacuum level.  

On the other hand, Auger electrons are emitted due to relaxation of the energetic ions left 

after photoemission. In this process, in fig. 3.5b, an outer electron falls into the inner 

orbital vacancy, and a second electron is emitted, carrying off the excess energy. The 

kinetic energy (KE) of Auger electrons is equal to the difference between the energy of the 

initial ion and the doubly charged final ion. The KE is independent of the mode of the 

initial ionisation. The amount of electrons escaping from the sample without energy loss is 

typically measured. The data is represented as a graph of intensity against electron energy 

and the pattern exhibits several types of peaks, some being fundamental to the technique 

and others depending upon the exact physical and chemical nature of the sample [50]. A 

quantitative analysis of obtained spectra reveals the identity of adsorbed impurities in ZnO 

and provides the sample stoichiometry ratios using the following relationship: 

,
i i i

i j

j j j

C I S
S

C I S
                                                            3.3 

where Ci and Cj are the concentrations of the identified elements, Ii and Ij the background 

corrected intensity of the photoelectron peaks, and Si and Sj the atomic sensitivity factors 

for photoionization of the ith and jth elements. This formula is only valid for homogenous 

elemental distributions in the sample [50].  

The system used for X-ray Photoelectron analysis is a “PHI 5000 Versaprobe-Scanning 

ESCA Microprobe”. XPS surveys were done with a 100 µm diameter, 25 W, 15 kV Al 

monochromatic X-ray beam, and sputtering processes were done with an Ar ion gun         
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(2 kV, 2 µA beam, 1x1 mm raster area) at a rate of about 18 nm/min. The X-rays penetrate 

the sample up to 2 µm in depth, but the detected photoelectrons come from the first 3 to 5 

monolayers from the surface. The Auger electron system used is a “PHI 700 Scanning 

Auger Nanoprobe”. AES surveys were done with 25kV and (1 or 10) nA electron beam, 

using an Ar ion gun (2 kV, 2 µA beam, 1x1 mm raster area) at a rate of about 22 nm/min. 

Line profiles were done with an electron beam of 25 kV and 10 nA. The energy resolution 

of both instruments is of 0.5 eV and the margin of absolute error for the detector of 

photoelectrons and Auger electrons from an angle of incidence of 45 degrees is 2 %. 

 

 

3.6. Secondary Ion Mass Spectrometry with Time of Flight mass analysis 

Further analysis of the non-modified surface composition of ZnO nanorods, and the depth 

profile surveys have been done by Secondary Ion Mass Spectrometry (SIMS) with Time 

of Flight mass analyser (ToF). ToF-SIMS is a destructive technique of characterisation, 

because particles are removed from atomic monolayers on the surface.  

During ToF-SIMS analysis, a solid surface is bombarded by primary ions of some keV 

energy in order to trigger an outgoing scattering of surface atoms and molecular 

compounds called “secondary ions”. The primary ion energy is transferred to target atoms 

via atomic collisions and a collision cascade is generated. Most of the emitted particles 
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Figure 3.5. Schematic representation of (a) the photoelectric process and (b) Auger process. 

 

 

Figure Schematic representation of the photoelectric process (top) and Auger process (bottom). 
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carry negative, positive, and neutral charges. The dimensions of the collision cascade are 

rather small and particles are emitted within an area of a few nm in diameter. The 

secondary ions formed are then accelerated by an electrostatic field to a common energy 

and travel over a drift path to the detector through ToF mass spectrometry. Normally the 

sample is at ground and the tip of the accelerator is set either at a positive or negative 

voltage. If this voltage is positive only negative secondary ions will be accelerated; if it is 

the opposite, positive secondary ions will be accelerated. For both types of secondary ions 

(positive or negative), the lighter ones arrive before the heavier ones and a mass spectrum 

is recorded, while for each ion the measured flight time is recorded for the determination 

of its mass. During the drift time of the secondary ions, the extraction field is switched off 

and low energy electrons are used to compensate for any surface charging caused by 

primary or secondary particles.  

The ToF-SIMS set up used is the same as in [19]. It is worth noting that depth profile 

investigations were done at ultra-high vacuums of ~ 10-8 mbar for positive secondary ion 

polarity and 10-9 mbar for negative secondary ion polarity. In order to acquire ion 

distributions in 2D and 3D, a 30 keV pulsed Bi1+ ion beam (~5 µm diameter) with a 

frequency of 10 kHz, and ~1 pA (30 nA DC) target current ion in spectroscopy mode were 

used. Only an area of 100 x 100 µm2 was analysed from a 300 x 300 µm2 sputter area in 

order to avoid edge effects. Sputtering was done in the positive mode by an oxygen gun 

(1kV, 250 nA) and in the negative mode by a cesium gun (2kV, 130 nA). All surface-

sensitive experimental results for solution-grown ZnO nanorods are presented and 

discussed in the next chapter.  
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4. RESULTS AND DISCUSSION 

As discussed in subsection 2.3.3, ZnO grown by various methods exhibits different visible 

luminescence (green/yellow/orange/red) bands at RT. In this regard, the main quest of this 

chapter is on the understanding of the origin of the luminescence properties of ZnO 

nanorods grown by CBD. The term “nanorods” will be frequently used in the place of 

“ZnO nanorods”. Different characterisation techniques described in the previous chapter 

are employed. In particular, the effect of annealing temperature and environment on the 

optical and structural properties, chemical composition and surface adsorbed impurities 

are examined using PL, XRD, XPS, AES, and ToF-SIMS. Section 4.1 gives a brief 

description of the nanorod growth and annealing experiments. Section 4.2 presents the 

results from each of the characterization techniques employed.  

4.1 Sample preparation and annealing experiment description 

As described in section 3.2, the nanorods were grown by chemical bath deposition (CBD) 

on 2 2  cm2 silicon substrates. After growth the nanorods were cleaned with DI water 

and blown dry in nitrogen gas. For further treatment and different investigations the 

samples were cleaved into several pieces and kept in clean non-sealed containers. 

Annealing experiments were conducted in a horizontal quartz tube at different 

temperatures and in different environments at atmospheric pressure. Controlled flows of 

Ar, N2, O2, and a mixture of Zn vapour and Ar were used to create the desired annealing 

environments.  

4.2 Results and discussion 

4.2.1 Effect of annealing temperature and environment on the morphological 

properties using Scanning Electron Microscopy 

As-grown nanorods 

 Fig. 4.1 shows top view SEM micrographs of as-grown nanorods at different 

magnifications. In fig. 4.1a relatively large area is shown, whereas fig.4.1b presents an 

image taken at higher magnification. It can be seen from these micrographs that the rods 

are uniformly distributed on the substrate and exhibit a hexagonal shape. 
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400nm 
(a) 

50nm 
(b) 

The average “corner-to-corner diameter” and “flat side-to-flat side diameter” are, 

respectively, ~52 nm and ~40 nm. Depending on the precursor concentration used, 

Urgessa et al. showed that ZnO nanorods grown using the same method can have 

diameters ranging from ~30 to ~150 nm [51].  

 

Cross-sectional SEM views, randomly chosen from different regions of an as-grown 

sample are shown in fig. 4.2. Fig. 4.2a-c illustrate the average length of the rods and their 

orientation with respect to the substrate. As can be seen from these micrographs, the 

average length is ~900 nm and the nanorods are reasonably well aligned perpendicular to 

the substrate. As reported by Urgessa et al. [51], the length of the nanorods depends on the 

Figure 4.1. Top view SEM micrograph of as-grown ZnO nanorods at different magnifications; (a) 

lower magnification image; (b) higher magnification. 

 

 

Figure Top view SEM micrograph of as grown ZnO nanorods at different magnifications; (a) 

lower magnification images; (c) higher magnification.  

 

Figure 4.2. (a-c) Cross-sectional SEM views of ZnO nanorods taken from randomly chosen 

regions of an as-grown sample. (d) Cluster of nanorods broken off from the substrate. 

 

 

Figure Cross sectional views of ZnO nanorods by SEM taken from randomly chosen regions at 

high magnification. (a) Approximate measured high of nanorods from region one; (b) approximate 

high of nanorods from region two; (c) approximate high of nanorods from region three; (d) bunch 

of broken nanorods off the substrate. 

 

~ 883 nm 

100 nm 

300 nm 300 nm 

300 nm 

~ 846 nm ~ 908 nm 

(a) (b) 

(c) (d) 



38 

 

concentration of the precursors used. Fig. 4.2d shows a cluster of nanorods broken off 

from the substrate during cleaving. It illustrates that the rods are attached to one another at 

their base (close to the substrate) and are more sparsely spaced towards the top surface of 

the sample (see fig. 4.1b). The formation of nanorods attached at the base is caused by the 

high density of the seed layer coating prior to the growth of the nanorods [13]. As 

indicated in reference [51] a high density seed layer yields thin films on the substrate.     

Effect of annealing temperature and environment (N2 and O2) 

In this section the effects of annealing in controlled flows of N2 and O2 at different 

temperatures for 30 minutes are presented. Two different sets of samples cleaved from the 

same reference were used and each sample was annealed at a different temperature. Note, 

therefore, that each sample was annealed once and not sequentially.   

High magnification, cross-sectional SEM micrographs of nanorods annealed in N2 and O2 

at 300 oC, 600 oC, and 850 oC are shown in fig. 4.3. The effect of annealing at lower 

temperature (300 oC) in N2 and O2 are shown in fig.4.3a-b, respectively. The case of 

samples annealed at 600 oC in N2 and O2 are shown in fig. 4.3c-d respectively, while 

samples annealed at higher temperature (850 oC) in N2 and O2 are depicted in fig. 4.3e-f, 

respectively. Regardless of the annealing environment there are no noticeable 

morphological changes for sample annealed at temperatures up to 600 oC (see fig. 4.3a-d). 

