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Abstract 

Eu3+ doped ZnO thin films and ZnO nanorods were successfully prepared by using different 

techniques. Successful incorporation of Eu3+ ions in the ZnO matrix and preferred orientation 

along the c-axis for the films and the nanorods were achieved. The structure, morphology, 

luminescence and stability of the samples under electron beam irradiation were investigated.  

Firstly: Low Eu3+ concentration (0.4, 0.6, 0.8, and 1 mol%) doped ZnO thin films were 

successfully prepared using the spin coating technique. The preferred orientation of the films 

was reduced with increasing Eu3+ content. The average particle sizes and the optical band gap 

of the films decreased with increasing Eu3+ concentration. The films were excited at 325 nm 

and 464 nm using a xenon lamp. Upon excitation at 325 nm, the films exhibited band to band 

emission at ~378 nm and a broad deep level emission due to defects, with a small peak 

associated with characteristic Eu3+ emission at 614 nm that protruded from the broad band deep 

level emission. Upon excitation at 464 nm the characteristic Eu3+ emission features were 

observed and their intensity increased with increasing Eu3+ content until 0.6 mol% of Eu3+ and 

was then quenched. Multipole-multipole interaction, defects created due to the differences in 

ionic radii and charge states of Eu3+ and Zn2+ were found to contribute to luminescence 

quenching. Judd-Ofelt intensity parameters and asymmetry ratio analysis revealed the 

dependence of the Eu3+ emission intensity on the local environment around the Eu3+ ions in the 

host.  

Secondly: ZnO thin films doped with higher Eu3+ concentration up to 4 mol% were also 

successfully prepared using a sol-gel spin coating technique. X-ray photoelectron spectroscopy 

(XPS) confirmed the presence of Zn atoms in their doubly ionized state (Zn2+), while Eu atoms 

were found to be present in their divalent (Eu2+) and trivalent (Eu3+) states. Excitation spectra 

showed a broad band near 288 nm which was attributed to the charge transfer between O to 

Eu3+. For the excitation at 464 nm, the doped samples exhibited only the characteristic 

emissions of Eu3+ which were attributed to the 5D0-
7FJ (J = 0, 1, 2, 3, 4) transitions, respectively. 

The Eu3+ emission intensity increased with increasing Eu3+ concentration up to 3 mol% and 

was then quenched. Cathodoluminescence (CL) spectra showed only the Eu3+ characteristic 

emission similar to PL excited at 464 nm. Judd-Ofelt intensity indicated strong covalence of 

Eu-O bond and higher asymmetry in the vicinity of the Eu3+ ions. The optimum sample (3 

mol%) was degraded in vacuum under electron beam irradiation for 160 C/cm2 (about 22 h). 

The CL intensity showed a slight decrease at the initial electron dose at ~ 30 C/cm2 and then 

stabilized at further electron dosages. XPS analysis confirmed the formation of defects as a 
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result of electron beam irradiation. Slight changes of the surface morphology and roughness 

were observed from the degraded area.   

Thirdly: Eu3+ (3 mol%) doped ZnO thin films were deposited by pulsed laser deposition (PLD) 

at different oxygen partial pressures (vacuum, 5.9 x 10-2 Torr, 8 x 10-2 Torr and 10 x 10-2 Torr). 

The 002 X-ray diffraction (XRD) peak of the thin film initially increased with an increase in 

the oxygen partial pressure, but then slightly decreased. The film thickness, roughness and 

emission intensity also followed the same trend. The films' morphology improved as a function 

of increasing oxygen pressure. When excited by a He-Cd laser at 325 nm, the film deposited 

in vacuum exhibited an intense UV emission at ~ 379 nm, broad-weak deep level emission in 

the region from 450 nm to 700 nm, as well as a small peak associated with the characteristic 

emission of the 4f – 4f transitions of Eu3+ at 616 nm standing out from the deep levels emission 

for the films deposited in oxygen partial pressure. When the Eu3+ ions were selectively excited 

at 464 nm, only the characteristic emission of the 4f – 4f transitions of Eu3+ were observed at 

536 nm, 578 nm, 595 nm, 616 nm, 656 nm and 707 nm corresponding to the 5D1 – 7F0, 
5D0 – 

7FJ (J =  0, 1, 2, 3 and 4) transitions. When excited at 288 nm, the film deposited in vacuum 

only exhibited a broad peak centred at 585 nm which was due to the ZnO deep defect levels. 

The O to Eu3+ charge transfer band near 288 nm was observed for the films deposited in 

oxygen, and its intensity increased with increasing oxygen pressure. The samples prepared in 

oxygen exhibited characteristic emission of Eu3+ with an increase in intensity for increasing 

oxygen partial pressure. No CL was observed for the sample prepared in vacuum, whereas only 

the characteristic emission of Eu3+ was detected for the films obtained in oxygen partial 

pressure. Current-voltage measurements of the p-type Si/ZnO:Eu3+ junctions showed a diode-

like behaviour with turn on voltage of about 10 V. 

Fourthly: For Eu3+ doped ZnO (ZnO:Eu3+) thin films deposited by PLD, the oxygen working 

atmosphere, deposition time and target-substrate distance were optimized to achieve the best 

luminescence and morphology properties. The surface and luminescence stability of the film 

under electron beam irradiation was also studied. The CL intensity of the Eu3+ dominant peak 

at 616 nm increased slightly during the initial stage of electron irradiation, after which it 

stabilized. XPS high resolution spectra of the O 1s peak confirmed the creation of new defects 

during electron beam irradiation. Atomic force microscopy images revealed that the particle 

sizes increased slightly during irradiation (degradation). Colour rendering and purity of the CL 

spectra were slightly changed during degradation. 
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Fifthly: Preferentially c-axis oriented ZnO nanorods were grown on a ZnO seed layer spin 

coated on a crystalline silicon substrate. A low temperature aqueous chemical growth method 

using the chemical bath deposition (CBD) technique was used to grow the ZnO nanorods. The 

samples were annealed at 700 °C in a reducing atmosphere (H2/Ar) with a relative ratio of 

5%:95% for different times (20, 30 and 50 min). XRD analysis revealed that the crystallite 

sizes increased with increasing annealing time up to 30 min and then decreased for longer 

annealing time. Scanning electron microscope images showed a successful growth of the 

vertically-aligned ZnO nanorods which were approximately 500 nm in length and 50 nm in 

diameter. The diameter of the nanorods increased with increasing annealing time up to 30 min 

and then decreased when the annealing time was increased further. PL measurements 

confirmed that the un-annealed sample exhibited two distinct emissions, namely the band to 

band emission around 378 nm and a broad orange emission centred at 600 nm which was due 

to the oxygen related defects. The annealed samples exhibited only a broad green emission 

centred at 500 nm and their intensities increased with annealing time. The highest intensity was 

recorded for the sample annealed for 30 min and the intensity decreased for further annealing 

time. The deconvoluted PL peak of the green emission indicated that three different kinds of 

defects were responsible for the emission at 500 nm. The decay measurements indicated that 

the green emission (500 nm) had an average lifetime of 11.58 µs. The quantum yield of the 

sample annealed for 30 min was measured using an integrating sphere at a wavelength of 325 

nm and it was found to be 43%.       

The surface state, chemical and luminescence stability of the sample with higher luminescence 

intensity were investigated under electron beam irradiation. Auger electron spectroscopy, XPS 

and secondary electron microscopy (SEM) were used. The CL intensity was monitored 

concurrently with the Auger peak-to-peak heights using the same electron beam. The 

degradation experiment was performed in vacuum and in an oxygen ambient. According to the 

AES spectra, all the principal elements (zinc and oxygen) were detected as well as carbon, 

which was removed at the initial stage of electron beam irradiation. No chemical change was 

observed during  electron beam irradiation. In vacuum, the CL intensity decreased to almost 

half of its initial intensity after 100 C/cm2 electron dose and then stabilized. In the oxygen 

atmosphere, the CL intensity also decreased initially up to a dose of ~10 C/cm2 and thereafter 

recovered to about 90% of its original intensity and stabilized after a dose of ~100 C/cm2. No 

difference in the chemical state of Zn was observed with XPS for the original and degradaded 

samples. Only a small change in the defect contribution part of the O peak was observed. SEM 
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images for the original and degraded samples showed that the electron beam irradiation induced 

surface changes in the morphology of the ZnO nanorods.  

These results suggest that the ZnO nanorods and ZnO:Eu3+ thin films are promising green and 

red materials for optoelectronic devices such as light emitting diodes (LEDs) and flat panel 

displays (FPDs) among others.  
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Chapter 1 

Introduction 

1.1 Overview 

Luminescence phenomenon and technology has a very long history that can be traced back to 

the first observation of the naturally occurring luminescence in glow worms, fireflies, seashells, 

aurora borealis, luminescent wood, rotting fish and meat, etc. [1]. In the 17th century, the first 

luminescent material (Barite or BaSO4) was discovered from the fired BaS, and is still known 

to be an important host material for different luminescent applications [2]. Since then, 

luminescence has become an imperative scientific research area. Over the years, better 

understanding of mechanisms of luminescence has been established and has led to the 

discovery of new materials with different properties. The results have directly been reflected 

in novel applications of illumination in our day-to-day life [3]. These applications include light 

bulbs (fluorescent lamps), cathode ray tube (CRTs), flat panel displays (FPDs) and light 

emitting diodes (LEDs) [4]. Luminescent materials can be used in different forms such as 

powders or thin films and nanostructures or bulk in the above mentioned applications. Thin 

films and nanostructure technology evolved as a result of demand for highly efficient devices 

with better resolution, electrical and luminescence properties and lower power consumption 

[5]. Thin films are the deposition of small amounts of a material on a substrate to form a layer 

with thickness in the range of nanometres to one micron. Nanostructures form during 

deposition of a small fraction of a material in ordered arrays and shapes (nanorods, nanotubes, 

etc.) with sizes ranging from few nanometres to a micron. Thin film technology exceeds its 

counterpart powder in many important properties including better crystallinity, finite particle 

size with uniform distribution, good material to substrate adhesion, thermal and chemical 

stability. On the other hand, nanostructures have their own advantages over powder and thin 

films, particularly, high surface to volume ratio which enables high efficiency photovoltaic and 

LED devices [6].  

Luminescent materials can be classified into two groups based on their band gap: 

semiconductors with wide band gaps ranging from 2 to 4 eV, and insulators with larger band 

gaps above 5 eV. The choice of the luminescent material is merely depending on the type of 

application and the design in which the material will be used.    

Wide band gap semiconductors such as ZnO, TiO2, Ga2O3, SiC, GaN, etc. are very important 

luminescent materials in different optoelectronic devices [7]. They possess relatively large 

band gaps compared to the conventional semiconductors such as silicon (Si), germanium (Ge) 
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and gallium arsenide (GaAs) [8]. Wide band gap materials have shown the ability to overtake 

the conventional small band gap materials in producing high-temperature, frequency, power 

and efficiency semiconductor-based devices [9]. Moreover, they are capable of emitting light 

across a wide range of the electromagnetic spectrum from ultraviolet (UV) to the near infrared 

(NIR) region, as well as their ability to accommodate incorporated luminescent 

activators/dopants such as rare earth (RE) ions. Furthermore, they possess additional unique 

properties such as high saturation current, chemical stability, low thermally generated current 

and high thermal conductivity [10]. Many wide band gap materials are available with different 

crystal structures and lattice constants, which is beneficial when heterostructure epitaxial 

growth is necessary. ZnO is a divalent metal oxide semiconductor that can be used in a wide 

range of optoelectronic applications. It has been realized as a potential wide band gap (3.37 eV 

at room temperature) semiconductor with excellent properties that can fulfil the need of today’s 

technology. ZnO surpasses the commercially available wide band gap semiconductors such as 

gallium nitride (GaN) in many aspects including: its large exciton binding energy (60 meV) at 

room temperature which could account for an efficient radiative recombination and lower 

threshold voltage of lasing emission [11], its compatibility for wet etching which is useful 

during fabrication, pattering and miniaturization processes [12] and its chemical and 

mechanical stability [13]. Due to the (0001) polar surface of the ZnO crystal, it can be grown 

in different nanostructure forms such as nanorods, nanotubes, nanocombs, etc. [14]. 

Nevertheless, ZnO is abundant in nature which makes it an eco-friendly material, as well as 

easy to synthesis via different chemical and deposition methods in different forms (powder, 

thin film and nanostructures). ZnO has shown the ability to accommodate different lanthanide 

(Ln3+) ions in a wide concentration rage (0.2 – 7.0 mol %) without changing the crystal phase 

[15, 16, 17].  

RE3+ ion doped ZnO thin films have drawn considerable attention over the last few decades 

[17] due to their potential to provide finely tuned colours from the blue to the infra-red region 

[18, 19]. Among these, europium (Eu3+) is an important dopant ion in ZnO to prepare red light 

emitting materials (in powder or thin film form) for different optoelectronic applications such 

as field emission displays (FEDs) and LEDs [19].  

To ensure a long term operation and stable luminescence efficiency of any material, chemical 

and surface stability of luminescent materials are inevitable characteristics that must be taken 

into consideration. Prolonged electron beam irradiation combined with Auger electron 

spectroscopy (AES), cathodoluminescence (CL), scanning electron microscopy (SEM), atomic 
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force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) are useful tools to study 

materials' stability. 

1.2 Motivation 

ZnO contains native defects which are responsible for the optical and electrical properties of 

the film. ZnO is well-known by its green luminescence which is thought to originate from its 

native oxygen vacancies (VO) [20]. However, the exact origin is yet to be fully understood. 

Taking advantage of ZnO nanostructure forms, which provide high surface to volume ratio, 

highly luminous green emission can be achieved from ZnO nanorods.  

Over the past few years, intensive research has been done in order to achieve an efficient and 

bright red emission from Eu3+ doped ZnO thin films. However, it is still a challenge to achieve 

dazzling red emission. This is due to the difficulties of achieving an efficient energy transfer 

from the ZnO to the Eu3+ ion (see chapter 4). The deposition techniques play an important role 

in manipulating the film’s properties by varying the growth parameters, via which energy 

transfer may be maximized. Different techniques (pulsed laser deposition (PLD) and spin 

coating techniques) were used to grow Eu3+ doped ZnO thin films with different Eu 

concentrations. The stability of Zn doped ZnO powders and thin films, which emit a green 

luminescence around 500 nm were examined under electron beam irradiation and they were 

found to be generally stable under prolonged electron bombardment. Therefore, it is imperative 

to study the luminescence, chemical and surface stabilities of Eu3+ doped ZnO under electron 

beam irradiation and also study the effect of electron beam irradiation on the surface state, 

morphology and the green luminescence of ZnO nanorods.   

1.3 Research aim 

To study the fundamental properties (e.g. structure, chemical and surface stability, particle 

morphology, optical and luminescent properties) of undoped and Eu3+ doped ZnO 

nanostructures and thin film forms. 

1.4 Research Objectives 

The objectives of this study are: 

1. Preparation of different concentration of Eu3+ doped ZnO thin films by using spin 

coating and PLD techniques. 

2. Study the structure, morphology and the luminescence properties of the films. 

3. Study the surface, chemical and the luminescence stability of the films under prolonged 

electron beam irradiation. 
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4. Preparation of ZnO nanorods and optimizing the green luminescence from the 

nanorods. 

5. Study the surface, chemical and the luminescence stability of the green emission of the 

nanorods under electron beam irradiation.  

1.5. Thesis organization 

This thesis is divided into ten chapters, each chapter focusing on a particular aspect: 

Chapter 1 is the Introduction, giving an overview and motivation about this work, followed by 

the research objectives. Chapter 2 (Background) is devoted to luminescent materials and 

luminescence phenomena, basic properties of ZnO as a host and lanthanide ions, the energy 

transfer concept and some of the luminescent material applications. Chapter 3 (Techniques) 

describes the working principles underlying the deposition and characterization techniques that 

were used in this study. Chapter 4 provides analysis on the Structural, optical and 

photoluminescence properties of Eu doped ZnO thin films prepared by spin coating technique. 

Chapter 5 addresses the Photoluminescence and cathodoluminescence of spin coated ZnO films 

doped with 0.4 mol% of Eu3+. Chapter 6 is devoted to the Luminescence properties of Eu doped 

ZnO PLD thin films: the effect of oxygen partial pressure. Chapter 7 focuses on the study of 

Pulsed laser deposition of a ZnO:Eu3+ thin film: study of the luminescence and surface state 

under electron beam irradiation. Chapter 8 is about the Enhanced green luminescence from 

ZnO nanorods. Chapter 9 is on the Cathodoluminescence degradation of the green 

luminescence of ZnO nanorods. Chapter 10 gives the summary of the thesis results and 

suggestions for future work. The last part of the thesis provides a list of publications resulting 

from this work and the conferences/workshops presentations.     
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Chapter 2 

Background and theory 

This chapter is devoted to explaining the basic concepts of luminescence processes, 

luminescent materials and their applications. 

2.1. Luminescence and luminescent material 

Luminescence phenomena have been observed since the earliest ancient history of mankind. 

Some examples of the naturally occurring luminescence are the luminescence from glow worm, 

wood, rotting fish, meat, aurora borealis, etc [1].   

Luminescence is a physical phenomenon that refers to the emission of light from a substance 

(luminescent material) when it is exposed to an external energy source [2].  When external 

excitation energy is absorbed by the luminescent material, an electron from the ground state 

will be promoted to the excited state. The electron does not stay permanently in the excited 

state. On its return to the ground state, energy may be released radiatively (in the form of light) 

with a certain wavelength depending on the electronic configuration of that material’s 

molecules or atoms [1]. There are different types of luminescence depending on the excitation 

source that was used. Luminescence obtained when the sample is excited by a photon, is called 

photoluminescence, when the excitation source was an electron it is called 

cathodoluminescence and in the case of electric field it is called electroluminescence, etc. 

Luminescence is divided into two categories, namely fluorescent and phosphorescent 

depending on the emission rate or lifetime after the excitation source has ceased. The fast 

emission rate of about 108 s-1 with a lifetime near 10 ns is called fluorescent, which originates 

from singlet state transitions. In the phosphorescent case, the excited electron has the same 

electron spin as the second electron which remained in the ground state electron (triplet state), 

hence a transition of the excited electron back to the ground state is forbidden unless it 

undergoes internal spin conversion, e.g. by means of interaction with lattice vibrational energy 

states. Therefore, phosphorescence lifetime is relatively longer than fluorescence and it is in 

the order of magnitude of 10-4 to 10 s, or may be longer in the case of afterglow in which the 

emission life time can persist up to hours or days. Fig. 2. 1 illustrates the basic concept of 

luminescence process.  
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Fig. 2.1. Part of the Jablonski’s diagram which explains the concept of luminescence 

phenomenon [3]. 

Luminescent materials usually consist of two components, namely the host and activators 

(dopants). The host material is crucial to control the dopant distribution and keeps them at 

optimized distances to circumvent rapid non-radiative processes. The activators are small 

amounts of foreign atoms or ions incorporated in the host lattice to create luminescent centres 

(energy levels) that can be excited and emit the desired luminescence [4]. Dopants are usually 

lanthanide or other metal ions depending on the required emission. In some instances, such as 

wide band gap semiconductors, dopants may not be needed because the host has self-

luminescent centres [5] (native defects or excitonic recombination) that emit light in the 

ultraviolet to the visible regions. For example; ZnO exhibit UV emission at about 380 nm 

which is due to the free exciton recombination, and bright green emission at about 500 nm 

which has been attributed to native oxygen vacancy (Vo) defect. In this study ZnO was used as 

a host and europium (Eu3+) ions as dopant (activator). 

2.1.1. Zinc oxide (ZnO) 

ZnO is an inorganic compound that occurs naturally as a mineral zincite or is chemically 

synthesized. It was discovered in 1810 in Franklin (New Jersey, USA) by Bruce [6]. Since then 

it has been considered the most important compound of zinc minerals and it is being used in a 

wide range of applications. It is an abundant material in nature which made it cost-effective in 
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the large-scale of production. ZnO is a wide band gap (3.37 eV) semiconductor with large 

exciton binding energy (60 meV) at room temperature which makes it a suitable material for 

use in a variety of electronic and optoelectronic devices such as: light emitting diodes (LEDs) 

and flat panel displays (FPDs). ZnO is a superior wide band gap semiconductor because of its 

excellent properties including: good chemical stability, resistance to damage when confronted 

with high energy radiation, high electron mobility, excellent transparency, high resistance to 

thermal quenching and the ease of preparation. ZnO can be grown in different forms of 

nanostructures including nanorods, nanotubes, nanocomb, nanowalls, nanoflowers, nanobelts, 

nanorings, nanocages, nanosprings and nanohelices. 

2.1.2. Crystal structure of ZnO 

ZnO crystalizes in three different structures, namely the hexagonal wurtzite, zinc blende and 

rock salt structures [7]. In the rock salt structure, each Zn or O atom is surrounded by six nearest 

neighbours, unlike in the wurtzite and zinc blende structures for which each Zn or O atoms are 

surrounded by four nearest neighbours. The ionicity of the zinc blende ZnO is lower compared 

to that of wurtzite structure which leads to lower carrier scattering and high doping efficiencies 

(the ability to accommodate foreign impurities effectively). However, the preparation of zinc 

blende is very difficult and can be grown only by epitaxial growth on a cubic crystal substrate. 

The cubic rock salt structure can only be present at very high pressure (about 10 GPa) and it is 

not stable. ZnO prefers to crystalize in the hexagonal wurtzite structure with a symmetry point 

group 6 mm and space group P63mc at ambient conditions. Fig. 2.2 depicts the hexagonal 

wurtzite structure of ZnO. In the wurtzite structure, each zinc ion is surrounded by four oxygen 

ions which are arranged in a tetrahedral coordination, and alternatively each oxygen ion is 

surrounded by four zinc ions that are tetrahedrally coordinated along the c-axis [8]. The 

tetrahedral arrangement of the zinc and oxygen ions gives rise to a non-centrosymmetric crystal 

structure of ZnO, consisting of two sub-lattices of zinc and oxygen atoms penetrating each 

other to form a hexagonal close packed structure. The two zinc and oxygen sub-lattices are 

displaced with respect to each other by 3/8 of the lattice parameter along the c-axis. The non-

centrosymmetric structure is the reason behind the piezoelectric properties of ZnO, and plays 

a crucial role during the crystal growth. The wurtzite structure of ZnO has two polar face 

terminations amongst which are the Zn and oxygen terminations on the (0001) and (0001̅) 

planes, respectively, as well as another two non-polar terminations that contain an equal 

number of Zn and O atoms on the (1120) and (1010) planes [7]. The polar surfaces occurred 

due to their sudden termination by their outermost cations or anions in the case of Zn or O 
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terminated polar surfaces, respectively. The construction of the polar surfaces is due to the 

interactions of the cations (Zn) and anions (O) on the surface, and it depends on the polar 

charges distribution. The construction arrangements relax at the minimum electrostatic energy. 

This is the main reason behind the growth of ZnO in various nanostructure forms as well as the 

spontaneous polarization that is observed in ZnO.   

 

Fig. 2. 2. Hexagonal wurtzite structure of ZnO crystal [9]. 

2.1.3. Native point defects of ZnO 

Due to imperfection of the crystal structure of ZnO, point defects always form during the crystal 

growth and they play a vital role on optical and electrical properties of ZnO. These defects are 

oxygen vacancies (Vo), oxygen interstitials (Oi), zinc vacancies (VZn), zinc interstitials (Zni), 

zinc antisites (ZnO) and oxygen antisites (OZn) [10, 11]. Several theoretical and computational 

approaches have been implemented to understand their configurations, electronic structures 

and formation energies. Some of these methods are the ball-stick model, molecular orbital 

theory and density functional theory (DFT) [12, 13]. Generally, zinc and oxygen antisite 

defects have very high formation energies and they are not expected to occur at near 

equilibrium conditions, even in zinc or oxygen-rich environments, respectively [14]. Oxygen 

vacancies are the most studied defects in ZnO because of their low formation energies amongst 

donor defects. They can be formed in three types, including neutral, single and double ionized 

oxygen vacancies, and they have been thought to be the origin of the green luminescence at 
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about 500 nm observed in ZnO [15]. Zinc vacancies are acceptor defects located above the 

valence band maximum. They occur in three charges state resembling the oxygen vacancies 

case. Zinc interstitials are shallow donor defects with high formation energies that decreases 

with decreasing Fermi level to the valence band. They are stable at 2+ charge states and located 

below the conduction band minimum. Oxygen interstitials are double acceptor defects with 

relatively high formation energy and are favoured to form in oxygen-rich environments [16, 

17]. Moreover, hydrogen impurities are also present in ZnO and have been associated with the 

formation of donor-like states of two types namely interstitials and substitutional hydrogen to 

oxygen atoms. Hydrogen atoms play a significant role in the electrical and optical properties 

of ZnO, as they can act as non-radiative centres which eventually reduces the luminescence 

intensity of ZnO [18, 19, 20]. The above mentioned defects create energy levels within the ZnO 

band gap, and they give emissions across the visible region along with the free exciton 

recombination ultraviolet at about 380 nm. Fig. 2.3 illustrate the suggested energy levels 

created due to the ZnO native defects and emission corresponding these energy levels.    

 

Fig. 2. 3. Schematic band diagram of ZnO deep level emissions (DLE), based on the full 

potential linear muffin-tin orbital method and other reported data [21].    

2.1.4. Physical properties and parameters of ZnO in a hexagonal wurtzite structure         

ZnO is naturally n-type semiconductor, while preparing p-type ZnO is proven to be difficult, 

although some groups reported p-type ZnO but it is not stable. Due to the non-centrosymmetric 

crystal structure, ZnO is a piezoelectrical material and suitable for many mechanoelectrical 

transducer devices. The physical parameters of the hexagonal wurtzite ZnO are summarized in 

Table 2.1. The hole mobility and its effective mass are not asserted yet.  
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Table 2. 1. Physical properties of the ZnO in the wurtzite structure [9] 

Lattice constant a0 0.32495 nm 

Lattice constant c0 0.52069 nm 

a0/c0 1.602 nm (1.633 nm for the ideal hexagonal) 

Density  5.606 g/cm3 

Melting point 1975 °C 

Boiling point 2360 °C 

Thermal conductivity 0.6, 0.13, 1-1.2 

Linear expansion coefficient (/°C) a0: 6.5x10-6, c0: 3.0x10-6 

Static dielectric constant 8.656 

Energy band gap (direct) 3.44 eV at lower than room temperature and 

3.37 eV at room temperature 

Exciton binding energy 60 meV 

Refractive index 2.008, 2.029 

Intrinsic carrier concentration <106 cm-3 (max n-type doping > 1020 cm-3 

electrons; max p-type doping < 1017 cm-3 

Electron effective mass 0.24 

Electron hole mobility at 300 K for the 

low n-type conductivity 

200 cm2/Vs 

Hole effective mass 0.59 

Hole hall mobility at 300 K for low p-type 

conductivity 

5.50 cm2/Vs 

Bulk hardness, H (GPa) 5.0 ±0.1 

 

2.1.5. Lanthanide ions (Ln3+) 

Lanthanides are the 15 metallic chemical elements situated in the f-block of the periodic table, 

and they have atomic number of 57 to 71 from lanthanum to lutetium, respectively [22]. The 

trivalent form of lanthanide ions is the common and abundant form that is generally found in 

nature. These elements have special electronic configurations which distinguish them from the 

other metal elements. The partially filled 4f orbit of Ln3+ plays a profound role in their optical 

and magnetic properties. The general electronic configuration of lanthanides is 4fn5d16s2, 

where n represents the number of electrons from 0 to 14 occupying the f-orbital. The trivalent 

state of lanthanides (Ln3+) with electronic configuration 4fn is the most stable oxidation state 
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especially in water [22]. The number of configurations within the 4f orbital is given by 

[14! 𝑛! (14 − 𝑛)!]⁄ , where each configuration has a particular energy level. The 4f orbitals are 

shielded by the filled 5s and 5p electron orbits. Therefore, they are less affected by the crystal 

field and the surrounding ligands. Hence, 4f-4f electron transitions are reasonably narrow lines 

in the excitation and absorption spectra [23]. According to the selection rules of electron 

transitions, 4f-4f electron transitions are forbidden via the electric dipole. However, they are 

allowed via the magnetic dipole moment or electric quadrupole. Electric dipole transition can 

take place with a very low probability. Although 4f-4f electron transitions are theoretically 

forbidden, introducing Ln3+ into a host crystal can increase the probability of such transitions. 

This is due to the interaction of the 4f electron wave functions with other wave functions of 

opposite parities of the host which form intra 4f-4f transitions. However, emission resulting 

from such transitions is weak and narrow.  

Despite the small effect of the crystal field and the ligands on the 4f-4f transitions, it can split 

the energy levels which accounts for the final emission spectrum. The split caused by the crystal 

field (Stark splitting) is usually smaller than the separation due to spin-orbit coupling. 

Therefore, the emission and excitation spectra of Ln3+ in a host look similar to that of the free 

Ln3+ ion [24].  Fig. 2.5 illustrates the 4f transitions split due to the spin-orbit and crystal field 

interactions.  

The Hamiltonian for a free Ln3+ ion can be written as [25] 

𝐻𝐹 =  
ℎ2

2𝑚
∑ 𝛻𝑖

2

𝑁

𝑖=1

− ∑
𝑍𝑒2

𝑟𝑖

𝑁

𝑖=1

+ ∑
𝑍𝑒2

𝑟𝑖𝑗

𝑁

𝑖<𝑗

+ ∑ 𝜉(𝑟𝑖

𝑁

𝑖=1

)(𝑠𝑖 . 𝑙𝑖)                       (2.1) 

where the first term is the sum of kinetic energies of all 4f ion electrons, the second term 

represents the potential energies of all electrons in the nucleus field, the third term expresses 

the potential of the repulsive Coulomb  interaction between electron pairs and the forth term 

expresses the coupling between the spin angular momentum and the orbital angular momentum 

(spin – orbit interaction). When a free lanthanide ion introduced into a host lattice, the crystal 

field of that host will exert a force on the free Ln3+ ion, which finally perturbs the 2s + 1LJ states 

of the 4f levels and result in additional splitting (Stark splitting). Therefore, a new term of the 

crystal field can be added to the equation (2.1) and the perturbed Hamiltonian of a free ion can 

be written as 

𝐻 =  𝐻𝐹 + 𝑉𝐶𝐹                                                 (2.2) 
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where VCF represents the Hamiltonian of the perturbation due to the crystal field around the 

Ln3+ ion. Stark splitting caused by the crystal field (VCF) is smaller than the spin-orbit splitting 

(Fig. 2.4). 

 

Fig. 2.4. Splitting of the 4fn electronic configuration of Ln3+ ions due to atomic and crystal 

field [24]. 

The well-known Dieke  diagram (Fig. 2.5) illustrates the energy levels of the 4f electrons of 

Ln3+ ions. The thickness of the line that represent the energy level, depicts the extent to which 

the energy level split due to the crystal field. 
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Fig. 2.5. Dieke diagram [22] 

Apart from 4f-4f transitions which give weak emissions, 4f-5d transitions are allowed and have 

the potential to yield high intensity. The 5d orbital is greatly affected by the crystal field and 

the surrounding anion ligands compared to the spin-orbit interaction. Therefore the split of the 

5d energy levels depends on the site symmetry of the Ln3+ ion in the lattice. The interaction 

between 5d energy level and the anion ligand of the crystal results in shifting of the 5d energy 

levels to lower energy levels and the bonding strength of 4f-5d result in a broad absorption 

band [26].      

Charge transfer can also take place, where a 2p electron of the crystal anion will be transferred 

to the 4f orbital of the Ln3+ ion. This type of transfer is allowed and produces an intense broad 

absorption band [27]. Charge transfer can take place from the lanthanide dopant, host ions or 

defects. An efficient charge transfer from ZnO lattice defects to the Eu3+ ion is one of the 

proposed ways to improve the emission of Eu3+ ion incorporated in ZnO lattice, which is part 

of this study. 
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2.1.6. Europium ions (Eu3//2+) 

The Eu ion is one of the most studied lanthanide ions during the past decades. This because of 

their importance in optoelectronic applications [28].  The divalent Eu2+ ion gives emission from 

the 4f5d-4f7 transition, which depends on the crystal field. Therefore, it can be tuned for various 

wavelengths (from red to blue) in different hosts [29]. The trivalent Eu3+ ions with electronic 

configuration of 4f75s25p6 give narrow emission that dominate the red region. In this work we 

dealt with Eu3+ ion for red luminescence materials. Fig. 2.6 (a) depicts the absorption and 

emission spectra of Eu3+ incorporated in ZnO and (b) the corresponding energy levels of the 

emission and absorption. The broad band at ~ 288 nm of the excitation spectrum is due to the 

charge transfer between Eu3+ - O2-.  

   

Fig. 2.6. (a) Excitation and emission spectra of Eu3+ ions doped ZnO thin film, and (b) 

Energy levels diagram of Eu3+ ion [30]. 

2.2. Energy transfer 

As it is well-known that the 4f – 4f electrons of the lanthanide ions are well-shielded by the 5s 

and 5p outer most orbits. Based on the selection parity rule, the 4f – 4f electric dipole transitions 

are forbidden. Therefore, they exhibit very weak absorption efficiency. When a lanthanide ion 

is introduced into the asymmetric solid host, the probability of these transitions slightly 

increases and hence the absorption efficiency of the intra-configurational 4f transition 

increases. However, the corresponding emission remains narrow and weak [31]. Therefore, an 

energy transfer from different excited centres to the activator centres (Ln3+ ions) is needed to 

enhance the emission intensity of the activators. Generally, energy transfer occurs when an 

excited centre (𝑆∗) transfers its excitation energy to an activator centre (A) during the returning 



17 
 

of the excited electron to its ground state. The following analogy is used to explain the energy 

transfer from sensitizer to activator.   

𝑆∗ + 𝐴 → 𝑆 +  𝐴∗                               (2.3) 

The excited centre (𝑆∗) is then called sensitizer and A is the activator. The sensitizer can be 

intentionally added impurities, crystal defects or lanthanide ions. S represents the emission of 

the excited centre (𝑆∗). 𝐴∗ represents the excited state of the sensitized activator which can 

decay radiatively or non-radiatively. In case of non-radiative decay of the 𝐴∗, the activator will 

be called quencher of the S emission. Most of the used sensitizers are metals ( Bi3+, Pb2+, etc.) 

which is due to their strong optical absorption in the ultraviolet region [32, 33], which is 

attributed to the parity allowed 𝑠2  → 𝑠𝑝 transition; the case may be applied to the energy 

transfer from crystal anion defects (as sensitizer) to activator in the case of metal oxide hosts. 

Fig. 2.7 depicts the energy levels of sensitizer and activator centres separated in a solid host by 

a certain distance R.    

 

Fig. 2.7. Energy transfer between the S and A centers separated at distance R (top). The 

energy levels of S and A as well as their interaction HSA are given in the middle. The spectral 

overlap is demonstrated at the bottom [34]. 

 

For the energy transfer to take place; the energy difference between the sensitizer (𝑆∗) and the 

activator A must be equal (resonant transfer), as well as the distance (R) must be short enough 
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to allow interaction between (𝑆∗)  and A. The interaction can occur either via an exchange 

interaction (in case of overlap between the wave functions of the two centres), or via an electric 

or magnetic multipolar interaction [35]. The resonant transfer can be verified by the spectral 

overlap of S emission and A absorption. The transfer probability is given by the Dexter 

expression [36] 

𝑃𝑆𝐴 =  
2𝜋

ℏ
|⟨𝑆, 𝐴∗|𝐻𝑆𝐴|𝑆∗, 𝐴⟩|2 ∫ 𝑔𝑠(𝐸) 𝑔𝐴(𝐸)𝑑𝐸                (2.4) 

where 𝐻𝑆𝐴 represents the interaction Hamiltonian, 𝑔𝑠(𝐸) 𝑎𝑛𝑑 𝑔𝐴(𝐸) are the normalized shape 

functions of the S emission and A absorption, respectively. The integral reflects that energy 

conservation is essential. From the equation, the transfer probability diminishes with reduction 

in overlap. Overlap between the wave function of S* and A is required for the exchange 

interaction, and the dependence of the transfer rate on R distance is exponential. The transfer 

rate dependence on the distance R for electric dipole - dipole, dipole - quadrupole interaction, 

is given by 𝑅𝑛 where n = 6, 8, 10. An important parameter is being driven when the transfer 

rate (𝑃𝑆𝐴) is equal to the emission rate of the sensitizer (𝑃𝑆). This parameter is called the critical 

distance (𝑅𝑐) which play a significant role in the energy transfer process. If 𝑅 >  𝑅𝑐, the 

radiative emission from S* centre dominates, whereas if 𝑅 ≤  𝑅𝑐, energy transfer from S* to A 

dominates.  

2.3. Charge transfer 

In this case, the optical transition is due to the chemical bonding between two different ions 

(anions and cations) [37]. An electron from the 2p orbital of a neighbouring anion (e.g. oxygen 

in oxides) is transferred to another cation in the host or to the 4f orbit of lanthanide ions. 

Excitation of this kind strongly alter the charge distribution of the optical centre which 

subsequently causes considerable change to the chemical bonding state. This state of charge 

transfer results in a strong and broad absorption spectrum. Some examples of the systems that 

involve charge transfer are CaWO4 and MgWO4. CaWO4 has been used for decades to detect 

X-rays. This compound shows luminescence that originates from charge transfer between W 

and O in the WO4 group. The MgWO4 compound is used in early generation of blue emission 

for fluorescent lamps. Its blue emission originates from energy transfer from oxygen ions to 

empty d-levels of the tungsten ion. In this type of luminescent materials, no intentional dopants 

are needed and therefore they are called self-activated luminescent materials. A modern 

example of charge transfer is the transfer from oxygen ions of oxide crystals to the 4f orbit of 

the Eu3+ ion incorporated in the host. The result of this charge transfer exhibits a broad 
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absorption spectrum centred at ~ 236 up to 304 nm depending on the host properties [38], as 

well as characteristic emission of 4f – 4f transitions of Eu3+. Fig 2.6 (a) shows charge transfer 

spectra of Eu3+ doped ZnO thin film.    

2.4. Concentration quenching 

The concentration quenching phenomenon is always observed in lanthanide (Ln3+) ion doped 

materials, where the luminescence efficiency decreases at a certain Ln3+ ion concentration, 

usually at high concentration. This phenomenon is closely associated to the distance R between 

Ln3+ ions. When the distance R between the radiative centres is short enough (about 10 Ǻ), 

energy transfer between the same centres (Ln3+ ions) can occur and then energy migration will 

take place. This process shifts the excitation energy far from where it occur, and hence the 

excitation energy will be transferred to a site where non-radiative occurs (quencher or killer 

site) [39]. Although the fact that 4f electrons of Ln3+ are well-shielded and their radiative rate 

is weak, the spectral overlap can be great [39]. Therefore, energy transfer between Ln3+ ions 

can easily surpass the radiative rate.    

2.5. Applications of luminescent materials 

Luminescent materials are basically transducers which convert energy from one form to 

another such as electric field to light (electroluminescence) or vice versa (photovoltaic), 

electron kinetic energy to light (cathodoluminescence), photon with short wavelength to 

another with long wavelength (down conversion) or vice versa (up conversion), etc. Therefore, 

they are used in a wide range of lighting applications including: fluorescent lamps, light 

emitting diodes (LEDs), flat panel displays (FPDs), solar cells, etc. The choice of the 

luminescent material properties depends mainly on the device nature (design, operation 

principle and the device output) that the material will be used in. In this section, examples of 

today’s technologies and devices that use luminescent materials are given, as illustrated in Fig. 

2.8.     
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Fig. 2.8. Some applications of luminescent materials. 
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Chapter 3 

Experimental techniques 

This chapter is divided into two main sections: section 3.1 is devoted to explaining the basic 

theory, principles and operation of the thin film preparation techniques, as well as the dynamics 

of the formation of the thin film. Section 3.2 is devoted to the basic principles underlying the 

characterization techniques.  

3.1. Thin film preparation 

In this section a brief description of the pulsed laser deposition (PLD), spin coating technique 

and chemical bath deposition (CBD) is given.  

3.1.1. Pulsed laser deposition (PLD) 

PLD is a physical vapour deposition technique that solely depends on interaction of light with 

matter [1], in which high energy focused light (laser) strikes a solid surface that vaporises and 

condenses on a substrate to form a thin film. The experimental setup of the PLD is quite simple 

as illustrated in Fig. 3.1. In the typical process, a solid material (target) and a substrate are held 

opposite to each other with a certain distance in a vacuum chamber. A laser beam is directed 

onto the target surface through a quartz window, while the target is usually rotated and rastered 

concurrently to avoid laser-pinning effects on the target surface. Once the laser beam strikes 

the target surface, a vapour/ plasma plume of the target material is generated in a cone shape 

toward the substrate. The plasma plume axis is normal to the target surface [2]. The plasma 

plume reaches the substrate surface and then nucleates, condenses and forms the film [3]. 

Although the PLD set up is simple, the physical processes taking place during vaporization of 

the target material, formation of the plasma plume and condensation of the ejected material 

(plasma plume) on to the substrate (deposition) are very complicated. These physical processes 

are divided into three levels including: ablation of the target material, expansion of the ejected 

particle (plasma plume formation) and condensation of the ejected particles on the substrate 

[4]. 
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Fig. 3.1. Schematic diagram of a PLD setup. 

3.1.1.1. Ablation 

Ablation is the removal of material from the target surface when the laser beam interacts with 

the target material. Ablation may occur via vaporization, chipping or any other erosive 

processes. There are many mechanisms by which the laser beam interacts with the target 

materials such as photo-thermal, photo-chemical and hydro-dynamical ablation processes [3]. 

Photo-thermal ablation 

This process takes place when the laser energy is absorbed as heat by the material. Before the 

chemical bonds of the material are broken, the absorbed energy heats the target to a very high 

temperature reaching to the material boiling/vaporization point, and then leads to the 

vaporization of the target material [5]. 

Photo-chemical ablation 

This process occurs when the laser energy is absorbed directly by the electronic bands of the 

material, leading to instant breaking of the bonds and subsequent evaporation.  

Hydro-dynamical ablation 

This process causes the target surface to melt and to form small droplets, the ejected particles 

are ablated in a liquid form. This process leads to the formation of bulk material, particulates 

or droplets on the film surface, and they can be identified by their unique spherical shape [6].  

The interaction between the laser and the target depends on the laser energy and wavelength as 

well as the band gap of the target material. Other parameters of the laser beam, compactness 

and rigidity of the target material may also influence this process. 
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3.1.1.2. Expansion of the plasma plume (ablated particles) 

This process takes place immediately after the ablation occurred, the plasma plume expands 

toward the substrate usually in a cone shape with a direction normal to the target surface. The 

plume may consist of ions, atoms, molecules and clusters. The expansion of the plume depends 

on the surrounding gas pressure. The plume particles interact with the gas molecules through 

collisions, which reduce the kinetic energy of the plume particles. The plume expansion takes 

the shape of a cosn(θ) function, where the higher order of n results from the higher laser energy 

and low gas pressure, which leads to a more directional plume. The visible light of the plume 

is due to the fluorescence of the target material. Fig. 3.2 shows the effect of different O2 

pressures on the plume shape as reported by T. Haugan et al [7] 

 
Fig. 3.2. Photographic images of a YBa2Cu3O7-δ plume ablated at different O2 pressures [7]. 