However, from fig.4.3e-f, it can be seen that morphological properties changes 

significantly after annealing at 850 oC. In particular, voids can be seen at the interface with 

the substrate. Although the melting point of ZnO is 1975 oC, the rods appear to have 

“melted” into one another.  The large voids at the interface may be due to vacancy 

formation and migration, as well as a form of Ostwald ripening causing neighbouring rods 

to merge. Annealing at higher temperatures affects the morphology of the rods irrespective 

of the chosen annealing environment. In the next section, XRD results will be discussed as 

function of annealing temperature. 
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4.2.2 X-ray diffraction of annealed samples 

In order to inspect the effect of annealing on the crystallinity of the nanostructures, an 

XRD study was conducted as a function of annealing temperature. For this study, a           

2 cm x 1 cm sample was prepared on Si substrate. The XRD spectrum of the as-grown 

sample was recorded as a reference. It was then annealed at 300 oC for 30 min in flowing 

O2 gas and the XRD spectrum was retaken.  Similarly, the XRD spectrum was recorded 

after sequential anneals (30 min; flowing O2) of the same sample at 500 oC, 600 oC, 700 

oC and 850 oC. With sequential annealing it was possible to trace by XRD the effect of 

temperature on the phase and crystallinity of the nanorods. Results from a similar XRD 

investigation of nanorods annealed in N2 are not reported here due to their similarity to 

XRD results from the sample annealed in O2. 

Figure 4.3. Cross-sectional SEM micrographs of ZnO nanorods annealed in N2 and O2 at different 

temperatures. The annealing temperature and environment are shown on each image. 

 

 

Figure Cross sectional views SEM micrographs of ZnO nanorods annealed in N2 and O2 at 

different temperatures. Annealing temperature and environment are shown in the graphs. 
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Fig. 4.4a presents normalised XRD spectra of a sample, as-grown and sequentially 

annealed at 300 oC, 500 oC, 600 oC, 700 oC and 850 oC for 30 min in O2. Irrespective of 

the annealing temperature, a strong diffraction peak at 34.4o 2 from the (0002) plane of 

wurtzite ZnO is observed, as well as a peak from the (101


1) plane of ZnO (at2 = 36.25o). 

In addition, the full widths at half maximum (FWHM) of the (0002) diffraction peak 

presented in fig. 4.4b show no change upon annealing. Hence, annealing under the present 

conditions has no noticeable effect on the crystal orientation or crystallinity of the 

nanorods. Furthermore, there isn’t any significant shift in the position of the (0002) peak, 

the spacing between adjacent (0002) lattice planes is found to be unaffected by annealing.  

In summary, the ZnO nanorods are reasonably well aligned with the c-axis perpendicular 

to the substrate, and having an average corner-to-corner diameter, flat side-to-flat side 

diameter and average length of ~52 nm, ~40 nm and 900 nm, respectively. Annealing 

above 850 oC for more than 30 minutes degrades the nanorods. Regardless of annealing 

environment there is no noticeable morphological change for nanorods annealed at 

temperatures up to 600 oC. The morphological properties are affected by a 30 minute 

thermal treatment at high temperature. However, the SEM and XRD experimental results 

show that under the specified annealing conditions, the orientation of the nanorods does 

Figure 4.4. (a) Normalised XRD spectra of ZnO nanorods annealed in oxygen at different 

temperature for 30 minutes. (b) Full width at half maximum of the (0002) peak as function of 

annealing temperature. 

 

 

Figure (a) XRD spectrum of ZnO nanorods annealed in Nitrogen at different temperature for 30 

minutes. (b) Full width at half maximum as function of annealing temperature.  
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not change. In the next section, experimental results related to surface defects and 

impurities adsorbed on the nanorods are discussed, as well as the effects of annealing 

temperature and environment on these. 

4.2.3 Surface chemical characterisation 

As described in section 3.5, both XPS and AES are surface sensitive analytical techniques. 

For these experiments samples cleaved from the same reference were annealed in different 

environments and the results from annealed samples are compared with those of the       

as-grown sample. The annealing temperatures were 300 oC, 600 oC, and 850 oC and the 

annealing time was 30 minutes. Note that annealing was not sequential. It is also worth 

noting that both XPS and AES studies were not performed in-situ. Hence, recontamination 

of the surface from the ambient environment during transferring the annealed samples 

from the annealing furnace to the XPS or AES facility was inevitable. In an attempt to 

circumvent this problem, the sample surfaces were Ar-sputtered and for both XPS and 

AES measurements, spectra were recorded before and after sputtering. Samples 

characterised by XPS were sputtered for 30 seconds at a rate of 18 nm/min, whereas those 

characterised by AES were sputtered for 1 minute at a rate of 22 nm/min. All detected 

photoelectrons and Auger electrons originated from approximately the first 3 to 5 

monolayers from the surfaces of the rods (see section 3.5). In the case of XPS depth 

investigations were carried out parallel to the c-axis (i.e. from the top) of the samples, 

whereas the AES measurements were performed on the “cleaved sides” (perpendicular to 

the c-axis) of the samples. Samples were all kept in non-sealed containers (for 12 hours) 

before commencement of the XPS and AES investigations. 

4.2.3.1 X-ray photoelectron spectroscopy  

XPS survey results 

As shown earlier by the XRD investigations, the majority of nanorods are oriented 

perpendicular to the substrate. Consequently, according to the XPS system configuration, 

photoelectrons are expected to originate mostly from the top surfaces of the nanorods. 

This situation is illustrated in fig. 4.5, showing the part of nanorods that was characterised 

by XPS. XPS scans were not done on a single nanorod, naturally, but rather on a multitude 

of rods within the beam diameter of 100 µm. 
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As-grown nanorods 

Fig. 4.6a-b show XPS survey scans from as-grown nanorods both before and after 

sputtering. In fig. 4.6a the binding energy peaks can only be ascribed to carbon (C), Zn 

and O, as labelled. But after removing a surface layer of ~9 nm by sputtering, it can be 

seen in fig.4.6b that the carbon-related signature is below the detection limit. This implies 

that most of the C-related contaminants are surface-related and adsorbed from the ambient 

atmosphere and/or from the growth solution. Thus, C is the dominant impurity on the 

surface of the as-grown sample. 

 

 

Annealed nanorods  

The XPS results of samples annealed in N2 at different temperatures are shown in fig. 4.7. 

Fig. 4.7a-b, c-d, and e-f present representative broad XPS survey scans of samples after 

3 to 5 monolayers 

Photoelectrons 

Photoelectrons 

detector 
c-axis 

1 µm 

45o 

Figure 4.5. Sketch of the top view of a nanorod showing approximately the part of a rod from 

which photoelectrons electrons originated. The angle of detection was ~45o. 

 

Figure  Sketch of the top view of a nanorod showing approximatively the part of nanorod from 

which detected Auger electrons originated from. The angle of detection was 45o.  

Figure 4.6. Broad XPS survey scans on the as-grown sample surface: (a) before sputtering and (b) 

after sputtering. The labels on each spectrum indicate the origins of the corresponding peaks. 

 

 

Figure. Broad XPS survey scan on the as-grown sample surface: (a) before sputter and (b) after 

sputter, where the labels indicated the origins of the corresponding peaks. 
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annealing, respectively, at 300 oC, 600 oC, and 850 oC. As in the case of the as-grown 

sample, in all the annealed samples carbon is observed before sputtering and is 

subsequently removed by the sputtering process, indicating that C is actually absorbed 

from the ambient during the transferring of the annealed samples to the XPS facility. In 

addition to Zn, O and C the XPS spectra for the samples annealed at 600 oC and             

850 oC (fig. 4.7e-f) also indicate the presence of Si.     

 

 

Figure 4.7. XPS survey spectra before and after sputtering of nanorods annealed in N2 at 300 oC 

(a-b), 600 oC (c-d), and 850 oC (e-f). The labels indicate the elemental origin of the corresponding 

peaks. 

 

 

 

Figure. XPS survey spectra before and after sputter of nanorods annealed in N2 respectively at: 

300 oC (a-b), 600 oC(c-d), and 850 oC (e-f), where the labels indicated the origins of the 
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Fig. 4.8 presents XPS survey scans, before and after sputtering, of samples annealed in O2. 

Fig. 4.8a-b, c-d, and 24e-f were obtained from samples annealed at 300 oC, 600 oC, and 

850 oC, respectively. 

Like in the case of samples annealed in N2, XPS survey scans from samples annealed in 

O2 reveal the presence of the same elements, namely O, Zn and C (before sputtering). The 

only exception is the detection of chlorine (Cl) in the sample annealed at 300 oC. Since 

this element is removed from the surface by sputtering, Cl is counted among the surface 

Figure 4.8. XPS survey spectra before and after sputter of samples annealed in O2 300 oC (a-b), 

600 oC (c-d) and 850 oC (e-f). The labels indicate the origins of the corresponding peaks. 

 

 

Figure. XPS survey spectra before and after sputter of nanorods annealed in O2 respectively at: 

300 oC (a-b), 600 oC(c-d), and 850 oC (e-f), where the labels indicated the origins of the 

corresponding peaks. 
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impurities. Chlorine is probably incorporated during growth, since the zinc nitrate 

hexahydrate (Zn (NO3)2•6H2O)) and hexamethylenetetramine (hexamine) (C6H12N4) used 

as precursors contained 50 mg/kg of Cl and 100 mg/kg of sulfate (see section 3.1). At 

higher temperature (850 oC), the presence of Si was again detected before and after 

sputtering (See fig. 4.8e-f). Based on the removal of C and Cl after sputtering, it is 

concluded that both are surface-adsorbed impurities.  

Considering the results presented above, it is concluded that solution-grown ZnO 

nanorods contain C and Cl as impurities within the first ~10 nm below the top surfaces of 

the samples. In the next section the stoichiometry of the nanorods is discussed. 

 

ZnO stoichiometric ratios as function of annealing temperature and 

environment 

A quantitative analysis of the Zn and O XPS peaks was done in order to study the ZnO 

stoichiometry before and after annealing. The following relationship as given in section 

3.5 was used to calculate those ratios: 

Zn,

X Zn
O

O

C
S

C


 

where CZn and CO are, respectively, the concentrations of Zn and O. X stands for the 

environment of annealing or the type of sample (e.g. as-grown). The margin for error in 

the measured concentrations of Zn and O is about 2 % as mentioned in chapter 3. For 

quantification purposes the Zn 2p3/2 and O 1s XPS peaks were used. 

Fig 4.9 presents the ZnO stoichiometric ratios (SZn,O) in sputtered ZnO nanorod samples 

annealed in N2 and O2. Only atomic concentrations measured after sputtering were 

calculated and considered in order to avoid dealing with impurity-related issues. Straight 

dotted lines were added to the figure to guide the eye. For annealing in nitrogen, it is clear 

that all stoichiometric ratios are above 1, regardless of the annealing temperature. Hence, 

these nanorods were rich in Zn. At 300 oC, the ZnO stoichiometry is unchanged, due to the 

fact that at this temperature there is no significant creation of intrinsic defects at 

concentrations that are detectable by XPS. Furthermore, the highest stoichiometric ratio 

 2

Zn,

N

OS deviation is observed for the sample annealed at 600 oC. For annealing in oxygen, 

the same trend in stoichiometric ratios  2

Zn,

O

OS  is observed, implying that the most 

abundant intrinsic defects in solution grown ZnO nanorods are oxygen vacancies (VO).  
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The high concentration of Zn is not ascribed to Zni (Zn interstitials), since there is no 

source of zinc available during annealing to increase the concentration of zinc in the 

lattice. Also, Gorelkinskii et al. [45] concluded from the rapid quenching of electron-

induced interstitial-related PL bands (even at RT) that interstitials will only exist at RT in 

the form of clusters and/or complexes. This suggests that in a N2 environment, at 

temperatures around 600 oC, the creation of VO related-defects is enhanced. 

 

Theoretical predictions by Kohan et al. [32] related to Zn-rich ZnO (see subsection 2.3.2) 

agree with the above observations. It was predicted that in a Zn-rich environment, VO 

forms abundantly at 1000 K (726.85 oC), because of their lower formation energy. The 

reduced ratio (relative to a 600 oC anneal) in the case of the sample annealed at 850 oC is 

ascribed to the simultaneous loss of O and Zn atoms at this temperature, but at different 

rates. Furthermore, a clear effect of annealing environment and temperature on ZnO 

stoichiometry is also observable. As indicated in fig. 4.9 no difference is observed for the 

samples annealed at 300 oC ( 2 2

Zn, Zn,

N O

O OS S ), which suggests no significant creation of 

vacancies at this temperature. However, for higher annealing temperatures it appears that 

more oxygen vacancies are generated in a N2 environment. N2 is expected to be an inert 

gas and should not react with ZnO. As a result, annealing at higher temperatures in a N2 

environment should result in a relatively high concentration of VO due to enhanced oxygen 

evaporation. Furthermore, a comparison of the stoichiometric ratios of Zn and O in 

samples annealed at 600 oC and 850 oC reveals an interesting result. The difference 

between 2

Zn,

N

OS  and 2

Zn,

O

OS increases at 850 oC. The reduction of creation of VO after 

Figure 4.9. Stoichiometric ratios between Zn and O for samples annealed in N2 and O2 as function 

of annealing temperature. 
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annealing in O2 environment is suggested to be as a result of the incorporation of oxygen 

from the annealing environment.   

In summary, the surface of as-grown nanorods is Zn-rich. Annealing at and above 600 oC 

in both N2 and O2 resulted in the formation of VO. However, annealing in O2 at 850 oC 

again improved the stoichiometric ratio of Zn to O due to the inhibition of oxygen 

evaporation from the nanorods. The next section is dedicated to the analysis of high 

resolution of O 1s, Zn 2p1/2 and 2p3/2 XPS spectra. 

High resolution XPS spectra 

The binding energies in high resolution XPS spectra for different core level lines have 

been calibrated by taking that of C 1s as reference. Fig. 4.10 presents non-calibrated and 

calibrated XPS C 1s spectra collected from all the samples annealed in N2 and O2. Notice 

the poor signal to noise ratio of the spectra. Fig. 4.10a1 and b1 show, respectively, the 

binding energy spectra of C 1s in samples annealed in N2 and O2 as recorded clearly, the 

maxima of these lines do not occur at the same binding energy. Using the C-C binding 

energy of 284.8 eV [52] the calibrated C 1s spectra are shown in fig. 4.10a2 and b2. The 

same calibration process was subsequently applied to the O 1s and Zn 2p1/2 and 2p3/2 for all 

the XPS spectra recorded at high resolution. Taking into account the poor quality of the C 

1s spectra used for binding energy calibration and the uncertainty related to the XPS 

apparatus, the estimated binding energy error is  0.35 eV.  
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O 1s, Zn 2p1/2 and 2p3/2 XPS spectra 

Highly resolved O 1s and Zn 2p (Zn 2p1/2 and 2p3/2) XPS spectra from all samples 

annealed in N2 and O2 are summarised in fig. 4.11. The spectra collected after sputtering 

are shown in black in each figure.  

Fig. 4.11a1 and a2 present the O 1s XPS peaks in the as-grown sample and samples 

annealed in N2 and O2, respectively. Irrespective of the annealing environment, two 

distinct peaks centered around 530.0  0.35 eV and 531.5 0.35 eV can be clearly seen. 

They are respectively called O1 (530.0  0.35 eV) and O2 (531.5 0.35 eV). Irrespective 

of the annealing temperature and environment the intensity of O2 is similar before and 

after sputtering. Yang et al. [14] also reported these two peaks at 530.35 0.3 eV and 

531.5 0.35 eV from ZnO nanorods grown by CBD.  

 

Figure 4.10. C 1s XPS spectra for as-grown nanorods and nanorods annealed in N2 and O2 at 

different temperatures: (a1) N2 before calibration, (a2) N2 after calibration, (b1) O2 before 

calibration, (b2) O2 after calibration. 

 

Figure C related 1s XPS spectra for as-grown nanorods and nanorods annealed in N2 and O2 at 

different temperatures before and after sputter. (a1) In N2 before calibration, (a2) in N2 after 

calibration, (b1) In O2 before calibration, (b2) In O2 after calibration. 
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The O1 line centered at 530.35 0.3 eV is associated with O2- ions in the wurtzite 

structure, surrounded by Zn atoms having their full complement of nearest-neighbour O2- 

ions [14, 53]. O2 is generally attributed to O-atoms in a zinc deficient local environment 

and/or to O-atoms bound to H-species [53]. However, based on the acidity of the growth 

solution (pH~5.5) from which the nanorods were grown (see table VII in subsection 3.1), 

it is strongly suggested that the O2 peak originates from O atoms bound to H. This 

assignment will be confirmed later through ToF-SIMS investigations. Kunat et al. [54] 

also studied the surface characteristics of ZnO using XPS and convincingly showed that 

the line observed at 531.5 0.35 eV is associated with OH. In the samples annealed at 

higher temperatures (  300 oC), the presence of H near the top surface may have come 

mostly from exposure of nanorods to air [31]. Fig. 4.11b1 and b2 present the                      

Zn 2p (Zn 2p1/2 and 2p3/2) binding energy spectra for the as-grown sample and samples 

Figure 4.11. XPS spectra before and after sputtering for core level O 1s and Zn 2p (Zn 2p1/2 and 

2p3/2) from as-grown nanorods and samples annealed at 300 oC, 600 oC and 850 oC in N2 and O2. 

(a1) O 1s - N2 annealed (a2) O 1s - O2 annealed (b1) Zn 2p1/2 and 2p3/2   - N2 annealed (b2)) Zn 2p1/2 

and 2p3/2 - O2 Annealed. 

 

Figure XPS spectra before and after sputter for core level O 1s and Zn 2p (Zn 2p1/2 and 2p3/2) from 

the as-grown nanorods and annealed at 300 oC, 600 oC and 850 oC in N2 and O2. (a1) O 1s XPS 

spectra obtained from nanorods annealed in N2; (a2) O 1s XPS spectra obtained from nanorods 

annealed in N2; (b1) Zn 2p1/2 and 2p3/2   XPS spectra obtained from nanorods annealed in N2; and 

(b2)) Zn 2p1/2 and 2p3/2XPS spectra obtained from nanorods annealed in O2. 
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annealed in N2 and O2, respectively. The annealing temperatures are shown in each figure. 

Only doublets at 1021.3  0.35 eV (Zn 2p3/2) and 1044.4 0.35 eV (Zn 2p1/2) are seen. 

The lack of any significant asymmetry in these signals may be an indication of a relatively 

lower concentration of Zn-related defects in the rods.  In agreement with these results, V. 

Kumar et al. (53) observed this doublet at 1021.3 0.3 eV (Zn 2p3/2) and 1044.4 0.3 eV 

(Zn 2p1/2), respectively. It is associated with Zn2+ ions in the wurtzite structure, 

surrounded by O atoms with their full complement of nearest-neighbour Zn2+ ions         

[14, 53]. Any change in the intensity of this doublet is strongly connected to a variation in 

the concentration of Zn atoms in a fully oxidised stoichiometric surrounding.  

A further investigation of the Zn 2p3/2 XPS spectra obtained from nanorods annealed in N2 

and O2 is given in fig. 4.12a and 4.12b, respectively. It can be seen that the intensity of the 

peaks for annealed samples is enhanced by sputtering, especially for the two highest 

temperatures (600 oC and 850 oC). This simply means that the near-surface region is less 

stoichiometric, probably due to the out-diffusion of oxygen at higher temperatures. 

 

In summary, Zn and O atoms are, respectively, in their Zn2+ and O2- oxidation states in 

ZnO. From the observations made above, it can be concluded that the surface of nanorods 

contain a significant amount of OH-related defects (indicated by the presence of the O2 

peak in the O 1s XPS spectra). This is true even after annealing and is independent of the 

environment in which the samples were annealed.The stoichiometry along the lateral 

surfaces of nanorods is discussed below, as well as the effect of thermal treatment on the 

ZnO/Si interface. 

Figure 4.12. Zn 2p3/2   XPS spectra obtained from nanorods annealed in N2 (a) in O2 (b). 