3.1.1.3. Deposition of the film 

Different theoretical and experimental studies were performed to understand the process of the 

deposition of the ablated material on the substrate. Generally, the deposition takes place 

through nucleation and growth processes. The step-by-step model is still the best way to explain 

the film formation process [8]: 

1. The ejected species of the plume reach the substrate, lose their velocity components by 

impacting on the substrate and then get adsorbed on the substrate surface. This takes 

place if the incident energy is not too high. 
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2. Due to the thermal disequilibrium between the adsorbed species and the substrate 

surface, the adsorbed species interact with themselves and form bigger clusters/nuclei. 

3. The clusters are thermodynamically unstable. Therefore, this stage depends on the 

deposition parameters (maybe substrate temperature). If the deposition parameters are 

suitable to offset the instability of the clusters/nuclei, the adsorbed species (clusters) 

collide with each other and grow in size until reaching the critical size and become 

thermodynamically stable. This stage is called nucleation.   

4. Formation of islands. In this stage the nuclei with critical sizes grow in number and 

again in size until they reach a saturation nucleation density. At this point the growth 

rate is much higher than the first nucleation growth.  

5. Coalescence of the islands. In this stage the formed islands coalesce and agglomerate 

together in an attempt to reduce the substrate surface area.  

6. Film formation: During this stage the grown larger islands stick together and form a 

discontinuous film with unfilled areas like channels and holes. As the islands continue 

to grow and stick together, channels and holes are filled and the film becomes 

completely continuous.     

These growth processes are dependent on the thermodynamic parameters of PLD deposition 

such as substrate surface, temperature, gas pressure, laser energy, etc. 

The step-by-step model of the film growth processes is illustrated in Fig. 3.3 and can be 

summarized as follows [9]; 

a. Volmer-Weber step (island type). 

b. Frank-van der Merwe step (layer type). 

c. Stranski-Krastanov step (mixed type). 
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Fig. 3.3. Three stages of the step-by-step growth model of a PLD thin film [10]. 

3.1.1.4. Advantages of pulsed laser deposition (PLD) 

PLD has its own advantages [11] over the other deposition techniques such as chemical vapour 

deposition (CVD), spin coating, electron beam evaporation, radio frequency, etc. These 

advantages include: 

1- Simplicity: the experimental setup and procedures of PLD are simple. 

2- Versatility: PLD offers a number of parameters to vary by which a fine control of the 

film properties can be obtained. These parameters are: laser wavelength, energy, 

frequency and fluence, vacuum, different types of gas and their pressure, substrate 

temperature and the distance of the substrate from the target. 

3- Use of reactive gases: PLD offers an option of using reactive gases such as oxygen 

during deposition, by which a fine control of the optical and electrical properties of 

oxide material films can be obtained. And hence, post annealing process may not be 

needed. 

4- Deposition at room temperature: Highly crystalline films can be deposited at room 

temperature, which gives opportunity to use flexible substrates. 

5- In-situ deposition: different materials can be deposited from multiple targets without 

opening the PLD chamber and contaminate the film. This offer the possibility to 

achieve high quality and high performance devices. 

6- Materials saving: only a small amount of the target material is used for the film 

deposition. 
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7- The ability to realize stoichiometric transfer of ablated material from multiple targets 

for many materials is readily possible. 

3.1.1.5. Disadvantages and limitations of PLD 

Despite the excellent advantages of PLD, there are still two main limitations that hold it back 

from being used in a wide range of commercial fields [11]. These limitations are: 

1. Particulates: the presence of micron and sub-micron particles on the film surface and 

inside the film negatively affect the quality of the film. The origin of these particulates 

is associated with the laser beam-target material interaction. There are some research 

that has shown the possibility of eliminating these particulates by using two laser beams 

with different angles of incident. 

2. Difficult to scale-up on a large wafer: achieving a uniform film on a large area is 

challenging. This is due to the directional and small diameter of the plume (ejected 

particles) nature, i.e. only an area of about 1 cm2 can be deposited uniformly. Research 

has shown that this issue can be overcome by simultaneously rotating the substrate as 

well as rastering the laser beam over a large diameter area on the rotated target.  

3.1.2. Spin coating technique 

Spin coating is a popular deposition technique that has been used for decades in the field of 

microelectronics fabrication. The deposition mechanism of coating is dependent on the 

centripetal force that is induced on a spun substrate, and finally causes the solution to spread 

off toward the substrate edges leaving a thin layer of a material [12]. In a typical spin coating 

experiment, a solution containing the required precursors of the film material is needed. For 

example, zinc acetate dehydrate is needed for ZnO thin films. The precursors are dissolved in 

solvents such as organics (Ethanol) to form the solution, and stabilizers such as 

(monoethanolamide MEA) are also required to avoid precipitation of the precursor’s ions. The 

solution can be prepared by different chemical methods in different forms such as sol-gel [13], 

suspension or colloid solutions. For the coating (casting) process, a substrate is held on the spin 

coater chunk by using a vacuum pump, the stock solution is dispensed (dropped) on the 

substrate surface until it is covered by the solution. The substrate then spun for a required time 

to fling off the solution. Preheating to a relatively low temperature is needed to evaporate the 

unwanted chemicals such as the organic solvent, and finally a thin layer of the thin film material 

is left [14]. This process can be repeated many times to achieve the required thickness. The 

resulting film is mostly amorphous, therefore post annealing treatment is required to obtain the 

crystalline phase of the film. Fig. 3.4 illustrates the spin coating process.          
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Fig. 3.4. Schematic diagram of the spin coating technique and process [15]. 

There are several parameters that can be varied in the spin coating process to control the final 

physical properties of the thin film. These parameters can be divided into three categories: 

1. Solution parameters which include the solution type (sol-gel, suspension, colloid 

solutions), molarity and chemicals ratio.   

2. Machine parameters including time of spinning, speed of the spinning and acceleration 

toward the final speed. 

3. The surrounding environment parameters including humidity, dust particles, air speed 

and noise created by the user (operator). However, these parameters have less effect on 

the film properties [15]. 

3.1.2.1. Advantages and disadvantages [12] 

The spin coating technique holds several advantages over the other deposition techniques, these 

advantages can be summarized as follow: 

a- Simplicity and cost-effective technique [13]. 

b- Uniform and homogeneous films over a large substrate area can easily be deposited. 

c- Low crystallization temperature. 

d- Less time period is needed for the coating process. 

As any other deposition technique, spin coating technique also has its own disadvantages such 

as: 

1. Wastages of materials, only about 2% to 5% of the solution will be used. 

2. The spinning rate efficiency decreases with increasing the substrate size.  
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A SPEN 150 spin coater from Semiconductor Production System at the University of the Free 

State was used in this study. 

3.1.3. Chemical bath deposition (CBD) 

CBD is a deposition technique that uses an aqueous chemical growth (ACG) method to produce 

ZnO nanostructured films (nanorods). ACG was first described by Vayssieres et al. [16]. In the 

CBD deposition process, an equimolar ratio of zinc nitrate hexa-hydrate (Zn(NO3)2·6H2O) and 

hexa-methylene-tetra mine (HMT, C6H12N4) solution with molarity usually ranging from 0.01 

to 0.1 can be used. The stock solution is kept in a beaker, which is inserted in a chemical bath 

with growth temperature ranging from 50 ºC to 100 ºC. A substrate is immersed in the solution 

with a particular angle and then the growth continues for a few hours (2 – 5 h). In this work the 

substrate was placed with a growth face downward to the bottom of the solution. Different 

materials such as Cu2O, TiO2, etc. can be grown in their different nanostructured forms using 

CBD. Fig. 3.5 shows a similar CBD setup that was used in this study. 

 

Fig. 3.5. CBD experimental setup. 

3.1.3.1. Mechanisms underlying the growth processes in CBD 

The basic principle behind the ACG and CBD process is merely relying on the chemical 

reaction and equilibrium of the reactants and the solvent, as well as the nature of the substrate. 

The principle is similar to precipitation reactions which are based on the relative solubility of 

the products. Precipitation takes place when the ionic products of reactants exceed the 

solubility product, re-dissolution of the produced solid phase occurs when the ionic product is 

less than the solubility product. The reaction temperature, type of the solvent and particle size 

are significant factors affecting the solubility product. For the growth of ZnO nanorods by CBD 
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the following reactions will take place. Firstly, HMT reacts with water and produces ammonia 

according to the following reaction: 

(𝐶𝐻2)6𝑁4 + 6𝐻2𝑂 → 6𝐻𝐶𝐻𝑂 + 4𝑁𝐻3                                     (3.1) 

The produced ammonia reacts again with water and dissociates into ammonium and hydroxide 

ions:  

𝑁𝐻3 + 𝐻2𝑂 → 𝑁𝐻4
+ + 𝑂𝐻−                                    (3.2) 

The hydroxide ions react with Zn ions and forms solid insoluble ZnO nanorod crystals on the 

substrate surface:  

2𝑂𝐻− + 𝑍𝑛2+ → 𝑍𝑛𝑂(𝑠) + 𝐻2𝑂                                          (3.3) 

Cleaning by deionized water after the growth is necessary to remove unwanted material. Direct 

growth of ZnO nanorods on a bare substrate using CBD produces ZnO nanorods with less 

density and poor rod alignment. Therefore, it is crucial to deposit a thin ZnO seed layer  on the 

substrate [17] using another technique such as spin coating, PLD, etc. The CBD technique 

offers different parameters that can be varied in order to control the film structure and its 

properties. These parameters are growth temperature, solution concentration, reactants ratio 

and time of growth.  

This technique (CBD) has many advantages over the other deposition techniques. These 

advantages are: 

1- Simplicity and low-cost deposition technique. 

2- Low-temperature growth. 

3- Achieving high quality nanostructured film over a large area of a substrate is possible. 

4- Post-annealing treatment is mostly not required to achieve crystalline film. 

Despite the aforementioned advantages of the CBD, wastage is one of the main disadvantages 

associated with this technique. 

3.2. Characterization Techniques 

This section is devoted to the basic principles underlying the characterization techniques 

employed in this study: 

3.2.1. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a well-established non-destructive technique that has been widely 

used in industries and research areas to study the structure of a wide range of materials [18]. 

The basic operation principle of XRD is accounted to Bragg’s law. Since the discovery of X-

ray in 1895, a new way of realizing a material phase structure became available. In 1913 W. H 

and W. L. Bragg realised that the reflected X-rays from a crystalline material gave a different 
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pattern than that reflected from a liquid. Bragg concluded that the path difference between two 

X-rays reflected from two successive lattice planes is 2dsinθ which gave birth to Bragg’s law 

as formulated below [19]:  

nλ= 2dsinθ                      (3.4) 

where n represent the order of reflection and it is integer number, λ is the wavelength of the X-

ray beam, d is the distances between the lattice planes, and θ represent the angle of X-ray 

incidence. Fig. 3.6 illustrate the Bragg reflection from a crystalline solid with interplanar 

distance d. 

 

Fig. 3.6. Bragg’s reflection diagram (from crystalline lattice planes with interplanar distance 

d) 

Interatomic distances in solid materials are approximately 1 Å, therefore the X-ray wavelength 

must be very close to this distance for the reflection to occur from consecutive lattice planes. 

A Bruker D8 Advance diffractometer with Cu Kα radiation having wavelength (λ) about 

1.54184 Å was used in this study.   

3.2.2. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is an analytical technique that has been used in various 

scientific and industrial fields to study materials' morphology and topography. The scientific 

phenomenon that SEM is based on is interaction between high energy incident electrons and a 

sample. When a high energy electron impinges on a sample surface, various emission/particles, 

including secondary electrons, backscattering electrons, Auger electrons, photons and X-rays, 

are emitted. The most important particles for the formation of SEM images are the secondary 

and backscattering electrons. Secondary electrons are emitted due to the inelastic scattering of 

the primary electrons by the sample's atoms. The secondary electrons gain the lost energy from 

the primary electrons and will be emitted with kinetic energy less than 100 eV. The kinetic 
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energy of many emitted secondary electrons is different depending on the atomic structure and 

composition of the specimen. Hence, secondary electrons carry information about the 

topography contrast of the specimen. Backscattered electrons are the reflected primary electron 

by the mean of elastic scattering, their lost energy is very close to the energy of the primary 

electrons. The kinetic energy differs for each backscattered electron depending on their position 

reflected from, angle of scattering and atomic number of the atom caused the scattering. 

Backscattered electrons give information about the specimen morphology contrast. Therefore, 

the kinetic energies of the both secondary and backscattered electrons are the key factor for the 

formation of SEM images. A scintillation detector is usually used to measure the energy 

differences between these electrons, and send a necessary electric or photonic signal to produce 

a final SEM image. In a typical SEM instrument, an energetic electron beam is focused on a 

sample surface using different magnetic lenses, and then scanned over a given area, similar to 

that of a traditional cathode-ray tube to form an image. The ideal environment of a SEM 

measurement is usually a vacuum atmosphere of about 5 x 10-5 bar.  Fig. 3.7 illustrates the 

basic components of a SEM instrument as well as the emitted particles during the measurement. 

A JEOL JSM-7800 SEM with electron beam working voltage at ~ 5 kV was utilized in this 

work for the SEM images and morphology studies.   

 

 

Fig. 3.7. Schematic diagram of a SEM experimental setup, and the types of emitted electrons 

and photons during the electron beam-specimen interaction [20]. 
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3.2.3. Atomic force microscopy 

Atomic force microscopy (AFM) is a high resolution scanning probe microscope (SPM) that 

has been used in research and industries for studying materials' surface profiles at nanoscale 

levels, as well as in the study of atoms manipulation. Van der Waal’s force of atoms/molecules 

on a material surface is the critical phenomenon behind the AFM operation. When a small tip 

with tip diameter size of about 10 nm is subjected on to a material surface, they will interact 

through Van der Waal’s forces and the tip experience either attraction or repulsion, depending 

on the atoms/molecules polarities of the material and the tip. The operation principle of AFM 

is schematically diagrammed in Fig. 3.8. A sample is held on a piezoelectric crystal, small tip 

attached on a cantilever subjected over the sample, a focused laser beam is shone at the back 

of the cantilever and reflected to a quadrants photodetector. When the sample is scanned on an 

X and Y axis, the cantilever bends up and down following the same pattern of the sample 

surface profile at nanoscale level, and then the laser beam will be deflected from one quarter 

to another of the photodiode. A signal will be sent from the photodiode to an amplifier and a 

controller unit and then to a computer for processing and displaying as an image. The results 

can be processed in two and three dimensional images using commercial PC based AFM 

software.  

The cantilever obeys Hooke’s law for small bending distances [21]. The Van der Waal’s force 

can be determined from the following equation: 

F = - KZ                              (3.5) 

where F is Van der Waal’s force, K is spring constant (stiffness of the cantilever) and Z is the 

displaced distance of the cantilever deflection.       

AFM scanning measurements can be performed in three different modes [22]: 

1. Contact mode where the tip makes a soft physical contact with the sample surface, in 

this case repulsive force is dominant. 

2. Non-contact mode where the tip is positioned at a suitable distance from the sample 

surface; in this case the attraction force is dominant. 

3. Tapping mode where both short and long range forces are operating. 

The choice of the operation mode critically depends on the sample and the tip properties.     

A Shimadzu SPM-9600 AFM at the University of the Free State, Department of Physics was 

used to obtain two and three dimensional images in this study.  
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Fig. 3.8. Schematic diagram of an AFM system. 

3.2.4. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical 

analysis (ESCA), is a sophisticated analytical technique widely used to study the chemical state 

and composition of materials. The fundamental principle of XPS lies in the photoelectric effect. 

When a material is bombarded with a high energy photon (such as a monochromatic Al Kα X-

ray with photon energy of about 1486.6 eV), a core electron from K level will be ejected into 

vacuum as depicted in Fig. 3.9.  

 

Fig. 3.9. Schematic diagram represents the photoelectric effect. 
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The key factor determining XPS measurements and analysis is the binding energy of the ejected 

electron. The binding energy of the electron is unique for each element depending on its atomic 

properties and configuration. The binding energy of the electron of a particular element is 

slightly affected by the chemical environment in the vicinity of this atom: the binding energy 

shifts to higher energy when the atom in an oxidative environment and vice versa. Therefore, 

the binding energy of a measured electron can be calculated as follow [23]:    

𝐸𝐵 = ℎ𝜈 − 𝐾𝐸 − Φ                                      (3.6)    

where 𝐸𝐵 and KE are the binding and kinetic energy of the ejected electron and Φ represents 

the work function of the measured sample. To ensure a reliable XPS measurement, the sample 

and energy analyser (detector) must be grounded together by aligning their Fermi levels. Due 

to the weak energy of the ejected electron and the sensitivity of the sample surface to the 

adsorbed gases, ultra-high vacuum (UHV) at about 7.5 x 10-7 to 7.5 x 10-9 Torr is required for 

obtaining a useful spectrum.  

Depth profile measurement to determine the elemental distribution and the chemical 

composition of the sample across the thickness is also possible. In this case, an Ar+ ion gun 

will be used to sputter the sample meanwhile the system collects XPS data. Thus, the thickness 

can also be roughly measured for a thin film by taking the sputtering rate into account. 

In this study, A PHI 5000 Versa probe-scanning ESCA microprobe from the Department of 

Physics facilities at the University of the Free State was utilized for the XPS measurements.  

3.2.5. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 

ToF-SIMS is a sophisticated sensitive analytical technique, capable of determining elemental, 

compositional, chemical and molecular information about a measured solid sample (organic or 

inorganic). Fig. 3.10. represents the diagram of the basic principles underlying the ToF-SIMS 

measurement process [24, 25]. The solid sample is struck by a pulsed primary ions beam 

(usually Bi, Cs or Ga),  secondary ions and ion clusters are ejected from the sample surface and 

then accelerated into a field-free drift path region. The accelerated ions or ion clusters will then 

be reflected back to a multi-channel plate detector, they will be measured based on their time 

of flight, where ions and ion clusters with different masses travel at different velocities and 

then arrive at different times. Mass to charge ratio of the ejected secondary ions or ion clusters 

is essential in the ToF-SIMS measurement process as can be deduced from the following 

equation [26] 

𝑚

𝑧
= 2𝑈0 (

𝑡

𝐿
)

2

                                                 (3.7) 
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where m represents the mass of the secondary ion, z its charge, t its time of flight, L is the 

effective length of the mass spectrometer, and 𝑈0 is the accelerating voltage which was kept at 

± 2000 volts during measurements. A negative potential is usually favoured for positive species 

and vice versa.  

Depth profile and 3D images are possible in ToF-SIMS measurements, by sputtering the 

sample surface by either oxygen (O+) or cesium (Cs+) active ion sources. Whereas bismuth (Bi) 

was used as the primary ion source.  

A ToF-SIMS instrument from ION-TOF that forms part of the Physics facilities at the 

University of the Free State was used in this study.  

 

Fig. 3.10. Schematic diagram depicts the principle of ToF-SIMS. 

3.2.6. Auger electron spectroscopy (AES) 

Auger electron spectroscopy (AES) is a surface analytic technique similar to the XPS 

technique. The invention of AES came a few years after the discovery of the Auger electron in 

1923 by Pierre Auger. Since then, AES became a reliable technique to realize elemental 

composition and chemical state of materials. Auger observed an electron with kinetic energy 

independent to the electron beam energy; he thought that this phenomenon came from an 

ionized atom leaving a hole in the core level K, when an electron from the L1 level dropped to 

fill the hole in the K level. Another electron from the L2,3 level will be released with the excess 

energy to conserve energy. Fig. 3.11 depicts the Auger process. 
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Fig. 3.11. Transitions involved in the ejection of a K L2,3 L2,3 Auger electron. 

 

When a high energy particle (photons, electrons, etc.) strikes a material surface, an electron 

from the core level K will be released into vacuum level leaving an ionized and excited atom. 

An electron from L2,3 level has to fill the K level hole through internal transition leaving a hole 

in its original level which makes an unstable atom, due to the atom’s tendency to relaxation to 

the minimum energy. Auger electrons will leave the L2,3 level into vacuum. The kinetic energy 

of the Auger electron carries valuable information about the chemical state and the type of 

atom involved in the Auger process. Each element has its own characteristic due to its atomic 

number, electron configuration and the chemical environment that the atom exist in. The kinetic 

energy of the Auger electron can be estimated as follow: 

KE = EK – EL1 -  EL2,3 – Φ         (3.8)              

where K, L1 and L2,3 represents the energy levels involved in the Auger process, and Φ 

represents the work function of the analyser material. This formula did not take into account 

single and double ionized states transitions. Chung and Jenkins [27, 28] modified this formula 

by considering the single and double ionized state transition as follow: 

KE(Z) = EK(Z) – 0.5[EL1(Z) + EL1(Z+Δ)] – 0.5[EL2,3(Z) + EL2,3(Z+Δ)] – Φ    (3.9) 

where Z represents the number of involved atoms and the Δ term is the energy difference 

between the final double ionized state and individual ionization of the same levels.  

The direct record of an Auger spectrum can be noisy because of the weak characteristic of the 

Auger electrons within a high background of other emitted particles. In 1968 Harris achieved 

the retrieved characteristic Auger features by differentiating the direct spectrum with respect 

to the energy. Fig. 3.12 shows the schematic diagram of an AES instrument.  