  

 

Figure Zn 2p3/2   XPS spectra obtained from nanorods annealed in N2 (a) in O2 (b).  
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4.2.3.2 Auger electron spectroscopy 

The sketch given in fig. 4.13 shows the parts of nanorods that were characterised by Auger 

spectroscopy. The c-axis is perpendicular to the plane of the paper. Note the following: the 

AES excitation beam diameter was around 10 to 12 nm, and on all SEM micrographs 

presented in this section the positions from which the Auger signal was collected on the 

cross sections of the samples are indicated by straight blue lines. 

 

 

As grown nanorods 

Fig. 4.14a1 presents Auger derivative spectra for as-grown nanorods at two different 

positions, before sputtering. The two positions where the scans were taken are indicated as 

positions 1 (in the substrate) and 2 (middle of the rods) in the corresponding cross-

sectional SEM micrograph shown in fig. 4.14a2. The weak signal related to Zn and O in 

region 1 (substrate) might be caused by ZnO residue on the cleaved side of the substrate 

resulting from cleaving, since the diffusion of Zn or O into the substrate is not expected at 

this temperature. From fig. 4.14a1, the Si-related signal is the most dominant in the Si 

region (region 1) before sputtering, whereas Zn and O related signals dominate in region 

2. However, C is present in both regions. As in the case of XPS, the only measurable 

elements by AES are C, Zn, O and Si. 

Auger electrons 

Auger detector 

3 to 5 monolayers 

Figure 4.13. Sketch of the top view of a nanorod, showing approximately the parts of the nanorods 

from which the Auger electrons originated. 
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The full cross-sectional scan results for this sample after sputtering for 1 min, is shown in 

Fig. 4.14b1. Notice that sputtering removes approximately 22 nm. The scan positions are 

shown in the corresponding cross-sectional SEM micrograph in fig. 4.14b2. Again the only 

measurable elements by AES are C, Zn, O and Si, even after sputtering. Starting from the 

substrate, in regions 1 to 5 (all from the substrate), the Si-related signals dominate the 

spectra. These decrease with distance from the substrate. For regions 6 to 14, taken from 

the nanorods, the most prominent signals are Zn- and O-related. C (surface-adsorbed) is 

the only impurity detected on the lateral faces of the as-grown nanorods.  For comparison, 

the concentrations of all detected elements before and after sputtering are given in table 

VII. As expected, close to the substrate (positions 1 to 4) the dominant element is Si. Near 

the interface between the substrate and the rods (positions 5 to 7) the percentage of Si 

Figure 4.14.  (a1, b1) AES survey scans on a cross-sectional surface of an as-grown sample before 

and after sputtering. (a2, b2) SEM micrographs of scanned regions. 
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drops significantly and those of Zn and O start to increase. Far away from the substrate 

(positions 8 to 14) the signal is dominated by Zn and O. The percentage of C is found to 

be almost constant throughout the scan region. It is suggested therefore, that the lateral 

faces of the rods and the cleaved side of Si were contaminated by C during the sputtering 

process. 

In a more continuous mode, AES results from a line scan (after 1 min argon sputtering of 

a 1 x 1 mm2 region) along the side facet of an as-grown rod, from near its tip all the way 

into the substrate, is presented in fig. 4.15a1. The corresponding SEM micrograph showing 

the scan line is presented in fig. 4.15a2. Dashed lines have been inserted into fig. 4.15a1 for 

discussion purposes. 

Table VII. Atomic concentrations of elements detected before and after sputtering by AES (see fig. 

4.14) from an as-grown sample in cross section, as expressed in %. The margin of error is 2%. 

Scan region  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

U
n

sp
u

tt
er

ed
 n

a
n

o
ro

d
s 

 

Si2    59     8       

C1    17     16       

O1    16     41       

Zn1    8     35       

S
p

u
tt

er
ed

 n
a
n

o
ro

d
s 

Si2 75 73 72 69 65 38 20 19 16 13 12 11 10 7 5 

C1 9 9 8 9 10 9 8 9 10 9 11 13 14 16 12 

O1 8 9 11 12 13 29 38 38 41 40 39 40 40 42 42 

Zn1 8 9 9 10 12 24 34 34 36 37 37 37 36 37 41 

 

As can be seen from fig. 4.15a1, C constitutes 80 % of the detected elements at the 

beginning of the scan. This indicates that all the C detected is from the chamber. It can be 

seen also that C is present all along the lateral surfaces. This is seems to be in 

disagreement with the observation made from XPS results related to C. After sputtering 

(i.e. the removal of ~9 nm from the top surface of the sample) the C-related XPS signal 

was not detected. In fact, AES is a technique often described as more sensitive than XPS. 

The difference in sensitivity is primarily due to the differences in electron kinetic energies 
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[48-50]. It is evident that Zn and O are present on the substrate side, and that Si is detected 

from the film side. This strongly suggests cross-contamination of the surface due to the 

rather crude (macroscopic) sputtering process. It is worth noting that the Zn and O atomic 

concentrations reach their maximum values ~150 nm from the start of the scan. The 

difference between their normalised concentrations, however, starts to increase ~300 nm 

into the scan (see fig. 4.15a1), meaning that the ZnO stoichiometric ratios may not be 

uniform along the lateral surfaces. This fact will be carefully investigated later as function 

of annealing temperature and environment.  

Figure 4.15. (a1) Atomic concentrations of Si, C, Zn and O along the side facet of an as-grown 

nanorod, after removal of ~22 nm by sputtering. (a2) SEM micrograph of the targeted nanorod. 

Annealing in N2 and O2 at different temperatures 

Results of AES investigations done on sputtered lateral surfaces of the nanorods annealed 

at 300 oC and 850 oC in N2 and O2 are presented in fig. 4.16 and 4.17, respectively. The 

atomic concentrations of Si, C, Zn and O from the sample annealed in N2 at 300 oC are 

given in fig. 4.16a1 while fig.4.16a2 shows the corresponding SEM micrograph and the 

line along which the sample was scanned. For the sample annealed in N2 at 850 oC, the 

atomic concentrations are given in fig. 4.16b1and the corresponding SEM micrograph in 

fig.4.16b2. The atomic concentrations of Si, C, Zn and O for the samples annealed at 300 

oC and 850 oC are, respectively, presented in fig. 4.17a and c, while fig. 4.17b and d are 

the SEM micrographs indicating the positions of the scan lines. It is again evident that 

regardless of the annealing temperature and environment, C is present on the lateral 

surfaces, even in the Si region (as seen before in fig. 4.15). Fig. 4.17e presents the Si 

concentrations extracted from the Si2 AES signals (see fig. 4.16 and fig. 4.17). The 

concentrations were normalised to 1 to facilitate a direct comparison of the “rate of 

change” of the silicon concentration in the interfacial region. From this figure it can be 
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deduced that no significant diffusion of silicon into the ZnO rods took place under the 

present annealing conditions – the slope of the data in the circled interfacial region 

remains unchanged, even upon high temperature annealing. Comparing the AES results 

with XPS, in terms of the Si signals detected, in particular the presence of Si detected by 

XPS on the top surface of some sputtered samples (see fig. 4.7d and f, and fig. 4.8f), it is 

concluded also that the Si-related photoelectrons (remember that the beam diameter is 100 

µm) originated directly from regions of the sample where the ZnO rods do not cover the 

substrate completely. However, in the case of the AES results, the persistent presence of a 

Si signal is  ascribed to surface adsorption that could have taken place during cleaving (for 

unsputtered surfaces) and during the sputtering process (for sputtered surfaces) as already 

mentioned. 

 

 

 

Figure 4.16. Atomic concentrations of Si, C, Zn and O from AES analysis of cross sections of 

samples annealed in N2 at 300 oC (a1) and 850 oC (b1). The corresponding SEM micrographs 

showing the regions where the scans were performed are in a2 and b2, respectively. 
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The ZnO stoichiometric ratios were extracted from the data given in fig. 4.15 to 4.17 in 

order to study the effect of the environment of annealing at 850 oC on the stoichiometry of 

the rods. These ratios are summarised in fig. 4.18. Fig. 4.18a presents the stoichiometric 

ratios as function of the distance from the top surface of the nanorods annealed in N2, 

while fig. 4.18b presents the ratios for the samples annealed in O2. Fig. 4.18c compares 

Figure 4.17. Atomic concentrations of Si, C, Zn and Zn along cross sections of the nanorods 

annealed O2 at different temperatures: (a) 300 oC and (c) 850 oC. (b, d) Corresponding SEM 

micrographs. (e) Normalised Si-related AES concentrations. 

 

 

0 200 400 600 800 1000 1200
0

20

40

60

80

100
ANNEALED IN OXYGEN

          300 
o
C

 C1 (Carbon)

 O1 (Oxygen)

 Zn1 (Zinc)

 Si2 (Silicon)

 

 

A
to

m
ic

 c
o
n
ce

n
tr

at
io

n
 (

%
)

Distance (m)

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

 

0.200 µm 

0 200 400 600 800 1000
0

20

40

60

80

100
ANNEALED IN OXYGEN

          850 
o
C

 C1 (Carbon)

 O1 (Oxygen)

 Zn1 (Zinc)

 Si2 (Silicon)

 

 

A
to

m
ic

 c
o

n
ce

n
tr

at
io

n
 (

%
)

Distance (m)

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

0.5 µm 

 

(a) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(b) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(a2) 

 

(d) 

 

(b2) 

 

(b2) 

 

(b2) 

 

(b2) 

 

(b2) 

 

(b2) 

 

(b2) 

 

(b2) 

 

(b2) 

 

(b2) 

 

(b2) 

 

(c) 

 

(b1) 

 

(b1) 

 

(b1) 

 

(b1) 

 

(b1) 

 

(b1) 

 

(b1) 

 

(b1) 

 

(b1) 

 

(b1) 

 

(b1) 

 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.0

0.5

1.0

 

 

N
o
rm

il
is

ed
 d

n
(E

)/
d
E

Distance (m)

 Si2_line 1

 Si2_line 2

 Si2_300 
o
C_N

2

 Si2_850 
o
C_N

2

 Si2_300 
o
C_O

2

 Si2_850 
o
C_O

2

AFTER SPUTTERING

(e) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 

 

(a1) 



57 

 

the stoichiometric ratios of nanorods annealed in N2 and O2 at 850 oC to emphasize the 

effect of the ambient at this temperature. It can be seen that sputtered as-grown nanorods 

are nearly stoichiometric. But after annealing at 850 oC in N2 and O2, the lateral faces 

become richer in Zn, especially in the part of nanorods located ~100 nm below the top 

surface of the sample (i.e. (0001̅) surface). Elsewhere, annealing at 850 oC caused the rods 

to become stoichiometric in the case of annealing in N2 and O-rich in the case of 

annealing in O2. This simply indicates that the effect of the annealing environment and 

temperature is more pronounced in the first ~100 nm below the top surface. It is suggested 

that most VO-related defects are created during annealing at 850 oC (irrespective of the 

environment) in the first ~100 nm from the top surface, and that an O2 environment 

reduces the rate of creation of these defects.   