40 
 

 

Fig. 3.12. Schematic diagram of AES and CL system. 

The PHI model 549 AES at the Department of Physics, University of the Free State was used 

for the Auger, cathodoluminescence and degradation studies.  

3.2.7. Photoluminescence spectroscopy (PL) 

Photoluminescence (PL) spectroscopy is an optical analytical technique that utilizes photon 

energy as an excitation source to excite a material. PL phenomenon is an absorption of light 

energy (photon) by a material, which causes an electron to be promoted from the ground state 

to the excited state. The material may emit light when the electron returns to its ground 

(radiative recombination), or otherwise through a non-radiative recombination (releasing of 

heat) [29]. PL spectroscopy is able to measure excitation, emission and lifetime of an optically-

excited sample. Moreover, other useful information such as band gap, electronic structure, 

defect levels and chemical environment of the excited material can be obtained from the PL 

spectra. The standard setup of PL instrument looks similar to the one in Fig. 3.13.   

 

Fig. 3.13. Schematic diagram of the basic setup of a PL system. 
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Light with different wavelengths is generated from a source (xenon lamp) and then directed to 

a monochromator which selectively transmit a single wavelength that will be used to excite the 

sample. Alternatively, a monochromatic excitation source (laser) can be used. The emitted light 

from the sample is collected using another monochromator and then sent to a detector (PMT 

or photodiode detector). Finally, the detector converts the emission into an analog electrical 

signal and then send it to an analog/digital convertor, and then to a computer for processing 

and displaying the PL spectrum.   

PL spectroscopy measurements are divided into two modes:  

1- steady-state in which the PL information extracted from the emission and excitation spectra. 

2- time-resolved measurements in which the decay curve is used to extract the information. 

In this work, three PL instruments, part of the Department of Physics facilities at the University 

of the Free State, were used, i.e. Cary Eclipse fluorescence spectrophotometer, 325 nm He-Cd 

laser combined with a PMT detector instrument, and FLS980 system (Edinburgh Instruments). 

3.2.8. Cathodoluminescence spectroscopy (CL) 

Cathodoluminescence (CL) is a powerful technique with use in a wide range of investigations 

including the study of luminescent material properties. CL to some extent looks similar to its 

counterpart PL where in both cases the luminescence centres are excited and then recombined, 

followed by emission of light. However, due to the differences of their excitation particles 

(photons for PL and electrons for CL), their interaction with luminescent materials is different 

and hence their excitation mechanism is also different. Electrons excite luminescent centres in 

two ways: direct and indirect excitation [30]. 

In the direct excitation, the incident electrons directly excite the luminescent centres. In this 

case, the emission intensity increases with increasing activator concentration and decreases due 

to the concentration quenching mechanism.  

In the indirect excitation, incident electrons generate mobile electron-hole carriers via  

collisions with lattice ions. These carriers may not recombine directly: they can move through 

the material and recombine later at luminescent centres (in the case of rare earth ion activators). 

In this case, other than the luminescent centre concentration, the CL emission intensity depends 

on many factors including the particle size, penetration depth of the incident electrons, the 

scattering volume of the incident electrons, etc. During the CL process, luminescent centres 

may be excited through impact excitation/ionization.  
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In this work, the electron beam of a PHI model 545 AES system was used to excite the samples, 

while Ocean optics PC2000 and USB2000+ spectrometers were used to collect the CLspectra. 

CL degradation spectra could be obtained together with Auger spectra during long exposure 

times. 

3.2.9. UV-Vis spectroscopy 

UV-Vis spectroscopy is an optical analytical technique used to study the optical properties 

(absorptivity) of materials. Absorbance of light by a material is a phenomenon that is dependent 

on the electronic structure of the tested material [31, 32]. To understand the technical working 

principle of this technique, it must be remembered that when light falls on a material surface it 

is either reflected, absorbed or transmitted. Hence, in the UV-Vis, a beam of light passed 

through a monochromator is split into two beams: one is directed to the system detector and 

used as a reference and the second sent to the measured sample. The sample absorbs part of the 

light and reflects or transmits (depending on the chosen measurement mode) the other part of 

the light and sends it to a processing unit. The reflected or transmitted light from the sample is 

compared to the reference light and the result is reflectance or transmittance data points. To 

generate a spectrum over a wide range of wavelengths, the light source must emit light with a 

wide range of wavelengths, and using a monochromator the source light is monochromatized 

and then scanned through the selected wavelength range (for example from 800 nm to 200 nm). 

A deuterium lamp is usually used to generate light with wavelength ranging from 200 nm to 

330 nm and a tungsten lamp is used to generate light with wavelength ranging from 300 nm to 

3000 nm. In a typical UV-Vis spectroscopy, three types of spectra can be obtained by using 

different three modes including transmittance, absorbance and reflectance.  Fig. 3.14 shows the 

basic setup of a UV-Vis spectroscope.        

An integrating sphere coated with white material that exhibit almost perfect (100%) reflectance 

in the range from UV to NIR is usually used for diffuse reflectance measurements (DRS), with 

spectralon used as standard. The integrating sphere collects the reflected light from the standard 

and the solid sample and send it to the detector. 

The optical band gap energy of a measured sample can be calculated from the reflectance or 

absorption spectra. The well-known Tauc’s law formula [33] is used (in case of absorption 

spectrum); 

𝛼ℎ𝑣 = 𝐶1(ℎ𝑣 − 𝐸𝑔)𝑚                                     (3.10) 

where 𝛼, ℎ𝑣, 𝐶1 and 𝐸𝑔 represents the absorption coefficient, incident photon energy, a constant 

and optical band gap energy, respectively. The exponent parameter (m) depends on the 
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electronic transition involved in the absorption. It has values of 1/2 and 1/3 for direct band gap 

for allowed and forbidden transitions, respectively. For indirect band gap m has values of 2 and 

3 for allowed and forbidden transitions, respectively. (𝛼ℎ𝑣)2 is plotted vs ℎ𝑣 and by 

extrapolating the linear part of the plot and extending straight line to the energy axis, the band 

gap can be found.   

In this study, a Lambda 950 UV-Vis spectrophotometer with wavelength range from near UV 

to the near IR was used to record the transmittance spectra. The system is part of the 

Department of Physics facility, University of the Free State. 

 

Fig. 3.14. Schematic diagram of a UV-Vis spectroscopy technique. 
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Chapter 4 

Structural, optical and photoluminescence properties of Eu doped 

ZnO thin films prepared by spin coating 

4.1. Introduction 

Research on wide band gap semiconductors has gained much attention in the field of 

optoelectronic materials and their applications. In particular, ZnO is a fascinating metal oxide 

semiconductor with wide direct band gap of 3.37 eV [1] that can accommodate different 

luminescent centers. It has a large exciton binding energy (60 meV) which allows efficient 

exciton emission which is stable even above room temperature [2]. It exhibits low thermal 

quenching [3], high chemical and thermal stability, good radiation hardness and low growth 

temperature [4]. ZnO can easily be grown in a single crystal form and becomes transparent 

across the visible region of the spectrum [5]. ZnO is a low-cost material compared to the GaN 

which is currently widely used in micro and nano optoelectronic devices, and they have almost 

similar structure and band gap physics [6, 7], and hence it is an excellent candidate to replace 

GaN based devices. Furthermore, because of the poor stability and degradation of sulfide-based 

phosphors under high current density, ZnO may have the potential to replace sulfide-based 

materials in the optoelectronic field [8]. ZnO is widely used as a green phosphor for vacuum 

fluorescent devices owing to its bright green emission that originates from its intrinsic defects. 

Yellow to red luminescence has also been observed from ZnO, but their intensities and 

chromaticities are insufficient to be used in applications that require an accurate color index 

[9]. 

Rare earth (RE) ions, due to their 4f-4f transitions, have the ability to emit sharp emission bands 

at different wavelengths in the range from ultraviolet to the far infrared region. 4f-4f transitions 

of RE3+ ions are less affected by the surrounding atomic environment due to the electronic 

shield provided by the outermost and completely filled 5s2 and 5p6 shells. Europium ions (Eu3+) 

have been used extensively in optoelectronic applications due to their well-known red emission 

around 611 nm. The Eu3+ emission lines are found to be strongly dependent on the structural 

quality and thermal cycling in the case of GaN [10]. Eu3+ doped ZnO has a great opportunity 

to design a new material for red emission that can be used in optoelectronic devices. However, 

efficient red luminescence from Eu3+ incorporated in ZnO is yet to be achieved. Energy transfer 

between ZnO intrinsic or extrinsic defects to Eu3+ ions is one way proposed to improve its 

luminescence efficiency. Though many drawbacks were found to hinder the efficient energy 
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transfer to take place including: low solubility of the Eu3+ ions in the ZnO host [11], charge 

transfer level of Eu3+ in ZnO is equal or higher than the bottom of the conduction band in ZnO 

[12], and the excitons decay time of ZnO is much faster than the energy transfer rate of Eu3+ 

[13]. Over the past few years, many studies have reported energy transfer from ZnO to Eu3+ 

ions. Keigo Susuki et al. [14] reported energy transfer from ZnO to Eu3+ ions in nanocrystalline 

films and they found that reduction in particle size and shift of the charge transfer band into 

the low energy side play a significant role in expediting the energy transfer. Housei Akazawa 

et al. [15] reported that the crystallinity degradation is the main factor in attenuating the 

emission intensity. Non-radiative energy dissipation at defect levels is the main factor to 

determine the quantum yield of the emission, and they found that the band-edge, defect and 

Eu3+ emissions compete with one another and the excitation energy was shared between them. 

Energy transfer from ZnO defect levels to the Eu3+ luminescence levels is a very controversial 

issue, and it depends on different factors such as the host crystal field, crystallinity, 

morphology, etc. We believe that more work is needed to understand the energy transfer 

mechanism from ZnO defect levels to Eu3+ ions in order to achieve high-efficiency red 

luminescence. Peiliang Chen et. al. reported a strong 5D0-
7F0 emission around 580 nm from 

sol-gel Eu doped ZnO thin films prepared by using the spin coating technique. However, the 

predominantly required emission is the 5D0-
7F2 emission around 614 nm that can fulfill the red 

color index [16].  

In this work, Eu3+ doped ZnO thin films were prepared by the sol-gel spin coating technique. 

Their structure, morphology, optical and photoluminescence (PL) properties were studied. The 

possible energy transfers between ZnO defect levels to the Eu3+ ions were also investigated. 

4.2. Experimental details  

4.2.1.  Preparation  

Eu3+ doped ZnO thin films were prepared by the sol-gel method using the spin coating 

technique. The analytical reagents, zinc acetate dihydrate Zn(CH3COO)2·2H2O, europium 

acetate hydrate Eu(CH3COO)3·xH2O and monoethanolamine (MEA) C2H7NO were used as 

received from Sigma Aldrich without any further purification. High purity ethanol (99.9%) was 

used as solvent. For the solution preparation, an aquimolar ratio of zinc acetate and MEA was 

used with molarity of 0.2. In a typical preparation process, a suitable amount of zinc acetate 

and selected molar mass of europium acetate (0.4, 0.6, 0.8 and 1 mol%) were dissolved in 

ethanol and stirred at room temperature for 20 min. The MEA solution was added drop wise to 

the zinc acetate solution and stirring was continued for 1 h until a transparent and homogeneous 

solution was obtained. The solution was aged for 24 h before the coating process. Si (100) and 
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soda lime glass substrates were cut into pieces of about 2 cm2 and then cleaned in an ultrasonic 

bath in isopropanol, acetone, ethanol and distilled water for 5 min each, and then dried using 

nitrogen gas, which is clean, dry and inert. For the coating process, the spin coater was set at 

2500 rpm/min for 30 s. The substrate was placed on the spin coating chunk and the solution 

was dropped on the substrate, after which the spinning was performed. The coated substrates 

were heated to 300 °C for 10 min. The process was repeated 10 times until the required 

thickness was obtained. Finally, the films were annealed in air at 500 °C for 2 h in a carbolite 

1200 furnace ramped at 5 °C/min to improve the film crystallinity. Yang et al. [17] have done 

a study on the doping site analysis and control of Eu3+ in a ZnO:Eu crystal lattice. Eu3+ ions 

separated out of the host lattice at higher temperatures (700 °C) but at the same time, the doping 

position of the Eu can be completely controlled by controlling the annealing temperature. It 

appeared from their study that a good choice of annealing temperature to control the 

symmetrical site position would be between 450 and 550 °C. The majority of Eu3+ ions enter 

into the ZnO lattice and substitute Zn2+ for low-temperature annealing. An annealing 

temperature of 500 °C was therefore chosen. The films were then characterized.    

4.2.2. Characterization 

An X-ray diffractometer (Bruker D8 Advance) with monochromatic Cu Kα (λ = 0.15405 nm) 

radiation source was used for the crystal structure measurements. A JEOL secondary electron 

microscope (SEM) model JSM-7800F was used for the structure assessments. A 325 nm He-

Cd laser and a monochromatized xenon lamp (FLS980 spectrophotometer from Edinburgh 

Instruments) were used as the excitation sources for the PL measurements. All measurements 

were done at room temperature. The UV–visible spectrometer (Lambda 950 from PerkinElmer) 

was used to record the transmittance spectra. The surface topography was probed using a 

Shimadzu SPM – 950 atomic force microscope (AFM). The surface profile was obtained with 

the commercial software that came with the AFM system. 

4.3. Results and discussion 

4.3.1. Structural and morphological analysis 

Fig. 4.1(a) shows the XRD patterns of thin films of undoped ZnO and ZnO doped with different 

concentrations of Eu3+ (deposited on glass substrates). ZnO is well known by its close packed 

hexagonal wurtzite structure. The wurtzite structure is the tetrahedral arrangement where each 

Zn2+ ion is surrounded by four O2- ions or vice versa. The lowest surface energy for the wurtzite 

structure of ZnO is on the (002) plane [18]. Therefore, the un-doped film has a preferred 

orientation along the c-axis that is perpendicular to the (002) plane. No extra peaks associated 
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with zinc hydroxide or any other incidental impurities were detected. This indicated that the 

pure phase of ZnO wurtzite structure was crystallized. No peaks related to the Eu2O3 phase 

were observed, which indicated that Eu3+ ions successfully substituted Zn2+ ions in the ZnO 

host. Since XRD pointed to the successful substitution of Eu3+ into Zn2+, the presence of Eu2+ 

is possible along with Eu3+ (Eu2+ may represents the Eu3+ that substituted Zn2+) [19]. Adding 

Eu3+ to the ZnO host caused other peaks corresponding to the 100 and 101 planes to develop. 

This indicated that the films preferred orientation had changed. In Fig. 4.1(b), the 002 peak’s 

intensity slightly decreased at the Eu3+ concentration of 0.4 and 0.6 mol% and substantially 

decreased at higher Eu3+ concentrations (0.8 and 1.0 mol%). It is clear that incorporation of 

Eu3+ ions with bigger ionic radius (90 pm) to the ZnO host with smaller zinc ionic radius (74 

pm) deteriorated the film’s crystallinity. The well-known Scherrer equation and Miller indices 

were used to calculate the crystallite size and the lattice parameters, respectively. The results 

are shown in table 1. The lattice parameter (c), interplanar spacing (d) of the (002) planes and 

the crystallite size (D) did not systematically change with incorporation of Eu. This may be 

explained by the occupation of the Eu3+ ions of zinc or oxygen sites of the host crystal or 

interstitial sites, or the creation of different defects in the lattice. The fact that strain broadening 

also contributed to the XRD peak widths means that the crystallite sizes in Table 4.1 represent 

only a lower bound of possible values.    

    

Fig. 4.1. (a) XRD patterns of Eu3+ doped ZnO films (b) magnified region of the 002 peak. 
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Table 4.1. Crystal parameters of the undoped and Eu3+ doped ZnO sol-gel thin films. 

sample c (nm) d (nm) Crystallite size D (nm) FWHM (degree) 

Un-doped 0.5132 0.2566 24 ± 1 0.3514 

0.4 mol% Eu3+ 0.5132 0.2566 19 ± 1 0.4313 

0.6 mol% Eu3+ 0.5117 0.2559 29 ± 1 0.2911 

0.8 mol% Eu3+ 0.5115 0.2558 27 ± 1 0.3113 

1.0 mol% Eu3+ 0.5139 0.2570 21 ± 1 0.4039 

Fig. 4.2 shows the SEM images and corresponding cross-sections of the films with different 

Eu3+ content deposited on silicon (100) substrates. The films were all continuous, smooth and 

comprised of tiny randomly distributed nanoparticles. The nanoparticle sizes appeared to 

decrease with increasing the Eu contents, in agreement with an earlier report by Dai et al. [20]. 

The thicknesses of all the films were almost equal, i.e. approximately 160 nm. Increasing the 

Eu3+ concentration had little effect on either the morphology and thickness of the films.  
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Fig. 4.2. SEM images of (a) un-doped, (b) 0.4 mol%, (c) 0.6 mol% (d) 0.8 mol% and (e) 1 

mol% Eu3+ doped ZnO films (the insets are the corresponding cross-sections of the films). 

AFM was used to examine the topography of the films deposited on the silicon substrate, and 

the results are shown in Fig. 4.3. The average particle sizes were calculated and plotted as 

shown in the corresponding histograms. The average particle size was found to slightly 

decrease as the Eu3+ content increased. The values were estimated as 88 nm, 87 nm, 83 nm, 80 

nm and 78 nm for the undoped, 0.4 mol%, 0.6 mol%, 0.8 mol% and 1 mol% Eu3+ doped ZnO 

films, respectively. It was reported in the past that the particle size decreased with an increase 
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in the Eu3+ concentration and this was ascribed to the presence of the Eu in the ZnO lattice 

which perturbed the crystal growth [20]. When Eu3+ replaces the Zn2+, charge compensation 

must also take place via extra Zn2+ and O2- ions or vacancies. The inconsistency between the 

crystallite size calculated from XRD and the grain sizes estimated from AFM is due to the fact 

that AFM measures the coalesced grains whereas Sherrer’s equation measure the defect-free 

crystallite size [21]. The statistical theory of a Gaussian distribution asperity predicted that the 

ratio between the root mean square roughness (Rq) and the average roughness (Ra) for a surface 

must be about 1.25, while the experimental results estimated by the theory revealed that the 

value must be around 1.31 [22]. The values obtained from our films (Table 4.2) were very close 

to the theoretical and the experimental values. These results indicate that our films have an 

excellent and even distribution of grains on the surface.   

Table 4.2. Roughness parameters of the undoped and Eu3+ doped ZnO sol-gel thin films. 

Eu3+ doping (mol%) Rq (nm) Ra (nm) Rq/Ra 

0.0 2.84 ± 0.1 2.23 ± 0.1 1.27 

0.4 2.96 ± 0.1 2.35 ± 0.1 1.26 

0.6 1.55 ± 0.1 1.22 ± 0.1 1.27 

0.8 1.73 ± 0.1 1.37 ± 0.1 1.26 

1.0 1.58 ± 0.1 1.26 ± 0.1 1.25 
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Fig. 4.3. 2D and 3D AFM micrograph and the corresponding particle size distributions of (a) 

undoped, (b) 0.4 mol%, (c) 0.6 mol% (d) 0.8 mol% and (e) 1 mol% Eu3+ doped ZnO films.  
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4.3.2. Transmittance and band gap analysis (UV–Vis spectroscopy) 

The transmittance spectra of Eu3+ doped ZnO thin films (deposited on glass substrate) in the 

wavelength range from 300 to 800 nm are shown in Fig. 4.4(a). All the films exhibited an 

average transmittance of about 80% in the visible region and a steep absorption increase around 

385 nm which is assigned to the optical band gap absorption (band to band transition) of ZnO. 

The transmission of the films was slightly affected by the Eu3+ doping, while there was no 

systematic decrease or increase due to the Eu3+ concentration.  

The photon energy (hv, where h is Planck’s constant and v represents the frequency) is related 

to the transmittance spectra which determines the absorption coefficient (α) via Tauc’s formula 

[23]. (αhν)2 was plotted against hv as displayed in Fig. 4.4(b), indicating that ZnO formed a 

direct band gap. The optical direct band gap was estimated by the extrapolation of the linear 

part of the plot. The optical band gap was found to slightly decrease from 3.31 eV, 3.30 eV, 

3.272 eV, 3.27 eV - 3.26 eV as the Eu3+ concentration increased from 0, 0.4, 0.6, 0.8 - 1 mol%, 

respectively.  Adding donor or acceptor impurities into a semiconductor creates energy levels 

near the conduction or the valance band edges. Increasing the dopant concentration increases 

the density of these energy states and as a result a continuum of states will be formed [24]. 

Therefore, the band gap decreased with increasing Eu3+ concentration.     

  

Fig. 4.4. (a) Transmittance spectra and (b) Tauc plot of un-doped and Eu3+ doped ZnO thin 

films. 