In conclusion, Si does not diffuse in ZnO at 85 oC during growth. Even at high 

temperature (~ 850 oC), no diffusion of Si could be concluded from these experiments. 

Figure 4.18. ZnO stoichiometric ratio in lateral faces as function of annealing temperatures and 

environments. (a) ZnO stoichiometric ratio of nanorods annealed in N2; (b) ZnO stoichiometry 

ratio of nanorods annealed in O2; and (c) ZnO stoichiometric ratio of nanorods annealed in N2 and 

O2 at 850 oC. 
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Furthermore, the effects of thermal treatment are more pronounced in the first ~100 nm 

from the top surface of the samples. In particular, VO-related defects are created following 

annealing at 850 oC, irrespective of the ambient, in this region of nanorods. Finally, an O2 

flow during annealing reduces the creation of VO-related defects in the rods, as seen by 

XPS. The complete chemical composition of nanorods from the top surface up to the 

substrate level is discussed in the next section.  

4.2.3.3 Surface composition of ZnO nanorods by Time-of-Flight Secondary Ion Mass 

Spectrometry as function of annealing 

In this section, ToF-SIMS studies on the as-grown nanorods and samples annealed in N2 

and O2 at 850 oC are presented and discussed. During the scan, a 300 x 300 µm2 area of 

each sample was randomly selected and sputtered. In order to avoid edge effects, 

information was collected only from 100 x 100 µm2 within the sputtered region. Fig. 4.19 

shows a typical top view video clip image of one of analysed samples. Fig. 4.19 a1 shows 

a randomly selected area of a sample to be scanned, while fig. 4.19 a2 shows the same area 

but after sputtering. It can be seen that sputtering took place over an area of 300 x 300 

µm2. Only the area marked by a red block in fig.4.19a2 (100 x 100 µm2) was scanned. 

In order to obtain depth profiles and the distribution of ions in the material, scans were 

done gradually from the top surface of each sample. In fact, primary ions were shot at an 

interval of 15 sec, removing 2 to 3 monolayers from the rods. Then a scan was carried out 

as explained in subsection 3.6, followed by a pumping out of all analysed ions from the 

analyser. The same process was repeated many times until the substrate was reached. Fig. 

4.20 illustrates this process, showing the sequential removal of layers of nanorods by 

sputtering.  

 

 

 

 

 

Figure 4.19. Two video clip images of analysed areas during ToF-SIMS measurements: (a1) shows 

a selected area before sputtering, while (a2) shows the same area as in (a1), but sputtered. 

Secondary ions were analysed from the smaller region indicated by the red blocks. 
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4.2.3.4 Depth profile surveys 

It is worth mentioning that in the following analysis attention was given to the 

identification of species in the nanorods, rather than their concentrations. Figs. 4.21 shows 

the chemical analysis versus depth from the as-grown nanorods with different primary ion 

sources: (a) positive ions (oxygen primary beam) and (b) negative ions (cesium primary 

beam). It should be pointed out that depth profiles were recorded as function of sputter 

time, which is defined as the number of the scan multiplied by the sputter interval. For 

example, in fig. 4.21a the total number of scans is 120, while in (b) it is 90. In all cases the 

sputtering interval was 15 sec.  Hence the total sputter time is 1800 s in (a) and 1350 s in 

(b).  

From fig. 4.21a, it can be seen that H+, CH3
+, ZnO+, ZnH+ and ZnOH+ species were 

detected in the secondary beam. It is important to emphasise that the growth precursors are 

made from zinc nitrate hexahydrate (Zn(NO3)2•6H2O)) and hexamine (C6H12N4). The 

mixed solution has a pH of ~5.5 at 85 oC. Hence the hydrogen-containing species         

(H+, ZnH+ and ZnOH+) are suggested to result from hydrogen incorporation during 

growth. Carbon could result from adsorbed species from the ambient, but could also 

incorporate from the hexamine during growth. 

From fig. 4.21b it can be seen that negative secondary ions like C-, OH-, F-, S-, and Cl- are 

also detected from the as-grown sample. The origin of C is the same as that of the 

hydrocarbons seen in fig. 4.21a. In addition, contamination by Cl and S also is suggested 

Figure 4.20. Schematic image showing how ZnO nanorods were analysed by ToF-SIMS as 

function of penetration depth. 
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to be from the precursors, as zinc nitrate hexahydrate (Zn (NO3)2•6H2O)) contained 50 

mg/kg of Cl and 100 mg/kg of sulfate. However, the origin of F is still unknown. In 

summary, it is clearly shown that H, F, S, and Cl are the main contaminants in the as-

grown sample.  

 

The effect of annealing ambient (i.e. O2 or N2) on the chemical composition of the 

nanostructures was also studied. Fig. 4.22a and b presents the ToF-SIMS depth profiles 

from samples annealed at 850 oC in N2 and O2, respectively. The results from positive ion 

spectroscopy are shown in a1 and b1, while those from negative ion spectroscopy are 

shown in a2 and b2. As can be seen from these figures, the same elements were observed as 

in the as-grown nanorods. Table VIII summarizes the chemical species detected from the 

ToF-SIMS studies.  

An increase of H-, OH-, ZnH-/+, and ZnOH-/+ species is observable in the first ~120 sec, as 

seen for example in fig. 4.21b and fig. 4.22a2 and b2, confirming that hydrogen  was 

adsorbed in the “near surface region” of the nanorods. In order to illustrate the effect of 

annealing on the distributions of these impurities, depth profiles of H- and OH- in the as-

grown and 850 oC-annealed samples are compared in fig. 4.23a and b, respectively.  From 

these spectra the following observations can be made: (i) the H- and OH- signals increase 

in the “near surface region” of the as-grown samples; (ii) these signals decrease in the bulk 

after annealing, but are still observed; (iii) the accumulation of hydrogen near the substrate 

interface reduces after annealing in nitrogen only. 

Figure 4.21. SIMS depth profile survey from the as-grown nanorods with different primary ion 

sources: (a) positive ion spectroscopy using cesium as a primary beam and (b) negative ion 

spectroscopy using oxygen as primary beam. 
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Table VIII. Summary of chemical found in ZnO nanorods grown by CBD in the as grown sample 

and sample annealed in N2 and O2 at 850 oC. 

Species name  Chemical symbol of detected species 

Oxygen, hydroxyl group, and hydrogen OH-, H-/+ 

Carbon C- 

Hydrocarbons CH3
+ and C2H3

+ 

Fluorine, Suflur, and Chlorine  F-, S-, Cl- 

Zinc oxide ZnO-/+ 

Zinc hydride ZnH-/+ 

Zn hydroxide ZnOH-/+ 

 

The accumulation of hydrogen near the surface of as-grown nanorods has been observed 

by many research groups. For example, Yang et al  [14], using XPS, deduced the presence 

of H in the “near surface region” from the O-H-related O1s peak at 531.5 eV. An excitonic 

recombination line (I4) attributed to H in oxygen vacancies (HO) was observed in the PL of 

as-grown nanorods grown in our laboratory (see [18]), which disappeared after annealing 

at 450 oC, irrespective of the annealing environment. As stated above (see (ii)) a 

significant decrease in the SIMS signal from hydrogen-containing ions in the “the near 

surface region” and in the bulk of the samples after annealing indeed confirms the        

out-diffusion of hydrogen species. The observed hydrogen “accumulation” in the “near 

surface region”, in the annealed nanorods is ascribed to adsorption from the ambient      

(i.e. hydrogen containing species adsorbing to the polar surfaces in the time between 

annealing and SIMS analysis). As a result of sputtering (to produce the depth profiles) the 

surface morphology of the samples will change, resulting in an effectively smaller polar 

surface area as the sample surface evens out/flattens.  
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Based on comparisons of time decays of excitons in as-grown and 500 oC-annealed 

nanorods, Yang et al. [14] suggested the existence of remnant H bound to O (O2 peak in 

XPS) near the surface, even after 1 h of annealing. Thus, the observed accumulation of 

hydrogen-related species near the top surface of the rods might in part result from 

hydrogen diffusion from the bulk region of the sample. The detection of H-containing ions 

throughout the entire thickness of the samples, even after annealing at 850 oC, seemingly 

contradicts PL data that confirmed a complete out-diffusion of HO and HBC from bulk ZnO 

[55] and nanorods [18] after annealing at high temperatures. PL probes the “near surface” 

of the sample, rather than the “bulk region”, and may therefore not be sensitive to 

hydrogen in the bulk. Furthermore, hydrogen atoms may combine to form molecules upon 

annealing, which will contribute to the SIMS signals but not to the excitonic PL spectrum 

for ZnO.  