4.3.3. Photoluminescence analysis  

Fig. 4.5 depicts the PL spectra of (a) the undoped and (b) Eu3+ doped ZnO films (deposited on 

silicon substrates) excited at 325 nm by using a He-Cd laser. The undoped film exhibits two 

distinct luminescence emissions; the ultraviolet emission around 3.28 eV (378 nm) and the 

deep level emission across the visible region. The well-known ultraviolet emission of ZnO is 
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due to the free exciton recombination [25]. Since the visible emission showed a broad peak, a 

Gaussian fit was used to determine the multiple constituent emission peaks. At least four 

defect-related emissions were found at 3.15 eV (394 nm), 2.4 eV (516 nm), 2.0 eV (611 nm) 

and 1.7 eV (734 nm). The visible emission of ZnO originated from different defect states within 

the band gap, such as oxygen vacancies (Vo), oxygen interstitials (Oi), zinc vacancies (VZn) and 

zinc interstitials (Zni). The most unambiguous arguments are: the ~ 3.15 eV band is due to the 

recombination of the shallow trapped electrons at the Zni site that is very close to the 

conduction band, associated with the deeply trapped hole in the VZn site [26]. The bands around 

2.4 eV and 2.0 eV are due to the singly and doubly ionized oxygen vacancies, respectively [27, 

28], and the red emission centered at 1.7 eV is due to the oxygen interstitial Oi defects [24]. 

The UV emission at ~ 378 nm increased with increasing the Eu3+ contents, reaching its 

maximum for the film with 0.6 mol% and then decreased for higher Eu3+ content (0.8 and 1.0 

mol%). This can be ascribed to the concentration quenching effect, or the enhancement of the 

crystallinity and subsequent deterioration with increasing the Eu3+ concentration as seen in 

XRD analysis (Fig. 4.1(b)), as the result of incorporating Eu3+ ions with bigger ionic radii than 

Zn ions into the ZnO matrix. Enhancement of the crystallinity reduces the defects and increases 

the free exciton density and thus the UV emission increase. When a trivalent Rare Earth ion 

(Eu3+) substitute Zn2+ ion in ZnO lattice, there will be two possible kinds of defects can be 

created, either creating donor centres or promoting zinc vacancies in the neighborhoods due to 

the charge compensation [29]. Therefore, the characteristic emission of ZnO intrinsic defects 

and the free exciton emissions undergoes changes such as: increase or decrease in their 

intensities and slight shift in their positions. In our case, the broad emission centred at ~ 516 

nm has increased until 0.6 mol% of Eu3+ and then decreased for 0.8 and 1.0 mol% of Eu3+. 

Since we agreed that the emission at ~ 516 nm is due to the oxygen vacancies, incorporation 

of 0.4 and 0.6 mol% of Eu3+ maybe created donors centres at the oxygen vacancies side, 

whereas at 0.8 and 1.0 mol% of Eu3+ zinc vacancies maybe promoted. These can also explain 

the changes that are observed on the sample with 1 mol% of Eu3+. The broad defect peak 

centred at ~ 611 nm was reduced for the films with different Eu3+ content. Less intense peaks 

corresponding to the 4f - 4f transitions of Eu3+ appeared around 614 nm for the film with 0.6 

mol% of Eu3+. The reduction of the broad peak at ~ 611 nm of the ZnO defects for the doped 

samples could indicate that different possible mechanisms took place such as: the competition 

between the defects emission and the Eu3+ emission, some excited charge carriers transfer their 

energy to the Eu3+ ions rather than being trapped at the defects. Therefore, some characteristic 

emissions from Eu3+ ions were observed and the deep level defect emission at ~ 611 nm 
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decreased, and maybe the reduction of the defects due to the incorporation of the Eu3+ lead to 

a decrease in the defect emission. (Fig. 4.5(b and c) for comparison). The 4f-4f characteristic 

emission at ~ 614 nm was only observed for the sample with 0.6 mol% of Eu3+ and did not 

appear for the other samples. This may be explained by two reasons: one is that the 0.6 mol% 

sample is the optimum sample and exhibit higher 4f-4f intensity which is able to produce the 

defects emission of ZnO; the second is that 0.6 mol% contain lower defect concentration and 

therefore the 4f-4f emission was able to compete with lower defect emission intensity. For the 

other samples, the defect concentration was high and their originated emission was also high 

enough to suppress the 4f-4f emission of Eu3+. The Commission Internationale de ľ éclairage 

(CIE) chromaticity coordinates of Eu3+ doped ZnO films excited at 325 nm were calculated 

and given in Table 4.3. The corresponding CIE X–Y chromaticity coordinates are shown in 

Fig. 4.5(d).  A possible energy diagram of Eu3+ doped ZnO is given in Fig. 4.5 (e). The normal 

electron excitation from the VB to the CB and then the de-excitation via the exciton and defect 

levels form the UV band-to-band and broad visible defect emission peaks. With the 

incorporation of the Eu3+ some of these traps are non-radiatively or inefficiently transferred to 

the Eu3+ energy levels leading to the low intensity 4f-4f emission.    
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Fig. 4.5. Photoluminescence spectra of (a) deconvoluted PL peak of un-doped ZnO (b) different 

concentration of Eu3+ doped ZnO, (c) normalized PL intensity of the undoped and 0.6 mol% 

Eu doped ZnO, (d) CIE diagram of the undoped and Eu3+ doped ZnO films (excited at 325 nm 

using He-Cd laser) and (e) proposed diagram of Eu3+ doped ZnO films. 

Fig. 4.6 displays the room temperature (a) excitation and (b) emission spectra of the Eu3+ doped 

ZnO films (deposited on silicon substrates) when excited using a monochromatized xenon lamp 
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as excitation source. The excitation spectra were recorded while monitoring the emission 

wavelength at 614 nm. The spectra showed sharp lines at 464 nm and weak lines at 392 nm 

which are characteristic of Eu3+ ions. The peak at 464 nm is attributed to the 7F0 – 5D2 transition 

and the small peak at 392 nm is attributed to the 7F0 – 5L6 transition as indicated in Fig. 4.6(a). 

The broad excitation band between 250 and 380 nm is associated with the ZnO host excitation 

region and showed that energy transfer from the ZnO to the Eu3+ ions occurred. The emission 

spectra (excited at 464 nm to target the Eu3+ ions without exciting the ZnO) showed the 

characteristic emission of the 4f – 4f transitions of the Eu3+ ions. The maximum intensity 

emission at 614 nm was assigned to the 5D0 – 7F2 transition, while the weak emissions at 590 

nm, 653 nm and 703 nm were ascribed to the 5D0 – 7F1, 
5D0 – 7F2 and 5D0 – 7F4 transitions, 

respectively [11, 30]. The emission arising from the 5D0 – 7F1 transition has been associated 

with the magnetic dipole, while the emission that arises from the 5D0 – 7F2 transition is ascribed 

to the electric dipole. Their intensity depends on the Eu3+ ion symmetry in the ZnO host. The 

5D0 – 7F1 transition emission is more intense when Eu3+ ions occupy a site with inversion 

symmetry, while the 5D0 – 7F2 transition emission becomes intense when Eu3+ ions occupy a 

site without inversion symmetry. Since the emission arising from the 5D0 – 7F2 transition was 

the most intense emission and stronger than the 5D0 – 7F1 transition emission, this indicated that 

the Eu3+ ions occupied sites without inversion symmetry [31, 32], which is consistent with the 

Zn2+ lattice sites. The Eu3+ emission intensity initially increased with increasing Eu3+ 

concentration. The highest intensity was recorded from the sample containing 0.6 mol% of 

Eu3+, after which the intensity decreased as demonstrated in Fig. 4.6(d). This was due to 

concentration quenching, which has been explained by different models, including energy 

transfer between rare earth ions caused by exchange or multipole-multipole interactions [33]. 

When the average distance between luminescent centers is decreased sufficiently, non-radiative 

energy transfer will become favorable; when the activator ions reaching their critical 

concentration, increasing the concentration of ions results in activator—activator coupling 

which enhances the migration of the excitation energy to their quenching centers [34]. The 

critical distance between the activator (Eu3+) ions can determine whether the quenching is due 

to the ion exchange or multipole-multipole interactions. Multipole-multipole interaction 

mechanisms of energy transfer take place only if the critical distance between the activator ions 

is greater than 0.5 nm while the exchange interaction mechanism take place if the critical 

distance is less than 0.5 nm [35]. The following equation (4.1) was used to calculate the critical 

distance:       
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𝑟 =  (
𝑀

𝜌𝐶𝑁𝐴
)

1

3
                                 (4.1) 

where r is the critical distance between the ions, M represents the molecular weight of ZnO 

(81.38 g/mol), ρ is the host (ZnO) density (5.606 g/cm3), C represents the Eu3+ ions 

concentration corresponding to the highest emission intensity (0.6 mol%) and NA is Avogadro’s 

number (6.023 x 1023 mol-1). The critical distance (r) was calculated to be 1.6 nm, which is 

much larger than 0.5 nm, suggesting that multipole-multipole interaction was responsible for 

the quenching mechanism. Otherwise, the quenching may be due to the created defects caused 

by the large size difference and valence difference of Eu3+ and Zn2+.  

The Commission Internationale de ľ éclairage (CIE) chromaticity coordinates of Eu3+ doped 

ZnO films excited at 464 nm, shown in Fig. 4.6(c), are compared to those excited at 325 nm in 

Table 4.3. It can be seen that the color coordinates of the film are dependent on the Eu3+ 

concentration. The CIE coordinate of the sample with 0.4 mol% of Eu3+ content excited at 464 

nm was shifted to the yellow region. This is due to the broad peak around 500 nm - 575 nm 

which did not appear on the other samples. Since the spectra region (500 nm - 750 nm) was not 

sufficient to measure the CIE coordinates, and the samples excited at 464 nm which restrict the 

measurement region. Therefore, the CIE data obtained from the 464 nm excitation are 

approximations.  

Table 4.3. Colour coordinates (X, Y) and color correlated temperature (CCT) of the samples 

excited at 325 nm and 464 nm. 

Excitation wavelength 325 nm 464 nm 

Sample X Y CCT (K) X Y CCT (K) 

Undoped 0.44 0.45 3280 - - - 

0.4 mol% Eu3+ 0.38 0.45 4383 0.45 0.53 3567 

0.6 mol% Eu3+ 0.36 0.41 4711 0.53 0.46 2271 

0.8 mol% Eu3+ 0.33 0.39 5445 0.54 0.44 2070 

1.0 mol% Eu3+ 0.41 0.42 3612 0.53 0.46 2271 
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Fig. 4.6. PL (a) excitation and (b) emission spectra (excited at 464 nm) (c) CIE (X, Y) 

coordinate diagram showing chromaticity points of ZnO:Eu3+ with different concentration 

of Eu3+ (d) PL intensity as a function of Eu3+ concentration.  

The vast change in emission spectrum when these samples are excited at 325 nm (Fig. 4.5(b)) 

or 464 nm (Fig. 4.6(b)) may also have a potential application to gauge the UV content of an 

excitation light source from the emission colour i.e. as a simple visible UV sensor. 

4.3.4. Judd-Ofelt analysis 

Judd-Ofelt analysis is a useful theoretical framework to explain the local environment of Eu3+ 

ions in the host material [36, 38]. The electric dipole (5D0-
7F2 transition) intensity is sensitive 

to the chemical ligands around the Eu3+ ions and its intensity increases with an increase in the 

site asymmetry of Eu3+. Meanwhile, the magnetic dipole (5D0-
7F1 transition) intensity is 

insensitive to the surrounding environment. Therefore, the asymmetry ratio (R) of the Eu3+ in 

the host can be determined from the ratio between the electric dipole intensity to the magnetic 

dipole intensity [19] and gives information on the site symmetry. The asymmetry ratio 

increased to its highest value for the 0.6 mol % of Eu3+ doped sample, after which it slightly 
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decreased. Generally, the asymmetry ratio values obtained for these samples are relatively high. 

This indicates the strong covalent nature of the Eu-O bonds and significant asymmetry around 

the Eu3+ ions in the host [39, 40].  

Judd-Ofelt intensity parameters Ωλ (λ=2, 4 and 6) provide information about the site symmetry 

and luminescence behaviour of Eu3+ in the ZnO host. Ω2 is associated with the local 

environment, symmetry and the covalence of the metal ligand bonds around the activator. Ω4 

is sensitive to the microscopic parameters including: rigidity, viscosity, matrix and dielectric 

constant [37]. The value of Ω2 increased to its highest value at 0.6 mol% of Eu3+ and then 

decreased for the higher Eu3+ content. This is consistent with the Eu3+ emission intensity as a 

function of Eu3+ concentration. This means that higher asymmetry around Eu3+ ions is very 

important to achieve a high intensity. Ω2 and Ω4 values are given in Table 4.4. The radiative 

rate properties were determined from the J-O intensity parameters using: 

𝐴0−2,4

𝐴0−1
=

𝐼0−2,4

𝐼0−1
 

ℎ𝜐0−1

ℎ𝜐0−2,4
                                          (4.2) 

where I0-J represents the integrated emission intensity, hυ0–J represents the energy 

corresponding to the transition 5D0→
7FJ (J = 1, 2, 4), 𝐴0−1 is the magnetic dipole radiative 

emission rate and has a value of about 50 s-1 [41]. 

Equation (4.3) is used to estimate the radiative emission rate, which is related to the electric 

dipole transition. 

𝐴0−2,4 =  
64𝜋4(𝜐0−2,4)3𝑒2

3ℎ𝑐2

1

4𝜋𝜀0
𝜒 ∑ 𝛺𝐽〈5𝐷0

|𝑈(𝐽)|7𝐹2,4
〉2

𝐽=2,4

                                            (4.3) 

where A0-2,4 is the radiative emission rate, χ is the Lorentz local field correction factor as a 

function of index of refraction (𝜒 = (𝑛(𝑛2 + 2)2)/9) and the squared reduced matrix element 

(RME) 〈5𝐷0
|𝑈(𝐽)|7𝐹2,4

〉2(J=2,4) has values of 0.0032 and 0.0023 for J=2 and J=4, respectively 

[40]. The values of Ω2 and 4 were found by substituting equation (4.2) in (4.3) and the results 

shown in Table 4.4. The increase of the Ω2 value and its decrease at high concentration (1 

mol%), indicate the dependency of the Eu3+ asymmetry in the host on the activators 

concentration. The value of Ω2 is generally less than Ω4 value, but the case is different in our 

study. This means that the 5D0-
7F2 transition efficiency is lower than the 5D0-

7F4 transition 

efficiency [42]. Our Ω2,4 values trends (Ω2>Ω4) are comparable with trends reported by R. Raji 

et al. [38]. Other useful parameters such as transition probabilities, branching ratio and 

radiative lifetime for the excited states of Eu3+ ions were also estimated from the Ω0-2,4 intensity 

parameters. 
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The total radiative transition probability (AR) is given by:  

𝐴𝑅 =  ∑ 𝐴0−𝐽

𝐽=1,2,4

                                                        (4.4) 

The radiative life time (τrad) can be calculated from: 

𝜏𝑟𝑎𝑑 =  
1

𝐴𝑅
                                                                      (4.5) 

The estimated lifetime values for the samples are given in Table 4.4. The life time values 

showed opposite dependency to the other intensity parameters such as Ω2, Ω4 and asymmetry, 

where the higher the other parameters the shorter the lifetime. This indicate that the local 

environment around Eu3+ ions plays a significant role in the Eu3+ emission lifetime.  

The branching ratio β0-J corresponding to the emission from an excited level to its lower levels 

and is given by: 

𝛽0−𝐽 =
𝐴0−𝐽

𝐴𝑇
                                                                   (4.6) 

The branching ratio (β01, β02 and β04) values of the samples are given in Table 4.4. 

Table 4.4. Judd-Ofelt intensity parameters, transition probability (Aτ), radiative life time (τrad), 

and branching ratio (β01, β02 and β04). 

Concentration 

mol % 

J-O intensity parameters Transitions A0-2,4(s
-1) A0-1(s

-1) Aτ(s
-1) τrad(ms) β(%) Asymmetry 

ratio R Ω2 (pm2) Ω4 (pm2) 

0.4 1.70 1.16 5D0-
7F1 

5D0-
7F2 

5D0-
7F4 

- 

132.41 

60.76 

50 

- 

- 

243.17 4.11 20.6 

54.4 

25 

2.554 

0.6 2.93 1.83 5D0-
7F1 

5D0-
7F2 

5D0-
7F4 

- 

231.49 

96.00 

50 

- 

- 

377.49 2.65 13.2 

61.4 

25.4 

4.477 

0.8 2.71 1.63 5D0-
7F1 

5D0-
7F2 

5D0-
7F4 

- 

214.31 

85.94 

50 

- 

- 

350.25 2.86 14.3 

61.2 

24.5 

4.133 

1.0 2.60 1.63 5D0-
7F1 

5D0-
7F2 

5D0-
7F4 

- 

205.23 

85.93 

50 

- 

- 

341.16 2.93 14.7 

60.2 

25.1 

3.970 

   

4.4. Conclusion 

ZnO thin films with different concentrations of Eu3+ ions were successfully deposited on Si 

(100) and glass substrates by the spin coating technique. The effect of the Eu3+ concentration 

on the structure, optical and PL properties of the films was investigated. Incorporation of the 

Eu3+ ions in the ZnO matrix was confirmed from the XRD and PL data. Deterioration of the 

film crystallinity and the degree of preferred orientation with increasing the Eu3+ concentration 
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was observed. The particle size and the optical band gap were found to be inversely 

proportional to the Eu3+ concentration. Possible inefficient defect-assisted energy and/or charge 

transfer were found to take place between deep level defects to Eu3+ ions. Upon direct 

excitation of the Eu3+ ions (464 nm), the films emitted only Eu3+ characteristic peaks and their 

intensity increased to its maximum value at 0.6 mol% of Eu3+, where after the intensity was 

quenched, different mechanism were found to be responsible for the quenching including: 

crystallinity deterioration, creation or reduction of defects and multipole-multipole interaction 

between Eu3+ ions. Judd-Ofelt intensity parameters (Ω2 and asymmetry ratio) analysis was 

performed to determine the local environment around the Eu3+ ions. It was found that Eu3+ 

asymmetry in the host played a key role in the PL emission intensity, so that higher asymmetry 

around the Eu3+ ions gave higher PL intensity. The estimated lifetime of the Eu3+ emission is 

inversely proportional to the asymmetry ratio and Ω2 value. Further work based on these results 

may lead to an increase in the red emission of Eu-doped ZnO spin coating films. The vast 

change in emission spectrum when these samples are excited at 325 nm or 464 nm may also 

have a potential application to gauge the UV content of an excitation light source from the 

emission colour. 
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Chapter 5 

Photoluminescence and cathodoluminescence of spin coated ZnO 

films with different concentration of Eu3+ ions 

5.1. Introduction 

Rare earth trivalent (RE3+) ions doped wide band gap semiconductors have gained considerable 

attention in the field of optoelectronic devices [1] because of their potential use in different 

applications including [2] light emitting diodes (LEDs), flat panel displays (FPDs), plasma 

display panels (PDPs), fluorescent lamps, etc. RE doped ZnO nanophosphors can be 

synthesized by different methods and the emitted light can be tuned throughout the visible 

range [3]. Eu3+ doped ZnO presents a great opportunity to achieve intense red emission, owing 

to the advantage of the 4f-4f transition of Eu3+ ions and the excellent properties of ZnO as a 

host, such as its wide band gap (3.37 eV) at room temperature, large exciton binding energy 

(60 meV) [4], low thermal quenching effect, high thermal and good chemical stability [5], high 

electron mobility [6] as well as the availability of different crystal sites that activator ions 

(RE3+) can occupy [7]. Additionally, ZnO is a low-cost material and easy to produce. These 

properties made ZnO a good material (host) to replace the relatively expensive gallium nitride 

(GaN), the short lifetime sulphide based wide band gap semiconductors (ZnS) which are 

commercially available in the market, and selenides-based semiconductors [8].  

Over the past few years, extensive research has been done on Eu3+ doped ZnO aiming to harvest 

an efficient red emission from Eu3+ incorporated in ZnO. To achieve this, an efficient energy 

transfer from ZnO native defects to Eu3+ energy levels is highly required [9, 10]. However, the 

efficient energy transfer from ZnO to Eu3+ ions still remains a challenge. This is due to different 

reasons, including the large ionic radius difference between Eu3+ (90 pm) and Zn2+ (74 pm) 

that can lead to self-quenching (which decreases the luminescence efficiency especially for 

annealing at high temperatures) [11], the energy of the charge transfer level of Eu3+ in ZnO 

which is equal or higher than the bottom of the ZnO conduction band [12] and the exciton 

decay time of ZnO which is much faster than the lifetime of Eu3+ ions [10]. In a previous study 

the effect of lower Eu3+ concentration on the structure, optical and photoluminescence (PL) 

properties of thin films was investigated up to 1 mol% Eu3+ [13]. Although the defect emission 

was reduced due to the Eu3+ doping, the Eu3+ characteristic emission contribution to the PL 

emission during excitation at 325 nm was, however, still very low. It was therefore interesting 

to also investigate the Eu3+ emission for higher Eu3+ concentrations in this study. 
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Different techniques were used to deposit Eu3+ doped ZnO thin films in the past using 

techniques such as pulsed laser deposition, magnetron sputtering, metal organic chemical vapor 

deposition [14], molecular beam epitaxy, spray pyrolysis, etc. Sol-gel spin coating is a low cost 

and easy technique that has been used for decades in electronic industries. Therefore, it was 

used in this work to deposit the Eu3+ doped ZnO thin films [15, 16].  

Most studies of Eu3+ doped ZnO have focused on its PL properties and energy transfer 

mechanisms. Due to the potential of this material for electron-excited applications such as field 

emission displays (FEDs) and cathode-ray tubes (CRTs) [17], we have made an attempt to 

investigate the cathodoluminescence (CL) of the Eu3+ doped ZnO thin films. Moreover, the 

electron beam excitation mechanism is similar to the excitation mechanism in 

electroluminescence [18], where both can excite the luminescence centres via impact 

ionization/excitation mechanisms. Therefore, studying the CL of the film may also give a 

preliminary evaluation of its potential application in electroluminescence.  

CL emission is well-known by its high electron-photon conversion efficiency over the PL 

efficiency, because of the differences in their excitation mechanisms [19]. Therefore, in this 

work, we have studied the luminescence properties of different concentrations (1 to 4 mol%) 

of Eu3+ doped ZnO thin films fabricated by the spin coating technique. PL of the samples was 

studied when the films were excited at different wavelengths (direct and indirect excitation). 

Moreover, due to the necessity of the stability of these materials for optoelectronics 

applications, the surface state, chemical and luminescence stability of the highest intensity 

sample was examined in vacuum during prolonged electron beam irradiation.             

5.2. Experimental methods 

5.2.1. Preparation 

Eu doped ZnO thin films were prepared by a sol-gel method by using the spin coating 

technique. Zinc acetate dihydrate Zn(CH3COO)2·2H2O, europium acetate hydrate 

Eu(CH3COO)3·xH2O and monoethanolamine (MEA) C2H7NO were used as zinc, europium 

sources and stabilizer, respectively. High purity ethanol (99.9%) was used as a solvent. All 

these chemical reagents were used as they were received from Sigma Aldrich without any 

further purifications. An equimolar ratio of zinc acetate and MEA were dissolved in 40 ml of 

ethanol with molarity kept at 0.2. Firstly, a suitable amount of zinc acetate and proper amount 

of europium acetate (0, 1, 2, 3 and 4 mol %) were dissolved in ethanol and stirred for about 30 

min at room temperature. Then MEA was added dropwise under stirring, which was continued 
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for another 2 h until a clear and transparent solution formed. The solution was kept overnight 

at room temperature without any precipitation observed.  

p-type Si (100) and glass substrates were cut into about 2x2 cm2 pieces and then cleaned in an 

ultrasonic bath in isopropanol, acetone, ethanol and distilled water for 5 min each, and then 

dried by gently blowing nitrogen gas on their surfaces. For the coating process, the spin coater 

was set at 2500 rpm/min for 30 s. The substrate was held on the spin coating chunk and the 

solution was dropped on the substrate after which the spinning was started. The coated 

substrates were heated at 300 °C for 10 min. The coating process was repeated 12 times to 

obtain the required thickness. Finally, the films were annealed in air at 500 °C for 2 h in a 

quartz tube furnace ramped at 5 °C/min. 

5.2.2. Characterization 

X-ray diffraction (XRD) technique was used to characterize the structure of the films, which 

were obtained using a Bruker D8 Advance system with Cu Kα X-rays (λ = 0.154 nm) generated 

at a voltage of 40 kV and current of 40 mA. A JEOL JSM-7800F scanning electron microscope 

(SEM) was used to examine the morphology of the sample, with the electron beam voltage 

maintained at 10 keV during the measurements. An energy dispersive X-ray spectrometer 

(EDS) attached to the SEM system was employed for the elemental composition 

measurements. A Shimadzu SPM-9600 atomic force microscope (AFM) was used to obtain 

images of the surface topography and the roughness was analyzed using the commercial 

software that came with the AFM system. A PHI 5000 Versaprobe system was utilized to 

perform the X-ray photoelectron spectroscopy (XPS) measurements using an Al X-Ray beam 

(100 µm, 25 W and 15 kV), while an Ar+ ion beam (2 kV and 2 µA) was rastered over an area 

of 1 mm x 1 mm to sputter the sample for depth profile measurements at a rate of about 14 

nm/min. The binding energy charge correction was done by using the C─C bond at a binding 

energy of 284.7 eV. Time of flight secondary ion mass spectroscopy (ToF-SIMS) 

measurements were performed using an IONTOF ToF-SIMS. A pulsed 30 keV Bi+ primary 

ion beam with a target current of 1 pA (30 nA DC) and the analytical field-of-view was 100 x 

100 µm2. The analysis was performed in saw tooth rastering mode with 512×512 pixels2 with 

a binning of 4 pixels. For depth profiling, the O- sputter gun operated at 1 kV and ∼250 nA 

were used for both spectroscopy and imaging in the positive mode. The sputter area was 

300×300 µm. 

A Lambda 950 UV-visible spectrometer (from Perkin Elmer) was used to measure the 

transmittance spectra. PL spectra were recorded at room temperature using a PMT detector 

while the samples were excited by He-Cd laser of wavelength of 325 nm. An Edinburgh 
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Instruments FLS980 spectrometer equipped with a xenon lamp as an excitation source was 

utilized to measure the PL emission spectra of the samples at different wavelengths. An Ocean 

Optics PC2000 spectrometer interfaced with OOI Base32 computer software was used to 

collect the CL data. The samples were excited by an electron beam with working beam voltage 

of 2 keV, beam current of 24 µA, current density of 2.12 mA.cm-2 and beam spot size of about 

1.2 mm. The highest CL intensity sample was subjected to electron beam irradiation for about 

22 hours and the CL intensity was recorded against the electron beam dose. The CL data 

collection and the irradiation experiment were done in vacuum at a base pressure of 5 x 10-8 

Torr.   

5.3. Results and discussion 

5.3.1. Structure and morphology 

Fig. 5.1 displays the XRD patterns of the undoped and Eu3+ doped ZnO thin films. The films 

have preferred orientation along the (002) plane, which is perpendicular to the c-axis. Two 

additional small peaks associated with the (100) and (101) planes were detected for the 

undoped and 1 mol% of Eu3+ doped ZnO thin films. Disappearance of these peaks for the films 

at higher Eu3+ concentration (2, 3 and 4 mol%) suggest that the preferred orientation of the 

films and hence their crystallinity improved at these concentrations. These changes support the 

successful incorporation of Eu3+ ions into Zn2+ ions sites and suppressing the self-purification 

mechanism [20]. The absence of any other peaks associated with europium oxide also indicated 

that the Eu3+ ions successfully substituted the Zn2+ ion sites. The major peak of the ZnO (002) 

plane shifted slightly to lower 2θ angles with increasing Eu3+ content up to 2 mol% which 

signified the expansion in the lattice spacing. This phenomenon is commonly observed when 

a larger ion substitutes a smaller ion in a host crystal [21, 22]. In our case, the Eu3+ ion with 

ionic radius of 90 pm is larger than the Zn2+ ion with ionic radius of 74 pm. Sherrer’s equation 

was used to estimate the crystallite size of the ZnO films with different concentrations of Eu3+ 

ions. The crystallite size was found to decrease from 30 nm to 14 nm with increasing Eu3+ 

contents up to 4 mol% as in Table 1. From Bragg’s law and the Miller indices the lattice 

parameter (c) was calculated from the diffraction angle of the (002) peak and the values were 

listed in Table 1. Lattice expansion was observed until the concentration of 2 mol% and then 

contraction at 3 or 4 mol% for the Eu3+ doped ZnO thin films. While the lattice expansion can 

be attributed to the differences in Eu3+ and Zn2+ ionic radii, the lattice contraction for 3 and 4 

mol% Eu doped films can be interpreted as follows: the Eu3+ concentration might have 

exceeded the substitutional solubility limit at such high concentrations, so that Eu3+ may 
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instead occupy interstitial sites - these different mechanisms compete each other and the lattice 

parameter may be decreased [20].   

 
Fig. 5.1. XRD patterns of different contents of Eu3+ doped ZnO spin coating films. 

Table 5.1. Crystal parameters, crystallite size, roughness and optical band gap for different 

concentration of Eu3+ doped ZnO spin coating thin films. 

Sample Lattice parameter 

(c) (nm) 

Crystallite size 

(D) (nm) 

RMS roughness 

(nm) 

Band gap (eV) 

0 mol % Eu3+ 0.5230 30±1 3.3±0.1 3.28 ±0.05 

1 mol % Eu3+ 0.5259 12±1 1.2±0.1 3.26 ±0.05 

2 mol % Eu3+ 0.5264 18±1 0.7±0.1 3.25 ±0.05 

3 mol % Eu3+ 0.5235 15±1 0.7±0.1 3.25 ±0.05 

4 mol % Eu3+ 0.5242 14±1 0.5±0.1 3.24 ±0.05 

 

Fig. 5.2 shows the SEM images of the ZnO thin films with different concentrations of Eu3+ (on 

silicon substrates). SEM images confirmed that the sample morphology was slightly affected 

by the change of the Eu3+ concentration. No cracks, voids or exfoliations were observed on all 

the sample surfaces. The undoped sample showed a homogeneous distribution and tightly 

packed small grains with an average grain size of less than 80 nm. The Eu3+ doped samples 

showed a more compact grain structure than the undoped sample. These minor modifications 

may be attributed to the ionic radii differences between Eu3+ and Zn2+, causing excess Eu atoms 

to be aggregated on the grain boundaries due to the low solubility of Eu in the ZnO host. The 

cross-section images shown as insets confirmed a uniform thickness of the thin films. In order 

to determine the actual composition of the films with different Eu3+ concentration, EDS was 

performed for the different films and the results are tabulated in Table 5.2. An EDS spectrum 
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for the sample with 2 mol% of Eu3+ is shown in Fig. 5.2(f) as an example. Other than the major 

elements (Zn, O and Eu), Si from the substrate was detected at 1.8 keV as well as a small peak 

at ~ 2.5 keV, which is likely due to the atmospheric C on the surface that was also detected. 

It’s worth noting that the oxygen concentrations for the films were almost constant, while the 

Zn concentration has decreased with an increase in the Eu3+ content. This is a good indication 

for the substitution of Eu3+ ions into the Zn ions positions in the ZnO lattice and it is consistent 

with the XRD results. Keeping the accuracy of EDS concentration calculations in mind this 

values correlate very well with the actual expected values. 

Table 5.2. Elemental composition of the films obtained by EDS.  

Samples/ elements Zn (at%) O (at%) Eu (at%) 

0 mol% 47.7 52.4 0 

1 mol% 46.8 52.4 0.9 

2 mol% 45.5 52.5 2.1 

3 mol% 45.1 52.4 2.5 

4 mol% 44.1 52.5 3.4 
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Fig. 5.2. SEM images of ZnO thin films doped with different Eu3+ concentrations (a) undoped, 

(b) 1 mol%, (c) 2 mol%, (d) 3 mol% and (e) 4 mol% and (f) is the EDS spectrum for a sample 

with 2 mol% of Eu3+. The insets in (a) and (d) show the cross sectional views of these samples. 

Fig. 5.3 displays the 3D AFM images of the ZnO films with different Eu3+ concentration coated 

on the silicon substrates. The undoped sample, Fig. 5.3(a), shows evenly distributed particles 

with pyramids-like shapes at the top of the particles as can be seen in the 3D images. The 

average particle size estimated from the AFM image was about 76 nm for the undoped sample, 

and it has decreased with an interval of about 5 nm as the Eu3+ content increased from 1, 2, 3 

and 4 mol%, see Fig. 5.3 (b), (c), (d) and (e), respectively. The reduction in the particles size 



76 
 

may be attributed to the improvement of the crystal orientation with increasing Eu3+ 

concentration. The root mean square roughness (Rq) has decreased with increasing the Eu3+ 

concentration as shown in Table 5.1. The highest value of the roughness obtained for the 

undoped film was about 3.3 nm, which has dramatically decreased to 1.2 nm after introducing 

1 mol% of Eu3+, and then the roughness continued to slightly decrease for more Eu3+ content 

to 0.7 nm, 0.7 nm and 0.5 nm for the films with 2, 3 and 4 mol% of Eu3+, respectively. The 

decrease in the film’s roughness may be ascribed to the change in the particles' shape and the 

reduction in the particles’ size. When the particles’ size decreased, more particles came closer 

to each other and the boundaries between them will be decreased, thus the roughness may be 

decreased.       

 

    

           

Fig. 5.3. 3D AFM images of ZnO spin coating films with different Eu3+ content (a) 0 mol%, 

(b) 1 mol%, (c) 2 mol%, (d) 3 mol% and (e) 4 mol%.  

XPS high-resolution spectra were recorded for the films with different Eu3+ concentrations, as 

well as for the film with 3 mol % of Eu3+ after electron beam irradiation (degradation). The 

results were normalized and are shown in Fig. 5.4. A doublet associated with the Zn 2p core 

level was detected (Fig. 5.4(a)), with binding energies at 1022.0 eV (2p3/2) and 1045.0 eV 

(2p1/2). The binding energy difference was 23 eV which indicated that all Zn atoms were in 

their fully oxidized divalent state (Zn2+). No metallic zinc with binding energy of 1021.8 eV 

was detected [23]. XPS high-resolution spectra of the Eu3d level exhibited four peaks in the 

energy region from 1115 eV to 1180 eV for the samples with different Eu3+ concentrations as 
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well as the sample with 3 mol% of Eu3+ that was subjected to electron beam irradiation, Fig. 

5.4(b). The dominant peaks at 1135.2 eV and 1165.0 eV correspond to Eu 3d5/2 and 3d3/2, 

respectively. The energy difference between these lines was 29.8 eV and indicated the trivalent 

oxidation state of Eu3+ ions in the ZnO matrix, in agreement with oxygen-coordinated Eu ion 

values as reported in previously [24]. Another two peaks are visible at the lower binding energy 

side of the Eu3+ trivalent peaks and are ascribed to Eu2+ divalent ions. The existence of two 

oxidation state of Eu confirmed that the insertion of Eu occurred in an oxidative environment 

[25]. Since XRD revealed the formation of phase-pure ZnO for all the samples, divalent Eu 

components may represent Eu3+ ions that replaced Zn2+ ions, whereas the trivalent Eu 

components indicate the Eu3+ ions that occupied the interstitial sites. The Eu3+ peak increased 

with respect to the Eu2+ peak as the Eu3+ concentration increased which can be interpreted as 

at higher Eu3+ concentrations, Eu3+ ions tend to occupy the interstitials sides or led to the 

formation of Eu2O3. The divalent component of the irradiated (degraded) sample had slightly 

increased after irradiation. Electron beam irradiation may have helped more Eu3+ ions to 

substitute the Zn2+ ions sites. Therefore, more defects may be created in the ZnO matrix.              

   

Fig. 5.4. Normalized High-resolution XPS specrta of (a) Zn 2p core levels and (b) Eu3+ 3d 

peaks for the films with different Eu3+ concentration and the irradiated sample with Eu3+ 3 

mol%. 

Fig. 5.5 displays XPS high resolution spectra of the O 1s core level for the samples with 

different Eu3+ concentrations and the sample with Eu3+ 3 mol% after electron beam irradiation. 

Gaussian-Lorentz function was used to de-convolute the O 1s peak. Three components were 

found namely O1, O2 and O3. Kumar et. al. [26] reported that the O1 component is due to 

oxygen ions (O2-) in the wurtzite structure that are surrounded by its nearset zinc ions in the 

Zn-O-Zn network, O2 was attributed to the oxygen ions (O2-) associated with oxygen-related 
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defects and/or Zn-OH groups and O3 is ascribed to the loosely bonded and chemisorbed species 

on the surface [27]. At least three peaks were detected for the samples with Eu3+ 0, 1, 2 and 3 

mol%, whereas another small peak associated with Eu2O3 was detected at the lower binding 

energy side for the sample with Eu3+ 4 mol%. Since the XRD results did not show any Eu2O3 

phase, the small Eu2O3 peak for the Eu3+ 4 mol% doped sample could be in a very small quantity 

below the XRD detection range. The O2 component for the degraded sample dramatically 

increased after electron beam irradiation, which confirmed the formation of new defects due to 

the effect of electron beam irradiation. The details of the de-convoluted O 1s components are 

shown in Table 5.3. 

Table 5.3. Peak position and area of the O1s de-convoluted components.   

Sample Peaks name Peaks position (eV) Area % 

Eu3+ 0 mol% 
O1 530.59 55 
O2 531.76 27 

O3 532.85 18 

Eu3+ 1 mol% 
O1 530.59 59 

O2 531.76 27 

O3 532.85 14 

Eu3+ 2 mol% 
O1 530.59 63 

O2 531.76 27 

O3 532.85 10 

Eu3+ 3 mol% 
O1 530.59 61 

O2 531.76 29 

O3 532.85 10 

Eu3+ 4 mol% 

O1 530.59 53 

O2 531.76 27 

O3 532.85 18 

Eu2O3 529.31 2 

Eu3+ 3 mol% 

(degraded) 

O1 530.59 36 

O2 531.76 49 

O3 532.85 15 
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Fig. 5.5. De-convoluted O 1s peak for the films with different Eu3+ contents, and the irradiated 

film with 3 mol% of Eu3+. 

XPS depth profile measurements were performed for the different concentrations of Eu3+ doped 

ZnO films as shown in Fig. 5.6. The principal elements (Zn and O) and  the dopant (Eu3+) were 

detected, as well as the C contamination on the surface, which was eliminated just after 

sputtering started. The atomic concentration of Zn and O were about 55% and 45% for the 

undoped sample, respectively. The Zn atomic concentration slightly decreased with an increase 

in the Eu3+ content, reaching ~ 50 % for the sample with 4 mol% Eu3+, while the O atomic 

concentration slightly increased. This suggests that some of the Zn was replaced by the Eu. 
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Due to the charge compensation needed for Eu3+ ions to replace Zn2+ more oxygen ions or 

vacancies are needed, which may be the reason why the O atomic conentration increased with 

increasing Eu3+ content. The thicknesses were estimated to be ~ 184 nm, 147 nm, 161 nm, 170 

nm and 204 nm for the undoped and 1 mol%, 2 mol%, 3 mol% and 4 mol% Eu3+ doped ZnO 

thin films, respectively. The sputtering rate, taken as 14 nm/min was calibrated with a SiO2 

standard and furthermore adding the Eu3+ dopant into the ZnO host might also affect the 

sputtering rate of the films. Therefore, the calculated thicknesses represents only a rough but 

good approximation. Interestingly, the atomic concentration of the Eu3+ was slightly higher in 

the top of the layer of the films (50 nm) compared to the deeper layers for the films with 3 and 

4 mol% of Eu3+ ions. This may be due to the fact that Eu3+ ions with bigger ionic radius than 

Zn2+ ions tend to diffuse to the top layers of the films and occupy the grain boundaries during 

the spin coating, preheating or annealing processes.          

  

 

   

Fig. 5.6. XPS depth profiles for the films with different Eu3+ concentrations. 
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Fig. 5.7. Positive mode ToF SIMS 3D images (100 x 100 µm2) of the Eu+ ion distribution in 

(a) the 3 mol % thin film and (b) the same image after removal of the top layers. 

Fig. 5.7 shows the ToF SIMS 3D images (100 x 100 µm2) of the Eu+ ion distribution in (a) the 

3 mol % thin film and (b) the same image after removal of the top layers. It is clear that the Eu+ 

was homogeneously distributed throughout the thin film with a slight enrichment in the top 

layers (more Eu+ present) near the surface of the thin film. There was no evidence of 

agglomeration of Eu of any sort; a clear indication that the Eu was successfully incorporated 

into the thin films. Doping ZnO homogeneously with 1 mol % Eu3+ was also successfully 

demonstrated in the past by Balakrishna et al. [28]. Fig. 5.8 shows the ToF SIMS depth profile 

of the 3 mol % Eu3+ film indicating the Zn+, Si+, Eu+, Eu2+ (EuF+) and Eu3+ (EuO+) distribution 

in the film. It must be pointed out that the sensitivity factors for all these ions are different and 

therefore the big differences in the number of counts, and the EuF+ was due to adventitious F 

in the environment during atmospheric exposure. The Eu3+ was homogeneously distributed, 

while the Eu2+ was only present in the top few layers. The Eu+ contribution, which is due to a 

combination of Eu3+ and Eu2+ species, was also enriched towards the surface of the thin film. 

The Eu contribution slightly decreased and the Zn slightly increased deeper into the thin film. 

The enrichment of Zn and Eu at the Si interface must be interpreted as not real but due to matrix 

effects due to a native SiO2 layer on the Si substrate. For a matrix such as Si or Ge, the 

magnitude of oxygen-induced secondary ion yield enhancement varies with the local oxygen 

concentration [29]. 
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Fig. 5.8. Positive mode ToF SIMS depth profiles indicating the Zn+, Si+, Eu+, Eu2+ (EuF+) and 

Eu3+ (EuO+) ion distribution in the 3 mol % thin film. 

5.3.2. Transmittance and band gap analysis (UV–vis spectroscopy) 

Fig. 5.9 illustrates the transmittance spectra of the undoped and Eu3+ doped ZnO thin films 

deposited on glass substrates. The films exhibited a transmittance of about 80 % over the range 

from 800 nm to about 400 nm below which steep absorption occurred until a wavelength of 

about 365 nm. The steep absorption is associated with the optical band gap of ZnO (the near 

band edge along with exciton absorption) [30]. The well-known Tauc’s formula was used to 

extrapolate the band gaps and the plots are shown in Fig. 5.9(b). The band gap values estimated 

by Tauc’s plots were found to slightly decrease from 3.28 eV to 3.24 eV with increasing Eu3+ 

content. Incorporating impurities into a semiconductor host creates energy levels near the 

conduction band (for donors) or near the valence band (for acceptors). Increasing these 

impurities will increase these energy levels and thus a continuous density of states will be 

formed within the band gap, and eventually the band gap will decrease [31]. This may be the 

reason why the ZnO band gap decreased with increasing Eu3+ content. Moreover, other 

mechanisms may be involved in the decrease of the band gap such as quantum confinement 

effect as the result of reduction in the crystallite/ particle size as revealed from XRD, SEM and 

AFM results. Raji et. al. [20] observed widening of the ZnO band gap accompanied with 

increase in the crystallite size with increasing Eu3+ concentrations. They attributed the 

widening in the band gap to the band gap renormalization effect in the ZnO lattice by the Eu3+ 

ions. In our case, the decrease in the band gap was accompanied by the decrease in the 
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crystallite and particle size. Similar mechanism as explained by Raji et al [20] although in the 

opposite direction may be used to explain our observation.  