Figure 4.22. ToF-SIMS depth profiles of secondary positive ions (a1) and negative ions (a2) from a 

sample annealed in N2 at 850 oC. ToF-SIMS depth profiles of positive ions (b1) and negative ions 

(b2) from a sample annealed in O2 at 850 oC. 
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4.2.4 Effect of annealing temperature, environment and time on optical properties 

using Photoluminescence Spectroscopy 

In this section, the effect of annealing environment and time on the optical properties of 

the nanorods at “room temperature” is investigated. A preliminary study of the effect of 

annealing temperature was conducted using a mini-PL UV Laser System 5.0. For full 

specifications concerning this photoluminescence set-up, refer to section 3.4. It is 

important to note that this PL system is more sensitive to UV emission than to visible and 

near infrared emission. In a typical experiment a sample was cleaved into smaller pieces 

and annealed in oxygen ambient for 30 min at temperatures ranging from 200 °C to      

900 °C in increments of 25 °C. Fig. 4.24a-b display the effect of annealing temperature on 

the UV emission and deep level emission (DLE) intensity as a function of annealing 

temperature, respectively. As can be seen from this figure, for annealing temperatures 

below 300 oC a strong increase in the intensity of the UV emission and a concomitant 

decrease in the DLE intensity can be seen. Between 300 oC and ~500 oC the intensity of 

the UV emission decreases rapidly, whereas the DLE intensity increases significantly. 

Between 500 oC and 700 oC no significant change is observed in the intensity of the UV 

emission; however, the DLE intensity now decreases. Above ~700 oC, both the intensity of 

the UV emission and DLE increase significantly. 

Figure 4.23. TOF-SIMS depth profiles of (a) H- and (b) OH- species in as-grown ZNs and 

annealed at 850 oC respectively in O2 and in N2. 
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As this mini PL system is not sensitive enough to the DLE from ZnO, which is the main 

objective of this study, the Big PL system was used for the remaining investigations 

discussed below. For full specifications concerning this set-up, refer to section 3.4. The 

results that follow were obtained with a 1800.48 gr/mm grating, blazed at 400 nm. A PMT 

with GaAs photocathode was used for all the measurements. The spectral response of the 

PMT covers the UV, the visible and the near infrared region up to ~ 850 nm.  

4.2.4.1 Effect of annealing temperature  

For this study, segments were cleaved from an as-grown sample, one of which was 

subsequently used as a reference. Before annealing, a PL spectrum was taken from 

different pieces in order to confirm the uniformity across each sample.  Starting at 300 oC, 

a single piece of a sample was annealed for 30 min in O2 ambient. This was followed by a 

PL measurement, a further 30 min anneal at an increased temperature of 400 oC, and a 

subsequent PL measurement. This process was repeated, with the annealing temperature 

ramped up in increments of 100 oC before subsequent PL measurements. The highest 

annealing temperature was 900 oC. This process will subsequently be referred to as 

sequential annealing. The same procedure was repeated for a N2 ambient.  Irrespective of 

annealing ambient, it was found that 30 min is long enough to enhance/supress the 

UV/deep level emission (for more details see [56]). As a result, the duration of each 

annealing step was fixed to 30 min. 

Figure 4.24. Effect of annealing temperature on the UV and deep level emission (DLE) intensity 

as a function of annealing temperature: (a) UV (b) DLE. The lines connecting data points are 

guides to the eye.  
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a. As-grown nanorods 

Fig. 4.25 shows typical normalized RT PL spectra of as-grown nanorods from different 

cleaved pieces of a sample. As can be seen, the spectra are very similar, indicating the 

uniformity of the rods. In all cases the PL spectra of the nanorods exhibit a UV emission 

at around 379.5 nm and a broad DLE. The UV emission is attributed to band-edge 

emission associated with free excitons (FX). The broad visible bands are generally 

attributed to intrinsic defects in ZnO (see section 2.3.3), which are often called DLE. The 

peak observed at ~759 nm is the second order of the NBE. The apparent PL band 

(encircled) at around 850 nm is induced by the detection limit (cut off) of the detector. In 

addition, the small sharp peak at around 440 nm is from the laser plasma and will 

therefore not be discussed.  

 

 

 

 

 

 

 

 

b. Optical properties of nanorods annealed in controlled flows of N2 and O2 

Fig. 4.26 shows RT PL spectra of samples sequentially annealed at different temperatures 

in (a) N2 and (b) O2. As can be seen from these spectra the intensity of both the UV 

emission and DLE significantly varies with annealing temperature. In particular, the 

highest UV emission intensity, irrespective of annealing ambient, is observed from 

nanorods annealed at 300 oC. When compared with the as-grown nanorods, the intensity 

of the DLE is slightly decreased after annealing at this temperature. For higher annealing 

temperatures (greater that 300 oC) the intensity of the UV emission is lower than that of 

the 300 oC annealed sample. In addition the position of the dominant DLE band changes 

Figure 4.25. Typical room temperature PL spectra of as-grown ZnO nanorods from three different 

pieces of a sample.  
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with annealing temperature. Based on the change in the peak position of the DLE and 

decrease in the intensity of the UV emission following annealing, the effect of annealing 

temperature can be classified into two ranges: 300 oC to 600 oC and from      600 oC to 900 

oC.  This can be seen more clearly in fig. 4.27, where spectra for the lower temperature 

range are shown in a1 (N2) and b1 (O2) and those collected after annealing in the higher 

temperature range are shown in a2 (N2) and b2 (O2). The dotted lines are Gaussians 

indicating the positions and widths of the three bands believed to contribute to the DLE 

following annealing at 900 oC. 

 

 

From studying the PL as function of annealing temperature,  the following remarks can be 

made: (i) there is an increase in the UV intensity and a concomitant decrease in the DLE 

intensity after annealing at 300 oC, irrespective of the annealing environment (see fig. 

4.27a1 and b1); (ii) an overall increase in the DLE intensity is observed after annealing at 

400 oC and a simultaneous decrease in the UV intensity occurs (see fig. 4.27a1 and b1); 

(iii) a quenching of the DLE is seen above 400 oC (up to 600 oC), irrespective of the 

ambient, while the UV emission intensity weakly fluctuates (see fig. 4.27a1 and b1); (iv) 

based on the spectral changes of the DLE with annealing temperature, the DLE is deduced 

to be composed of at least two wavelength regions: blue-green (with the highest energy 

band at ~500 nm) and yellow-red (with the highest energy band at ~650 nm); and (v) a 

significant increase in the intensity of the DLE in the blue-green region is evident after 

annealing at temperatures above 800 oC (see fig. 4.27a2 and b2). The influence of 

annealing ambient is minimal.  

Figure 4.26. ZnO nanorods annealed sequentially for 30 minutes in controlled flows of (a) N2 and 

(b) O2. 

  

 

300 400 500 600 700 800 900
10

-5

10
-4

10
-3

10
-2

10
-1

10
0

 

 

 As grown

 300 
o
C

 400 
o
C

 500 
o
C

 600 
o
C

 700 
o
C

 800 
o
C

 900 
o
C

ZnO sequentially annealed in O
2

In
te

n
si

ty
 (

A
rb

. 
u

n
it

s)

Photon wavelength (nm)

    2
nd

order 

of NB emission

NB emmision

  ~379.5 nm

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(a) 

 

(b) 

 

(b) 

 

(b) 

 

(b) 

 

(b) 

 

(b) 

 

(b) 

 

(b) 

 

(b) 

 

(b) 

 

(b) 

 

(b) 

 

(b) 

 

300 400 500 600 700 800 900
10

-5

10
-4

10
-3

10
-2

10
-1

10
0

 

 

 As grown

 300 
o
C

 400 
o
C

 500 
o
C

 600 
o
C

 700 
o
C

 800 
o
C

 900 
o
C

ZnO sequentially annealed in N
2

In
te

n
si

ty
 (

A
rb

. 
u

n
it

s)

Photon wavelength (nm)

    2
nd

order 

of NB emission

NB emmision

  ~379.5 nm



67 

 

 

 

As indicated in remark (i) and pointed out previously (see fig. 4.24), the highest UV 

emission intensity, irrespective of annealing ambient, is observed from the nanorods 

annealed at 300 oC. It is important to notice that while annealing significantly enhances 

the UV emission, the DLE intensity is barely changing at this temperature. To illustrate 

this effect, the UV to DLE intensity ratios and positions of the maximum intensity of the 

DLE are shown in fig. 4.28a and b, respectively, as a function of annealing temperature. 

The intensity of the DLE was taken at the wavelengths indicated by the circular dots in 

fig. 4.27. As can be seen from fig. 4.28a, the highest and lowest UV to DLE intensity 

ratios are observed for nanorods annealed at 300 oC and between 400 oC and 500 oC, 

respectively.  The observed increase in the ratio for nanorods annealed at 300 oC is due to 

the significant increase in the UV emission and a slight decrease in the intensity of the 

DLE. In contrast, the decrease in the ratio for the rods annealed between 400 oC and     

Figure 4.27. (a1, b1) RT PL spectra of samples sequentially annealed between 300 oC and 600 oC 

in: (a1) N2 and (b1) O2 flow. (a2, b2) RT PL spectra of samples annealed between 600 oC and 900 
oC in (a2) N2, and (b2) O2 flow. The maximum intensity of the DLE was taken at the spherical dots 

shown in the figures. Dotted lines in a2 and b2 are Gaussians indicating the positions and widths of 

the three emission bands deduced to contribute to the visible PL after a 900 oC anneal. 
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500 oC is caused by a combination of a decrease in the UV emission and a significant 

increase in the DLE. For clarity, the RT PL spectra from nanorods annealed at 300 oC and 

400 oC, together with those of as-grown nanorods, are re-plotted in fig. 4.29. The decrease 

(300 oC) and increase (400 oC) in the intensity of the dominant DLE are highlighted by the 

arrows. 

 

 

 

The increase in the UV emission intensity and suppression of the defect-related emission 

following annealing has been observed in solution grown ZnO nanostructures and is 

typically attributed to the removal of surface-adsorbed impurities [56-58]. As shown from 

the XPS and ToF-SIMS results in previous sections, hydrogen is the most abundant 

Figure 4.28. (a) Ratios of intensities between the UV emission and the dominant DLE as a 

function of annealing temperature. (b) Positions of DLE maximum as function of annealing 

temperature. Both sets of data were extracted from fig. 4.26. 