    
Fig. 5.9. (a) Transmittance spectra and (b) Tauc's plot of un-doped and Eu3+ doped ZnO thin 

films. 

5.3.3. Photoluminescence analysis 

Fig. 5.10 depicts the PL spectra of the un-doped and Eu3+ doped ZnO thin films on silicon 

substrates excited using a 325 nm He-Cd laser. The undoped film spectrum exhibited a broad 

range from ultraviolet to visible emission. Therefore, the broad peak was deconvoluted to 

determine the possible peaks within the main peak, Fig. 5.10(a). At least five peaks were found 

at ~ 3.3 eV (376 nm), 3.10 eV (400 nm), 2.45 eV (506 nm), 1.87 eV (665 nm) and 1.58 eV 

(784 nm). The origin of the ultraviolet emission at ~376 nm of ZnO is well-known due to the 

electron transition from the valence band to the conduction band [32]. The origin of the visible 

emissions of ZnO is a very controversial issue, although the most acceptable results are that: 

the blue peak at ~3.10 eV is associated to the shallow electron trapped near the conduction 

band (zinc interstitial Zni) to the zinc vacancies site, the emission at ~2.45 eV is due to the 

singly or doubly ionized oxygen vacancies (Vo
++/Vo

+) [33], while the peaks at ~1.87 and 1.58 

eV are commonly attributed to the excess-oxygen related defects such as oxygen interstitials 

(Oi) and zinc vacancies (VZn). After incorporation of Eu3+ into the ZnO host, the overall PL 

intensity drastically decreased and the band at ~ 2.45 eV was eliminated. Narrow peaks 

corresponding to the Eu3+ lines protruded around 589 nm, 614 nm and 704 nm. These peaks 

are associated with the 5D0-
7F1, 

5D0-
7F2 and 5D0-

7F4 transitions of the Eu3+ intra 4f-4f 

transitions, respectively. The elimination of the broad peak at ~2.45 eV of the ZnO defects may 

be attributed to radiative energy transfer between ZnO defects and Eu3+. The reduction in the 

broad peak of ZnO around 1.87 eV could be related to the charge transfer between the oxygen 

and Eu3+ ions. The UV emission at ~376 nm also systematically decreased with increasing the 
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Eu3+ content. Since the decrease was not only in the UV emission, all the ZnO defect-related 

emission decreased with increasing Eu3+ concentration, so we propose that the excitation 

energy was shared between the band-to-band/exciton emissions, defect transitions and the Eu3+ 

emissions. The surface roughness may have also contributed to the reduction of ZnO emission 

(UV and defect emissions) after incorporating the Eu3+ ions. The rougher surface will have a 

high surface to volume ratio which may increase the emission intensity of the film. These films 

roughnesses were drastically decreased after adding the Eu3+ contents and kept decreasing with 

increasing the Eu3+ concentration (Table 5.1). That might be why the overall ZnO emission 

decreased with increasing the Eu3+ concentration.   

   
Fig. 5.10. (a) Deconvoluted peak of the PL spectrum of the undoped ZnO thin film and (b) PL 

spectra of undoped and Eu3+ doped ZnO thin films, excited at 325 nm with a He-Cd laser.  

Fig. 5.11 displays the PL spectra of the Eu3+ doped ZnO films. Fig. 5.11 (a) shows the excitation 

spectra recorded while monitoring the Eu3+ emission at 614 nm and (b) the emission spectra of 

the films selectively excited for Eu3+ absorption band at 464 nm. The excitation spectrum of 

the undoped sample shows a steep absorption around 377 nm which correspond to the ZnO 

band gap, while the Eu3+ doped ZnO samples exhibited sharp lines at 464 nm and 392 nm, 

which are due to the 4f-4f intrinsic transitions of Eu3+ in ZnO. The sharp lines at 464 nm and 

392 nm were associated with the 7F0 – 5L6 and 7F0 – 5D2 transitions of Eu3+, respectively. The 

broad absorption peaks centred around 288 nm for the Eu3+ doped samples is related to the 

charge transfer between Eu3+ and O2- ions. The emission spectrum of the Eu3+ doped ZnO films 

exhibited the characteristic emissions of Eu3+ at 578 nm, 590 nm, 614 nm, 654 nm and 704 nm, 

which are assigned to 5D0 – 7F0, 
5D0 – 7F1, 

5D0 – 7F2, 
5D0 – 7F3 and 5D0 – 7F4 transitions, 

respectively. The emission arising from the electric dipole transition (5D0 – 7F2) is higher than 

the emission from the magnetic dipole transition (5D0 – 7F1), which indicates that the Eu3+ ions 

occupy sites without inversion symmetry. The overall Eu3+ emission intensity increased with 



85 
 

increasing Eu3+ concentration and the highest intensity was recorded for the sample with 3 

mol% of Eu3+, after which the intensity was quenched. There are different mechanisms via 

which the luminescence of rare earth quenches occurs, including: multipole-multipole 

interaction, radiation reabsorption and exchange interaction mechanisms of the non-radiative 

energy transfer. Based on Blasse [34] theory, resonant transfer by exchange interaction or 

multipole-multipole interaction are responsible for the non-radiative energy transfer of the 

luminescence. The transfer distance between activators is a critical parameter to determine the 

quenching mechanism of the luminescence. In case of RE3+ activators, if the transfer distance 

between activators is greater than 5 Å then the multipole-multipole interaction is the 

mechanism of the quenching, otherwise exchange interaction is the major mechanism. The 

following equation was used to estimate the critical transfer distance between Eu3+ activators:  

𝑅𝑐 = 2(
3𝑉

4𝜋𝐶0𝑁
)

1

3                                        (5.1),         

where, N is the number of Zn ions in the ZnO unit cell (2), V represent the ZnO unit cell volume 

(47.77 Å3) and C0 the optimum concentration (0.03 mol). The critical transfer distance (Rc) 

between Eu3+ activators was found at about 11.5 Å, suggesting that the multipole-multipole 

interaction is the major mechanism responsible for the luminescence quenching. Zeng et al. 

found that their Eu3+ doped ZnO nanosheets exhibited Eu3+ characteristic emission protruding 

the broad yellow emission that was centred around 600 nm when the samples were excited at 

325 nm using a xenon lamp. The broad emission around 600 nm was attributed to the Oi 

transition. Whereas, when the samples were excited at 464 nm, a pure red emission consisted 

of emission peaks at 577 nm, 589 nm, (612 nm and 619 nm) and 654 nm were observed. These 

peaks were attributed to the 5D0 – 7FJ (J = 0, 1, 2 and 3) transitions of the 4f-4f of Eu3+ ions 

[35]. 

 6.     

Fig. 5.11. PL (a) excitation monitored while exciting at 614 nm and (b) emission spectra 

(excited at 464 nm) of ZnO:Eu3+ with different Eu3+ concentrations. 
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5.3.4. Judd-Ofelt analysis 

The local environment of the Eu3+ ions in the host and their symmetry are directly related to 

the characteristic emission of the Eu3+ ions. Judd-Ofelt analysis is an important theoretical tool 

to investigate the Eu3+ asymmetry in the host and obtain other important parameters such as 

the asymmetry ratio, Judd-Ofelt intensity parameters (Ω2 and Ω4), spontaneous radiative decay 

rates (τrad), total radiative transition rate (AR), branching ratios (β0-1,2,4) and stimulated emission 

cross-sections (σ(λp)0-1,2,4) [20]. The electric dipole emission (5D0-
7F2) is very sensitive to the 

local environment and the asymmetry around the Eu3+ ions, whereas the magnetic dipole 

emission (5D0-
7F1) is independent of the asymmetry and the local environment of the Eu3+ ions. 

Therefore, the ratio between the integrated intensity of 5D0-
7F2 emission to the integrated 

intensity of 5D0-
7F1 is called the asymmetry ratio and is given in Table 5.4. The asymmetry 

ratio value increased with an increase in the Eu3+ concentration up to 3 mol% and then 

decreased at 4 mol%, implying that the asymmetry ratio also depends on the Eu3+ content in 

the host and has the same trend as the concentration quenching. Intensity parameters Ω2 and 

Ω4 give information about the Eu3+ ions polarization and asymmetry behaviour of their ligands. 

They were estimated from the Judd-Ofelt formulas [20] and the values are given in Table 5.4 

and plotted in Fig. 5.12 (a). The Ω2 value increased with increasing Eu3+ concentration until 3 

mol% and then decreased at 4 mol%, whereas the Ω4 value decreased with increasing the Eu3+ 

concentration. The values of Ω2 are higher than Ω4 for the samples with 2, 3 and 4 mol%. This 

indicate that at lower concentration (1 mol%) the Eu3+ ions have lower asymmetry and weak 

covalence bonds, while at higher concentration (2, 3, and 4 mol%) Eu3+ ions have strong 

covalence bonds and high asymmetry in their vicinities. Detailed information about Judd-Ofelt 

calculations can be found in ref [20]. Other useful parameters such as radiative emission rate 

(A0-J) total transition probability (AT), radiative life time (τrad), branching ratio (βJ), stimulated 

emission cross-section (σ(λp)) can also be obtained from the intensity parameters [20], see 

Table 5.4. For more elaboration, the variation trend of the stimulated emission cross-sections 

of the 5D0-
7F1 and 5D0-

7F2 transitions against Eu3+ concentration are shown in Fig. 5.12 (b).  
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Fig. 5.12. Dependency of the Judd-Ofelt (a) intensity parameters (Ω2 and Ω4) and (b) emission 

cross-sections (σ(λp)0-1,2) on the Eu3+ concentration.  

5.3.5. Cathodoluminescence and degradation analysis 

The CL spectra of the Eu3+ doped ZnO thin film samples were recorded in vacuum while the 

samples were excited by using a high energy electron beam (2 keV), Fig. 5.13(a). Only Eu3+ 

characteristic emission was observed at 590 nm, 614 nm, 654 nm and 704 nm which are 

ascribed to the 5D0 – 7FJ (J = 1, 2, 3, 4) transitions, respectively. The CL intensity followed the 

same trends as the PL intensity when excited at 464 nm, where the CL peak intensity increased 

with increasing Eu3+ contents until 3 mol% after which the intensity was quenched. The 

electron beam energy was orders of magnitude higher than the band gap of ZnO, and therefore 

ZnO native emissions (band to band and defects emissions) were expected. However, only Eu3+ 

emission was detected. This may be due to the fact that the electron beam excited the 

luminescence centres through impact excitation/ionization, similar to electroluminescence 

behavior reported in ref [36]. When a RE3+ doped semiconductor host is excited via a photon 

with energy higher than the band gap, the defect-related emission and RE3+ ions emission both 

could be detected or sometimes at least the defect-related emission was detected, but when they 

are excited through an electric field (electroluminescence) only RE3+ emission was detected 

[36]. An electron beam has two ways to impact-excite RE3+ luminescence centres in the host, 

either through direct or indirect excitation. In the case of direct excitation, the number of 

excited Eu3+ ions are proportional to the Eu3+ concentration, and thus the CL intensity increases 

with increasing RE ions concentration and quenching may occur due to concentration self-

quenching effect. In the case of indirect excitation, the incident electrons generate electron-

holes (EHs) by collision with the lattice. These EHs are mobile and do not directly recombine 

at the lattice sites, but move out of the excited volume and recombine at the RE3+ sites. In this 

case, the number of recombination of the EHs (corresponding to the CL intensity) is dependent 
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on the particle volume (φ3) and the variation curve of the CL intensity versus the RE ions 

concentration (C) is not the same as the direct excitation curve [19]. The CL intensity variation 

for these samples (Fig. 5.13(b)) follows the same trend of the concentration self-quenching of 

the PL intensity when selectively excited at 464 nm. Therefore, direct excitation may be the 

major mechanism for the CL spectra. This indicates poor energy transfer from the host 

excitations to the Eu3+ ions and is a limiting factor for the emission intensity. 

The photometric characteristics such as colour coordinates (X, Y) and the color correlated 

temperature (CCT) were assessed using the Commission International de I’Eclairage (CIE) 

1931 software. CL spectra and PL spectra excited at 464 nm were used in the CIE software for 

the calculations. The well-known McCamy method was used to calculate the color correlated 

temperature (CCT) and the results are shown in Table 5.5. From Fig. 5.13(c), the chromaticity 

coordinates based on the PL data of the samples were shifted from the orange region to the red 

region as the Eu3+ concentration increased, whereas for the CL spectra the chromaticity 

coordinate shifted from the purple region to the red region with increasing Eu3+ concentration.   

Table 5.5. Rendering indexes (X, Y) and the CCT of the samples, based on PL and CL spectra. 

Samples Based on PL spectra excited at 464 nm Based on CL spectra 

X Y CCT (K) X Y CCT (K) 

1 mol% Eu3+ 0.54 0.45 2129 0.42 0.34 2687 

2 mol% Eu3+ 0.63 0.37 1991 0.62 0.35 5514 

3 mol% Eu3+ 0.59 0.40 1710 0.64 0.35 2434 

4 mol% Eu3+ 0.63 0.37 1991 0.67 0.34 3181 
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Fig. 5.13. (a) CL spectra of ZnO spin coating films with different Eu3+ contents (the insets are 

the CCD camera photographs of the samples emission), (b) CL intensities of Eu3+ line at 614 

nm as a function of Eu3+ concentration, and (c) CIE color coordinates of the samples based on 

the PL and CL data. 

The highest CL intensity sample (3 mol%) was subjected to electron beam irradiation in 

vacuum for about 160 C/cm2 (≈ 22 hours), during which the intensity of the dominant CL 

emission peak at 614 nm of the Eu3+ lines was recorded against the electron dose as shown in 

Fig. 5.14. The CL intensity of the 614 nm peak has decreased during the initial period of 

electron dose up to about 30 C/cm2 and then stabilized. The initial degradation of CL intensity 

is generally observed for CL degradation of the phosphor materials and was attributed to the 

formation of an oxide interleaved layer, which inhibits the luminescence and acts as a 

protective layer that contributes to the further stability of the materials [37]. Coetsee et al. 

observed a similar decrease in the CL intensity when they degraded Y2SiO5:Ce phosphor and 

they attributed it to the possible formation of a SiO2 interleaved layer [38]. Swart et al. observed 

the formation of a non-luminescent ZnO layer which caused the CL degradation of 
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ZnS:Cu,Al,Au based FED phosphors [39].  Yousif et al. confirmed the presence of AlOx, YOx 

and Y(Al,Ga)O3 thin layers on their degraded Y3(Al,Ga)5O12:Tb material [40]. In our study, 

the formation of a non-luminescent ZnO layer may have occurred. Moreover, since XPS results 

revealed the creation of defects after electron beam irradiation, the initial degradation could be 

due to the competition between the new-created defects and the Eu3+ luminescent centres. It is 

worthwhile to note that the shape of the CL spectra of the Eu3+ emissions remained unchanged 

as shown in the inset of Fig. 5.14. 

  
Fig. 5.14. CL intensity of the Eu3+ line at 614 nm as a function of electron dose in vacuum base 

pressure of 3 x 10-8 Torr. The inset shows the CL spectra before and after the irradiation. 

Electron beam irradiation can induce heat, electrostatic charging, sputtering, radiolysis and 

displacement of atoms of the irradiated sample. Consequently, the specimen may undergo 

damages on the surface, changes in its morphology or creation of defects in the crystal lattice 

[41]. These changes can severely deteriorate the luminescence efficiency of the materials. 

Hasabeldaim et al. [42] monitored the morphology changes during the electron irradiation of 

ZnO nanorods obtained from the chemical bath deposition. They attributed the thinning of the 

lower half and the growth of the upper half to different reasons including migration and 

diffusion of the ZnO defects, formation of an interleaved non-luminescent ZnO layer and/or 

removal of the atomic hydrogen from the ZnO lattice. Hasabeldaim et al. [43] also irradiated 

an un-doped ZnO thin film for about 24 h. The electron beam induced surface changes 

(coalition of particles) during prolonged electron beam irradiation. Therefore, the SEM images 

were recorded at low magnification for the degraded spot and at high magnification for the un-

degraded and degraded areas (Fig. 5.15). The effect of the electron beam irradiation on the 
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sample is clearly visible when the SEM images were captured at low magnification. However, 

the high magnification SEM images showed no visible modification on the sample 

morphology. For further analysis, the degraded area in this case was also examined by AFM 

and is shown in Fig. 5.15. No significant damage/changes were seen on the surface, although 

the particle boundaries became clearer on the degraded area than the un-degraded area 

(compare Fig. 5.3(d) the sample before degradation). The root mean square roughness (Rq) has 

slightly increased after degradation to 0.998 nm, whereas for the un-degraded sample it was 

0.647 nm. Based on the XPS results, which showed a creation of defects after irradiation, the 

creation of the defects can happen through complicated processes such as diffusion of atoms 

and removal of atoms/ions from the crystal sites. Therefore, reconstruction of crystals/particles 

must take place to minimize energy in the crystal and hence surface alters [44, 45]. This may 

explain the minor changes on the irradiated area.      

  

Fig. 5.15. (a) Low magnification SEM image of the degraded spot (the insets are the high 

magnification SEM images of the un-degraded and degraded area as indicated by red arrows), 

and (b) 3D AFM image of the ZnO thin film with 3 mol% of Eu3+ after electron beam 

irradiation. 

5.4. Conclusion 

ZnO doped films with different Eu3+ concentration were fabricated by the sol-gel method using 

the spin coating technique. The surface state, chemical and luminescence stability of the films 

were studied during prolonged electron beam irradiation. The particle sizes and the band gaps 

have decreased with an increasing Eu3+ content. Although XPS and ToF SIMS indicated some 

divalent Eu2+ on the sample surface, only the characteristic luminescence of Eu3+ ions was 

observed. Multipole-multipole interaction was the major mechanism for the concentration 

quenching. The maximum intensity sample (3 mol% Eu) was subjected to electron beam 

Un -degraded 
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irradiation for about 22 h (~ 160 C/cm2). The CL intensity of the Eu3+ emission slightly 

decreased at the initial stage of electron irradiation after which it has stabilized. XPS 

measurements revealed the creation of new defects, especially oxygen deficiencies due to the 

electron beam irradiation. The surface of the electron beam-irradiated area was examined by 

SEM and AFM, indicating that there were minor changes on the film’s surface due to the 

electron beam irradiation. Therefore, the initial decrease on the CL intensity may be attributed 

to the creation of the new defects or the change on the surface morphology of the sample. 

Generally, this film was very stable and promising for optoelectronic applications such as 

FEDs.    
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Chapter 6 

Luminescence properties of Eu doped ZnO PLD thin films: the effect 

of oxygen partial pressure 

6.1. Introduction 

Eu3+ doped ZnO is one of the promising candidates to act as a red luminescent material for 

optoelectronic applications, such as light emitting diodes (LEDs) and flat panel displays 

(FPDs). ZnO has excellent properties, particularly its wide band gap (3.37 eV) at room 

temperature and large exciton binding energy, as well as its low cost of production [1].  The 

combination of ZnO with the 4f – 4f intrashell transitions of Eu3+ ions, which give narrow lines 

of emission within the red color region [2] provides interesting emission properties. Eu doped 

ZnO has attracted considerable attention among different research communities. Over the past 

few years, extensive research has been done to produce efficient red luminescence from Eu3+ 

doped ZnO, but the way has been encumbered by the difficulty of achieving good enough 

energy or charge transfer in the ZnO:Eu3+ system from the ZnO to Eu3+ energy levels [3, 4, 5, 

6]. Earlier work reported on electroluminescence of Eu3+ doped ZnO heterojunctions [7]. Some 

of these reports showed a visible red emission from the 4f – 4f intrashell transitions of Eu3+ 

incorporated in ZnO as a n-type layer [8, 9]. These results demonstrated that achieving intense 

red electroluminescence from Eu doped ZnO based heterojunctions is possible regardless of its 

photoluminescence, which may be due to the different excitation mechanisms.   

Another aspect is the preparation method since any technique has its own advantages and 

disadvantages. Different techniques have been used to prepare Eu3+ doped ZnO in the form of 

powders, thin films and nanostructures (such as nanorods, nanowires, nanocombs, etc.) such 

as the combustion method, co-precipitation, microemulsion method, sol-gel method, spin 

coating, radio frequency, electron/ion beam sputtering, chemical bath deposition and chemical 

vapor deposition [2]. Pulsed laser deposition (PLD) provides different advantages over the 

above-mentioned techniques, including the versatility, which offers many parameters that can 

be changed to finely control the final film properties. Obtaining a high quality crystalline thin 

film at relatively low substrate temperatures is possible and post annealing processes may not 

be required [10]. Deposition in reactive gases such as oxygen is available [11, 12] and hence 

post annealing in a reactive atmosphere to activate the luminescence centres may not be needed. 

Therefore, obtaining high quality thin films with good optical, luminescence and electrical 

properties is possible. Moreover, PLD offers the possibility of using multiple targets of 

different materials at the same time, and then in situ deposition of multiple layers is possible. 
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In our previous work, Eu doped ZnO thin films fabricated by sol-gel method using the spin 

coating technique, exhibited good luminescence properties and excellent stability under 

electron beam irradiation [13].  

In the present work, Eu doped ZnO thin films were deposited using PLD. The effect of partial 

pressure of an oxygen reactive atmosphere on the films structure, morphology and 

luminescence properties was investigated. For achieving electroluminescence, in the case of 

thin films, rectification is crucial for the junction between substrate and thin film, as well as 

other conditions such as a transparent conducting film, electron ejection layer, etc. It is 

therefore important to show that rectification can be obtained and what the effect of the PLD 

parameters (oxygen atmosphere) would be.                