 

 

Figure 4.29. Comparison of RT PL spectra of ZnO nanorods sequentially annealed in different 

environments between 300 oC and 400 oC: (a) in N2 and (b) in O2. 
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surface-adsorbed impurity. It has been suggested to introduce band bending near the 

surface and therefore influence the PL properties of ZnO [59-60]. Hence it is natural to 

associate the increase in the UV intensity after annealing at 300 oC with their removal or 

out-diffusion (see remark (i)).  

Another reason for the increase in UV emission is the defect passivation effect of 

hydrogen [61-63]. For example, Dev et al. [61] observed an enhancement of the near-

band-edge emission and a concomitant quenching of the deep level emission at room 

temperature in ZnO nanowires following hydrogen plasma treatment. The authors related 

the observed enhancement of the near-band-edge emission and decrease in DLE to a large 

amount of hydrogen incorporated on interstitial sites, providing additional radiative 

channels for bound-exciton recombination and the passivation of deep centres, 

respectively [61]. Furthermore, in hydrogen plasma-treated ZnO, the formation of HZn and 

HO [62-63] and the possibility of trapping of Hi in vacancies [55] has been already 

reported. It has also been reported that hydrogen can form complexes with zinc vacancies 

(VZnH2) and with oxygen vacancies (VOH2) during hydrogenation [64-65]. As indicated by 

the XPS and ToF-SIMS results, hydrogen is part of the nanorods in this study. In addition, 

we have clearly illustrated the presence of hydrogen in oxygen vacancies (HO), which 

gives rise to a low temperature PL line (often labelled as I4) that is significantly reduced 

after annealing at 450 oC (18). The same observation was reported by Herklotz et al. (55). 

Furthermore, a closer look at the RT PL spectra of the nanorods annealed at 300 oC (fig. 

4.29), reveals that the decrease in the DLE intensity after annealing at 300 oC (remark (i)) 

happens in a specific region of the spectrum (see the arrows in fig. 4.29). It is therefore 

concluded that annealing at 300 oC does not increase the concentration of new deep 

centers, but rather causes passivation, which quenches the DLE as noticed. This 

conclusion is in agreement with the XPS results which indicated no change in 

stoichiometry upon annealing at low temperatures (section 2.2.3.1). Given the relatively 

low annealing temperature (300 oC), and based on the abundance of H related-defects in 

as-grown nanorods, the enhancement of the UV intensity and the slight quenching of the 

DLE irrespective of the annealing ambient is also ascribed to the effect of the passivation 

of hydrogen.  

As the annealing temperature increases further from 300 to 400 oC, previously H 

passivated defects (HO and/or HZn) will be activated, resulting in an enhancement of the 
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DLE and a decrease in the UV emission intensity (remark (ii)). As indicated above, the 

out-diffusion of H has been also confirmed by the disappearance of the low temperature 

PL line (I4) after annealing at ~450 oC (18). Additionally, the removal of hydrogen-related 

defects in hydrogenated ZnO after annealing at 450 oC was also deduced from RT PL in 

Ref [64].   

Another contributing factor to the increase in DLE after annealing at 400 oC is the 

dissociation of existing complexes, such as VOZni [66] into VO and Zni. Theoretical 

investigations have shown that under Zn rich conditions Zni and VO can interact and form 

stable VOZni complexes (at RT) that contribute to the n-type conductivity of undoped ZnO 

[66].  Kim et al. [66] investigated the interaction of a zinc interstitial (Zni) with an oxygen 

vacancy (VO) in order to understand the origin of native n-type ZnO by using density 

functional theory with the hybrid functional. The authors found that the VOZni complex has 

a lower formation energy than of the sum of the individual point defect formation 

energies, and that it creates a shallow donor with +1 charge state[66]. Given the fact that 

as-grown nanorods are Zn-rich (see fig. 4.9 on page 46), the existence of these complexes 

in as-grown material is quite likely. Hence, the overall increase in the DLE intensity upon 

increasing the annealing temperature from 300 oC to 400 oC, is suggested to result from a 

combination of the out-diffusion of hydrogen in vacancies (VZn or/and VO) and the 

dissociation of complexes such as VOZni. 

The quenching of the DLE following annealing at a temperatures between 400 oC and    

600 oC (remark (iii)) can be associated with the activation of “hidden” interstitial H2 [65] 

or H2 molecules kinetically trapped in the oxygen vacancy [67], that convert into atomic 

hydrogen during annealing. By combining local mode and free carrier infrared (IR) 

absorption measurements, Shi et al. [67] studied the effect of annealing on as-received 

hydrothermally grown ZnO substrate. They reported an IR line at 3326.3 cm-1 (at 4 K) 

which was activated only after annealing near 400 oC. The intensity of this line increased 

with annealing temperature between 400 oC and 500 oC and then vanished upon annealing 

at 600 o [67]. The same line could be produced after hydrogenation at 725 oC and 

subsequent quenching to RT. The donor was unstable, annealing out at 150 oC, but could 

be reactivated (presumably from the dissociation of “hidden” molecular hydrogen) by 

annealing near ~450 oC and above. It was suggested therefore, that there exists a reservoir 

of hydrogen molecules which thermally dissociate between ~400 oC and ~600 oC into H 
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related-defects; and a kind of cyclic hydrogen passivation effect takes place causing the 

observed quenching of the DLE.  

Finally, the increase in DLE intensity upon high temperature annealing (remark (v)) is 

associated with the degradation of the sample (i.e. the creation of new point defects). D'art 

[68] has studied the evaporation rate of 64Zn from ZnO as a function of annealing 

temperature (between ~150 oC and ~900 oC), both with and without electron 

bombardment, using a mass spectrometer. In his experiments the author detected two ion 

peaks with mass 64 amu (atomic mass units) corresponding to Zn, and with mass 80 amu 

corresponding to ZnO. Because 64Zn is the most abundant in nature and in order to avoid 

any possibility of varying background contamination, the evaporation of ZnO was 

followed by measuring the 64Zn ions produced. It was found that without electron 

bombardment Zn atom starts to evaporate at ~700 oC [68]. An exponential increase in 

evaporation rate was reported for temperatures up to ~900 oC [68]. This indicates that 

annealing near this temperature (~900 oC) results in the formation of new Zn and O 

related-defects (VZn, VO, Zni…). Based on these findings, the overall observed increase in 

the intensity in the blue-green part of the PL spectra following annealing between ~700 oC 

and ~900 oC, irrespective of annealing ambient, is associated with the effect of the 

degradation of the ZnO.  

In summary, the increase in the UV intensity after annealing at ~300 oC, irrespective of 

the ambient, is ascribed to the removal of surface adsorbed impurities and an increased 

effect of hydrogen passivation. The quenching of the DLE at this annealing temperature is 

ascribed to hydrogen passivation. The overall increase in the intensity of the DLE after 

annealing at ~400 oC reflects indirectly the out-diffusion of hydrogen trapped in vacancies 

and the dissociation of point defect complexes. Furthermore, annealing between 300 oC 

and 600 oC activates defects that are radiatively active in the yellow-red part of the PL 

spectrum.The quenching of the DLE from ~400 oC to ~600 oC, irrespective of the 

environment of annealing, is suggested to be due to the activation of “hidden” interstitial 

or substitutional hydrogen molecules that are converted into atomic hydrogen. At high 

temperatures (>700 oC), the nanorods are degraded. Annealing between 800 oC and 900 oC 

creates an abundance of point defects that are radiatively active in the blue-green region of 

the spectrum.  
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Unfortunately under the conditions of annealing as specified, RT PL spectroscopy of the 

nanorods does not reveal effectively the effect of the ambient. The failure to observe the 

effect of the environment on the DLE emission at RT under these conditions does not 

necessary implys that the ambient has no effect. Studies on the surface stoichiometry 

showed that the ambient does indeed affect the creation of native defects in the rods. The 

results discussed next summarise efforts made in order to trace the effect of the ambient 

on the DLE of sequentially annealed nanorods.  

4.2.4.2 Effect of annealing environment on the optical properties of nanorods  

A number of annealing studies have been undertaken, and it was reported that an 

application of different annealing atmospheres may readily indicate if an increase or 

decrease in the concentration of a specific intrinsic defect correlates with the PL intensity 

and position of DLE bands [18, 33, 44, and 58].  

As indicated in the previous section high temperature (~800 oC - ~900 oC) annealing 

generates high densities of radiative intrinsic defects.  As the main objective of the study 

is the understanding of the defect-related luminescence in these nanorods, the effect of 

annealing time on the generation of defects during  annealing in nitrogen, oxygen and an 

environment containing Zn vapour was investigated. For this purpose, different pieces of 

samples were prepared and annealed at ~900 oC in the different ambients and for different 

times. Note that the annealing times given below refer to the times that the samples were 

kept in the hot zone of the furnace. 

The effect of annealing time in nitrogen and oxygen 

Fig. 4.30 shows RT PL spectra of nanorods, as-grown and after annealing at 900 oC in 

controlled flows of (a) N2 and (b) O2 for different times. The rods were sequentially 

annealed and the times indicated in the figure are the total annealing time before the 

corresponding RT PL spectrum was recorded. The sample deposited on a clean quarts 

spoon was introduced into a quartz tube of the furnace under the desired flow of gas and 

annealed for the set time.  

It can be seen that with sequential annealing in N2 and O2 at atmospheric pressure the 

DLE intensity increases in different spectral ranges, depending on the ambient. 

Specifically, from fig. 4.30a it is seen that the DLE is weakly enhanced in the yellow-red 

region of the spectrum up to a total annealing time of 4 minutes (see the green spectrum). 
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A further increasing in annealing time to 8 minutes causes a decrease in the DLE intensity 

in this spectral range (see blue and cyan spectra), and an increase in the green DLE band. 

After 12 minutes there is an overall increase in the DLE intensity (magenta spectrum). 

Finally, after 18 minutes, the red DLE band quenches completely, while the green band 

dominates the DLE (dark yellow spectrum). The behaviour depicted in fig. 4.30b can be 

summarised as follows: to the DLE in the yellow-red region of the spectrum quenches 

after a 2-minute anneal in O2 (red spectrum). Upon a further increase in annealing time the 

DLE intensity increases (blue spectrum). An overall increase of the DLE intensity 

compared to previous DLE intensities after 8 minutes of annealing in O2 flow is observed 

(cyan spectrum). Furthermore, the DLE shifts with increasing annealing time as indicated 

in fig. 4.30b (by the orange arrow). 

From the above remarks one important fact is worth noticing, namely the strong increase 

in the blue-green emission after prolonged annealing, at 900 oC, regardless of the ambient 

(N2 or O2). 

 

The remarkable quenching of the red DLE is attributed to the degradation of the nanorods, 

Figure 4.30. Evolution of DLE in the RT PL spectra upon thermal treatment at 900 oC in (a) N2 

and (b) O2. Dotted lines indicate the positions and widths of the visible emission bands. The 

orange arrow connecting the spherical dots shown in b is a guide to the eye. 
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causing a decrease in the concentration of radiative defects contributing in this region of 

the spectrum. The overall increase of the DLE intensity observed after 12 min of anneal 

(see magenta spectrum in fig. 4.30a) and 8 min anneal (see cyan spectrum in fig. 4.30b) is 

suggested to result from the “degradation of nanorods” following high temperature 

annealing. It is primarily suggested that an O2 ambient does not affect the green 

luminescence of the nanorods, specifically the deep emission band centered at ~500 nm. 

Concerning the red band, it is suggested to result from recombination involving VO–

related defects (eg. ZniVO) even though there is not any experimental evidence so far. This 

assignment is in agreement with recent results from Wang et al. [69]. By implanting Zn+ 

ions into undoped ZnO single crystals in order to induce Zn interstitials and oxygen 

vacancies, the authors observed a broad red DLE band at ~630 nm, with a nearly perfect 

Gaussian lineshape and associated it to a “self-activated” optical transition between a 

shallow donor and the defect centre of the ZniVO complex or VZnVO di-vacancies, based 

on the configurational coordinate (CC) model [69]. Finally, the shifts observed as function 

of annealing time can be an indication the activation of VZn- and VO-related defects does 

not necessarily happen simultaneously. 

The quenching of the UV emission observed after annealing in O2 flow (and not in N2 

flow) is attributed to “band bending” in the “near surface of nanorods” rather than to “the 

degradation of nanorods”. It was shown by Liu et al. [70] that the exposure of ZnO rods to 

air (containing O2) causes the adsorption of O2 molecules on the surface. The authors 

showed that the adsorbed O2 molecule can capture an electron to form a superoxide 

anionO2
−, which causes a band bending near the surface. First-principles total-energy 

calculations done by Yanfa et al. [71] confirms this idea. It is thus suggested that under O2 

flow, O2 molecules adsorb on the surfaces of the rods, resulting in a “residual” electric 

field near the surface that causes the reduction in intensity of the UV emission.  

The effect of Zn environment on the DLE 

Fig. 4.31 shows normalised RT PL spectra of nanorods annealed for 30 minutes at 900 oC 

in different environments: (a) a controlled flow of Ar and (b) a controlled flow of Ar, with 

Zn vapour from a pure Zn plate upstream from the sample. Fig. 4.31c shows normalised 

RT PL spectra of the annealed nanorods from fig. 4.31a and b. It is worth also noting that 

the melting point of Zn is 419.53 °C and the boiling point ~907 °C [72]. From fig. 4.31a, it 
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is seen that annealing in an Ar flow caused a significant activation of defects, 

predominantly radiating in the blue-green part of the spectrum.  

 

From fig. 4.31b it is seen that the addition of Zn vapour during annealing caused the same 

effect, but with a slight difference: the activation of the defects emitting in the blue-green 

part of the spectrum was slowed down. This finding is more clearly depicted in fig. 4.31c 

(see encircled region). It is thus concluded that the presence of Zn during annealing at 900 

oC primarily affects the green deep emission band (~500 nm), which is suggested to 

Figure 4.31. (a) RT PL spectra for samples annealed in Ar.  (b) RT PL spectra for samples 

annealed in Ar and Zn vapour. (c) RT PL spectra extracted from (a) and (b) for comparison 

purposes. 
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involve VZn related-defects. The same assignment of the green luminescence activated at 

900 oC was made recently by Wang et al. [73]. Using positron annihilation spectroscopy, 

the authors showed that the introduction of the green luminescence (~500 nm) in undoped 

ZnO grown by pulsed laser deposition is correlated with the formation of Zn vacancies at 

900 oC. 

In order to confirm the above assignment, another annealing experiment was conducted at 

900 oC, in which the aim was to passivate VZn related-defects. Fig. 4.32a presents RT PL 

spectra of nanorods sequentially annealed in different environments and at different 

temperatures. For comparison purpose the same spectra given in fig. 4.32a have been 

normalised and plotted in fig. 4.32b. Firstly, the rods were annealed in an Ar flow for 30 

minutes at 800 oC, in order to activate intrinsic defects. As a result the DLE was enhanced 

(see red spectrum in fig. 4.32a). The sample was subsequently annealed for another 

minute in the same Ar flow, but with Zn vapour also present in the flowing gas stream. 

After 1 min of annealing, the DLE was quenched and partially resolved while the UV 

emission was enhanced (see the green spectrum in fig. 4.32a). Unnumbered arrows in fig. 

4.32b indicate the partially resolved bands. In order to confirm the authenticity of these 

bands, a filter with 450 nm cut-off wavelength (KV450) was used. The quenching of the 

green band observed previously (see fig. 4.31b or c) is again evident in these figures. The 

enhancement in UV emission intensity is presumably due to the annihilation of VZn by Zn 

atoms. Therefore, it is strongly suggested that the observed green DLE band results from 

VZn-related defects. The origins of the bands at longer wavelengths (~550 nm (or          

575 nm)), ~650 nm and 750 nm are unknown at present. 
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5. CONCLUSIONS AND OUTLOOK 

Zinc oxide (ZnO) nanorods grown by a two-step chemical bath deposition method on a Si 

substrate were characterized. As-grown ZnO nanorods were thermally treated and studied 

for a better understanding of the optical properties at room temperature, with the emphasis 

on the visible luminescence. To this end, thermal treatments of as-grown ZnO nanorods 

were conducted under different conditions. Specifically the following studies were 

performed: an investigation of the structure of ZnO nanorods, an analysis of the chemical 

composition, an investigation of the surface stoichiometry of ZnO nanorods, and a study 

of defect related-photoluminescence of ZnO nanorods upon thermal treatment in different 

ambients.The morphology, orientation, and phase of ZnO nanorods were investigated by 

Scanning Electron Microscopy and X-ray Diffraction. The presence of extrinsic defects 

throughout ZnO nanorods were probed by Time-of-Flight Secondary Ion Mass 

Spectrometry. X-ray Photoelectron Spectroscopy and Auger Electron Spectroscopy were 

Figure 4.32. RT PL spectra of ZnO nanorods annealed sequentially in Ar at 800 oC and then at 

900 oC in Ar and Zn vapour. The numbered arrows indicate subsequent spectral developments 

caused by (1) annealing in Ar, and (2) annealing in Ar and Zn vapour. Unnumbered arrows in b 

indicate partially resolved DLE bands. 
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used to probe the surface stoichiometry in as-grown ZnO nanorods, as well as in thermally 

treated ZnO nanorods. Finally, the room temperature optical properties were investigated 

by Photoluminescence Spectroscopy.  

It was observed that as-grown ZnO nanorods exhibit a hexagonal shape and have the 

wurtzite structure. They have an average length and diameter of ~900 nm and ~50 nm, 

respectively, and formed perpendicular to the substrate. The main extrinsic species found 

in as-grown nanostructures were C, H, F, S, and Cl. ToF-SIMS and XPS confirmed the 

presence of H related-defects, and the oxygen 1S XPS peak at 531.5 eV was therefore 

assigned to oxygen bound to H related defects. Based on stoichiometry studies, it was 

found that the near surface regions of solution grown ZnO nanorods is rich in Zn. The 

room temperature optical properties of as-grown ZnO nanorods were observed to exhibit a 

near band edge emission centered at ~379.5 nm and deep level emission extending from 

~450 nm to ~850 nm. When these nanorods were thermally treated at high temperatures 

(>850 oC), it was found that even though their crystalline quality was preserved (as 

indicated by XRD), their morphology was significantly affected, regardless of the 

annealing ambient. Furthermore, in the near-surface regions of annealed ZnO nanorods it 

was found that the Zn/O stoichiometry ratios deviated strongly from unity, showing that 

thermal treatment indeed affected the concentration of Zn and O. Hence, it was concluded 

that oxygen vacancy-related defects form within the first 100 nm from the surface, 

followed by zinc vacancy-related defects further from the surface. Within the detection 

limit of XPS and AES, it was confirmed that the environment of annealing affects indeed 

the activation of intrinsic defects, and the only extrinsic defects that were significantly 

affected by thermal treatment were found to be H-related. 

Thermal treatment at high temperatures removed H-related defects, and this removal 

process was found to affect significantly the room temperature luminescence properties of 

ZnO nanorods, especially when ZnO nanorods were annealed sequentially from 300 oC to 

~700 oC in temperature increments of 100 oC. Specifically, the passivation of vacancy-

related defects by H was demonstrated following thermal treatment in this temperature 

range. Through PL spectroscopy this passivation was probed by following first the 

progressive quenching and then the enhancement of the blue-green and the yellow-red 

luminescence bands, regardless of the annealing ambient.  
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Finally, the green luminescence that evolved following annealing above ~800 oC was 

assigned to Zn vacancy-related defects. The red luminescence that dominates the visible 

emission from ZnO nanorods between 400 oC and 600 oC was suggested to be due to 

oxygen vacancy-related defects. 

Suggestions for future work 

It is hoped that these results will stimulate other researchers to explore effective ways to 

suppress completely H-related defects in ZnO nanorods and to master the controlled 

creation of intrinsic defects in ZnO nanorods by annealing. This will hopefully lead to 

practical applications of ZnO nanorods in the future. These results can also further 

stimulate theoretical investigations on the mechanisms of out-diffusion from ZnO 

nanorods.  
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