6.2. Experimental methods 

6.2.1. Pellet preparation and thin film deposition 

For the PLD target pellet preparation, 3 mol% Eu doped ZnO powder was prepared by the 

combustion method [14]. The Eu content was chosen because it demonstrated a reasonable red 

emission intensity [15]. The powder was annealed at 950 ºC for 2 h in air to improve its 

stoichiometry [16, 17]. About 12 g of this annealed powder was pressed in a 1-inch disk die 

using a hydraulic press at 12 Ton, and then taken out from the die and sintered at 950 ºC for 8 

h in air. The compactness of the pellet particles plays a critical role on the final film morphology 

and topography, therefore the pellet received further sintering at a higher temperature of 1100 

°C for 6 h and then again at 1200 °C for 6 h in air, after which it was ready for laser ablation. 

It was inserted into a PLD chamber and mounted in a target holder which was rotated at 10 

degrees/min to avoid laser-pinning. 

A p-type Si (100) substrate was cut into pieces of ~ 3 x 2 cm. They were ultrasonically cleaned 

using acetone, isopropanol, ethanol and distilled water consecutively for about 5 min each and 

then nitrogen gas was gently blown on their surfaces for drying proposes. The Si substrate was 

mounted on the substrate holder in the PLD chamber, with a temperature maintained at 300° C 

during the ablation process. The target-substrate distance was kept at 5 cm for all the samples. 

A 266 nm Nd:YAG laser was used for the ablation. The laser energy, time of deposition and 

the ablated area were fixed at 33 mJ, 60 min and 1.5 mm, respectively. The PLD chamber was 

pumped down to a vacuum base pressure of ~ 2.6 x 10-5 Torr for the deposition of the first 

sample (vacuum). The chamber was then back filled with oxygen to increasing partial pressures 

of ~ 5.9 x 10-2 Torr, 8 x 10-2 Torr and 10 x 10-2 Torr for the deposition of the other samples, 

designated as O1, O2 and O3, respectively.     
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6.2.2. Characterization techniques 

A D8 Bruker X-ray diffractometer (XRD) was used for the structural analysis with a 1.5406 

nm Cu Kα X-ray. A JEOL model JSM-7800F scanning electron microscope (SEM) , a 

Shimadzu atomic force microscopy (AFM) Model SPM-9600, and a PHI 5000 scanning XPS 

microprobe were used for characterization. Full detail of the characterization techniques can 

be found in ref [13]. ImageJ software was used to estimate the average particle size from SEM 

and AFM images. MULTIPACK version 9 software using Gaussian-Lorentz functions was 

employed to analyze (plot, fit and deconvolute) the spectra to identify the chemical states of 

the compounds present. The binding energy (BE = 284.6) of the C1s of the graphitic carbon 

was used as reference to correct the binding energy shift for all detected elements as in ref [18]. 

For photoluminescence (PL) measurements, a 325 nm He-Cd laser was used as an excitation 

source above the ZnO band gap, while a photomultiplier tube detector was used to record the 

sample emission. A FLS980 (Edinburgh Instruments) was employed to excite the samples at 

different wavelengths using a xenon lamp as an excitation source. The cathodoluminescence 

(CL) spectra were recorded by an Ocean Optics PC2000 spectrometer, while the samples were 

under the excitation of an electron beam at a working voltage, beam current and current density 

of 2 kV, 24 µA and 2.12 µA.cm-2, respectively. The electron beam spot size was about 1.2 mm. 

The CL measurements were conducted in an ultra-high vacuum using a PHI Auger electron 

spectroscopy model 545. All the measurements were performed at room temperature. For the 

current-voltage (IV) measurements, 150 nm thick Al contacts were evaporated on the back side 

(Si substrate) and the front side (ZnO:Eu films) using electron beam evaporation, after which 

the devices were annealed at 350 ºC in an argon atmosphere. A PVIV test station from Oriel 

instrument was used for the IV measurements.    

6.3. Result and discussion 

6.3.1. Structural and morphological analysis 

Fig. 6.1 displays the XRD patterns of the Eu doped ZnO thin films deposited in the different 

atmospheres. The films have the commonly observed (002) orientation along the c-axis of the 

wurtzite structure of ZnO, which is well-known to be due to the low surface energy along the 

[002] direction [19, 20]. No peaks associated with Eu2O3 were observed, which affirms the 

substitution of Zn2+ by Eu3+ ions in the ZnO lattice, or maybe the Eu3+ occupied interstitial 

sites. Comparing the samples grown at oxygen atmospheres to the vacuum sample, the peak 

position of the 002 reflection shifted to a higher 2θ angle, which indicated a decrease in the 

lattice parameter. The 002 peak intensity has increased while the full width at half maxima 
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(FWHM) decreased until O2 sample, after which (O3 sample) the intensity slightly decreased 

with widening in the FWHM. This can be attributed to either the enhancement of the film 

crystallinity, or more likely due to the film thickness as the thickness increased and decreased 

with the same pattern of the 002 peak intensity, Fig. 6.1(b). The well-known Scherrer equation 

[21] and Miller indices were used to compute the crystallite size and the lattice parameter, 

respectively (Table 6.1). The crystallite size increased with increasing oxygen partial pressure 

until O2, after which it decreased again. The lattice parameter c for the film obtained in vacuum 

is ~ 0.5334 nm which is greater than for bulk ZnO (0.5209 nm), and the lattice parameters c 

for the films obtained in oxygen (O1, O2 and O3) were almost equal to the lattice parameter c 

for bulk ZnO. This may be attributed to the excess of Zn atoms in the crystal lattice which were 

eliminated after introducing oxygen. The equation  

𝜎 =  −2.33 × 1011(
𝑐𝑓𝑖𝑙𝑚 − 𝑐𝑏𝑢𝑙𝑘

𝑐𝑏𝑢𝑙𝑘
) 

was used to estimate the films stress [19] and the results are shown in Table 6.1. The film 

deposited in vacuum atmosphere was found to have a compressive stress, whereas those 

obtained in oxygen partial pressures were found to be almost stress-free films. 

Table 6.1. Lattice parameters, crystallite size and roughness of the Eu doped ZnO PLD thin 

films deposited in different atmospheres. 

Sample FWHM 

(degree) 

2θ 

(degree) 

Lattice 

parameters 

(c) (nm) 

Interplanar 

spacing 

(d) (nm) 

Crystallite 

size (D) 

(nm) 

Stress 

(GPa) 

Vacuum 1.13 33.56 0.5334 0.2667 8 ± 1 -5.91 

O1 0.53 34.44 0.5204 0.2601 16 ± 1 0.22 

O2 0.46 34.29 0.5213 0.2612 18 ± 1 -0.18 

O3 0.48 34.38 0.5210 0.2605 17 ± 1 -0.04 
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Fig. 6.1. (a) XRD patterns and (b) XRD 002 peak intensity and thickness of the Eu doped 

ZnO PLD thin films deposited in the different atmospheres. 

Fig. 6.2 shows the SEM images and corresponding cross-sections of the Eu doped ZnO thin 

films deposited in the different atmospheres. The film deposited in the vacuum base pressure 

has a smooth surface with no clear particle boundaries. Introducing oxygen gas at the O1 partial 

pressure resulted in an irregular particles shape with identified boundaries. Increasing the 

oxygen partial pressure led to the formation of circular particles with well-defined boundaries. 

The changes in the particle morphology may be explained by the plasma plume dynamics. The 

plume (ablated particles) is comprised of ions, atoms, ZnO molecules and clusters. In vacuum 

atmosphere, the plume particles travel from the target to the substrate with their original kinetic 

energy and speed which are very high. When these particles reach the substrate, the probability 

of these particles, due to their high energy, to stick on the substrate surface is low as well as 

the possibility of sputtering off the previous existing material. Therefore, the film deposited in 

vacuum is smooth and have poor crystallinity as also observed in the XRD results (Fig. 6.1(a)). 

Introducing gas in the deposition chamber will cause the plume particles to collide with the gas 

molecules, so that their mean-free path and kinetic energy will be reduced. Consequently, the 

arriving adatoms on the substrate surface will have time to nucleate before the next adatom 

arrives, which may increase the deposition rate. Therefore, the films deposited in oxygen partial 

pressure favors growth of grains and led to better crystallinity [22]. The mean free path of the 

plasma plume particles (the ejected particles) was calculated using [23]: 




ANd

RT
22

=  

where, R, d and NA represents the gas law constant, collisional cross section and Avogadro’s 

number, respectively.  is the gas pressure and T represents the substrate temperature (300 ºC) 

around which the gas was present. The mean free path was found to be 11 x 10-5 m, 8.2 x 10-5 

m and 6.6 x 10-5 m for the O1, O2 and O3 oxygen partial pressures. The average particle size 
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for the films obtained at the O2 and O3 partial pressures were about 40 nm and 45 nm, 

respectively. The film thickness increased with increasing the oxygen partial pressure up to O2 

and then slightly decreased. The film deposited in vacuum usually lacks oxygen. Introducing 

oxygen will increase the adsorbed oxygen atoms per unit time on the surface, which promotes 

sufficient Zn-O atoms reaction on the surface and subsequently an increase in the growth rate. 

This may explain the increase on the film thickness with the initial increase in the oxygen 

partial pressures [24]. The decrease of the thickness for the film deposited in the O3 oxygen 

partial pressure is attributed to the reduction of the deposition rate as the result of the decrease 

in the mean-free path that was caused by the relatively high oxygen partial pressure.    

     

      

Fig. 6.2. SEM images of 3% Eu doped ZnO PLD films deposited in different atmospheres.  

Fig. 6.3 displays 2D and their corresponding 3D AFM micrographs of the films deposited at 

the different atmospheres. The film obtained in vacuum comprised of small particles with an 

average size of about 32 nm, while the particle size for the films deposited in the oxygen partial 

pressure O1, O2 and O3 increased to about 57 nm, 51 nm and 62 nm, respectively as obtained 

from the AFM images. It was expected that the particle size would increase consistently with 

increasing oxygen partial pressure. However, the film obtained in the O1 partial pressure 
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exhibited bigger particles than the film obtained in the O2 partial pressure. This is attributed to 

the differences in their morphology as shown by the SEM images, where the film obtained in 

the O1 partial pressure showed irregular particles shape. The root mean square (RMS) 

roughness was 0.85 nm, 4.5 nm, 3.7 nm and 4.6 nm with increasing oxygen partial pressure 

from vacuum, O1, O2 and O3, respectively. The increase of the surface roughness can be 

ascribed to the particles growth [22].    
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Fig. 6.3. AFM of the Eu doped ZnO PLD thin films deposited in different atmospheres. 

6.3.2. Chemical analysis 

Fig. 6.4 shows the high resolution XPS spectra of the Zn 2p level of the Eu3+ doped ZnO thin 

films obtained in different oxygen partial pressure (before and after 30 s of Ar+ ion sputtering). 
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Two peaks attributed to the Zn 2p3/2 and Zn 2p1/2 doublet lines were detected at binding energies 

of 1044 eV and 1022 eV, respectively. The energy difference between the two lines was 23 eV. 

These values comfortably match the standard reference value of ZnO [18]. No metallic Zn 

could be detected, which is in agreement with the XRD measurements.   

          
Fig. 6.4. High-resolution XPS spectra of Zn 2p core levels (a) before sputtering and (b) after 

sputtering of the Eu3+ doped ZnO PLD thin films deposited at different oxygen partial 

pressures. 

Fig. 6.5 depicts the high resolution XPS spectra of the Eu 3d level for the films deposited in 

different oxygen partial pressure ((a) before and (b) after 30 s of Ar+ ion sputtering). Four peaks 

were detected at energy region between 1115 eV to 1180 eV for all the samples. Two peaks 

ascribed to the Eu 3d5/2 and 3d3/2 were detected at 1135.2 eV and 1165.0 eV, respectively. The 

binding energy difference between these two peaks was 29.8 eV. These values match the values 

corresponding to Eu3+ ions (trivalent state) in the ZnO host as reported previously [25]. Two 

other peaks associated with the divalent state (Eu2+) of Eu ions were also detected at the lower 

binding energy side of the Eu3+. The presence of the divalent together with the trivalent 

oxidation states of Eu indicated that the incorporation of Eu occurred in an oxidative 

environment [14]. Of interest is that the peaks associated with trivalent state of Eu3+ in ZnO 

have increased after sputtering, while the peaks associated with the divalent Eu2+ in ZnO have 

almost diminished. This indicates that most of the Eu2+ ions were present on the films surface 

along with surface contaminations. In our previous work, Eu doped ZnO spin coating thin 

films, the Eu2+ on the surface was associated with the adventitious EuF that formed during 

handling and air exposure [23]. The components of the Eu2+ ions may represent the Eu3+ ions 

that occupied the Zn2+ sides, whereas the Eu3+ components could represent the Eu3+ ions in 

interstitial sites or lattice sites leaving to charge imbalance. This argument may be supported 

by the fact that XRD exhibited the formation of pure ZnO as determined for all the films. 
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Fig. 6.5. High-resolution XPS spectra of Eu3+ 3d peaks (a) before sputtering and (b) after 

sputtering of the Eu3+ doped ZnO PLD thin films deposited at different oxygen partial 

pressures. 

XPS high resolution spectra of the O 1s core level of the Eu3+ doped ZnO PLD thin films 

obtained in different oxygen partial pressures are shown in Fig. 6.6, before and after Ar+ ion 

sputtering for 30s. The O 1s peak was deconvoluted into three components as indicated with 

different colours namely magenta, cyan and blue, centred at binding energy levels at 530.6 eV, 

532.0 eV and 532.9 eV, respectively. The O 1s components were well identified in previous 

works [26, 27, 28] as follow; the magenta band (O1) was attributed to the fully oxidized oxygen 

atoms in the Zn-O-Zn coordinates, the cyan band (O2) was ascribed to the oxygen ions in 

deficient regions such as oxygen related defects and hydroxyl group, and the blue band (O3) 

was always associated with the loosely bonded species on the surface (contaminations) such as 

atmospheric carbon and CO2. The O2 and O3 bands areas were higher for all the films before 

sputtering, and they were significantly reduced after sputtering. The increase of the O1 peak 

area % and reduction in O2 and O3 peak area % indicated towards less defects and less loosely 

bonded species in the bulk of the material. This signify that most of the defects and surface 

contaminations were present on the surface. Although the XPS spectra of the Eu3d level 

confirmed the presence of Eu3+ in the film surface and bulk (in addition, Eu3+ is associated with 

the Eu2O3) while no peak related to the Eu2O3 could be detected. This is correlating with XRD 

results and support the argument of the successful substitution of Zn2+ ion by Eu3+ in the ZnO 

matrix. The details (peaks position and area) about the O 1s components are listed in Table 6.2.   
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Fig. 6.6. The O 1s spectra of the Eu3+ doped ZnO PLD thin film deposited in different oxygen 

partial pressures. 
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Table 6.2. Peak positions and areas of the O1s de-convoluted components of the Eu3+ doped 

ZnO PLD thin films deposited in different oxygen partial pressures.   

  

6.3.3. Luminescence analysis 

Fig. 6.7 depicts the PL spectra of the films deposited in different atmospheres, excited at 325 

nm using a He-Cd laser. The films exhibited a broad range of emissions including: ultra-violet 

(UV) emission at ~ 379 nm, deep level emission (DLE) across the visible region from ~ 450 

nm to 700 nm, as well as characteristic emission of Eu3+ peak at ~ 616 nm protruding from the 

deep level emission for the films obtained in the oxygen atmospheres (O1, O2 and O3). The 

origin of the UV emission of ZnO is attributed to the near band to band (exciton) (NBE) 

transitions [29]. The deep level emissions are usually ascribed to the ZnO native defects such 

as: oxygen vacancies (Vo), zinc vacancies (VZn), oxygen interstitials (Oi) and zinc interstitials 

(Zni) [30, 31, 32]. The blue-green emission has been attributed mainly to be due to Vo [33] and 

the orange−red emission has been explained by the transition between Zni and Oi [34]. With 

the increase in oxygen pressure less Vo and more Oi are expected as seen from the trends in 

emission as function of oxygen pressure as indicated with the green and red arrows in Fig. 6.7 

(b). The Eu3+ peak is due to the 5D0-
7F2 transition of the 4f configuration [35]. The highest UV 

emission intensity was recorded for the film deposited in vacuum atmosphere, whereas the 

lowest UV intensity recorded for the films deposited in the oxygen atmospheres (O1, O2 and 

Sample 
O 1s 

components 

Peak position 

(eV) 

Area%  

(before sputtering) 

Area%  

(after sputtering) 

Vacuum 

Magenta O1  530.6 59 89 

Cyan O2 532.0 35 7 

Blue O3 532.9 6 4 

O1 

Magenta O1 530.6 65 88 

Cyan O2 532.0 26 9 

Blue O3 532.9 9 3 

O2 

Magenta O1 530.6 63 90 

Cyan O2 532.0 31 7 

Blue O3 532.9 6 3 

O3 

Magenta O1 530.6 60 88 

Cyan O2 532.0 32 8 

Blue O3 532.9 8 4 
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O3). Since the UV emission is due to the free exciton recombination, creation of defects in the 

ZnO crystal lattice and subsequent deterioration of the film crystallinity both can contribute to 

the reduction of the UV emission intensity. However, in this case, XRD results showed an 

enhancement of the films crystallinity. Deep level emission indicated no more defects were 

created for the films obtained in the oxygen atmospheres (O1, O2 and O3). Therefore, neither 

defects nor crystallinity deterioration may be responsible for the reduction of the UV emission. 

The Eu3+ characteristic emission increased with increasing the oxygen partial pressure from 

O1, O2 to O3. Presumably, the reduction of the UV emission intensity maybe due to the fact 

that the excitation energy is shared between the exciton emission, deep level emission and the 

Eu3+ emission [36], with the excitonic emission transferring some of its energy to the Eu ions. 

It was also previously found that a decrease in defects led to a decrease in Eu3+ emission due 

to the lack of energy transfer from the conduction band to the Eu3+ ions [37]. 

   

Fig. 6.7. (a) PL spectra of the Eu doped ZnO thin films deposited at different atmospheres, the 

inset is zoomed in for the region from 570 nm to 675 nm and (b) the normalized PL with respect 

to the NBE emission with an enlargement of the 560 to680 region as inset.  

Fig. 6.8 shows the excitation and emission spectra of the films obtained in different 

atmospheres. Fig. 6.8(a) is the excitation spectra of the films while monitoring the dominant 

Eu3+ peak excited at ~ 616 nm. The excitation spectrum of the film obtained in vacuum 

exhibited only a steep absorption at ~ 380 nm all the way down until 230 nm. This steep 

absorption is assigned to the ZnO optical band gap. Three other absorption peaks appeared for 

the oxygen atmosphere films, narrow peaks at ~ 464 nm, 394 nm and a broad peak centred at 

~ 288 nm. The absorption peaks at ~ 464 nm and 394 nm are assigned to the 7F0 – 5L6 and 7F0 

– 5D2 transitions, respectively. The absorption line around 288 nm is due to the charge transfer 

from O to Eu3+ [38], and its intensity increased with increasing the oxygen partial pressure. 
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This indicated an increase in the charge transfer with increasing the oxygen partial pressure. 

The charge transfer peak around 288 nm lies within the absorption range of the ZnO band gap 

and overlap with the excitation wavelength at 325 nm (Fig. 6.7). This might confirm the above-

mentioned argument that the excitation energy was shared between UV emission, DLE and 

Eu3+ emission through a charge transfer mechanism (Fig. 6.7). The PL spectra for resonant 

excitation at 464 nm for the films are shown in Fig. 6.8(b). The film deposited in vacuum did 

not exhibit any characteristic emission of Eu3+. The films deposited in oxygen atmospheres 

(O1, O2 and O3) exhibited a typical characteristic of Eu3+ lines at 536 nm, 578 nm, 595 nm, 

616 nm, 656 nm and 707 nm, which correspond to the 4f – 4f transitions: 5D1 – 7F0, 
5D0 – 7FJ 

(J= 0, 1, 2, 3 and 4), respectively [39, 4]. The Eu3+ emission when the films were excited at 

464 nm increased with increasing oxygen partial pressures until O2 and then decreased for the 

film obtained at O3. The decrease for the O3 oxygen pressure is probably due to the decrease 

in the film thickness as found by the SEM cross-section (plotted in Fig. 6.1(b)). Fig. 6.8(c) 

displays the PL spectra of the films excited at 288 nm. The vacuum sample exhibited broad 

emission centred at ~ 585 nm, which is commonly associated with ZnO intrinsic defects. The 

samples obtained in the oxygen atmospheres (O1, O2 and O3) exhibited a characteristic 

emission of Eu3+ of the 4f – 4f transitions, with an intense peak at ~ 616 nm as well as small 

peaks at ~ 578 nm, 595 nm, 656 nm and 707 nm. The intensity of the Eu3+ emission when the 

samples were excited at 288 nm has increased with increasing the oxygen partial pressure, 

which is consistent with the broad absorption peak of the charge transfer in Fig. 6.8(a). The 

differences between the Eu3+ emission when the films were excited at 288 nm and at 464 nm, 

may be due to the fact that Eu3+ ions were excited via charge/energy transfer when the 

excitation wavelength was 288 nm. Interestingly, the film obtained in vacuum atmosphere did 

not exhibit any Eu3+ characteristic emission when excited at different wavelengths. This can 

be attributed to different reasons including (I) absence of trivalent (Eu3+) oxidation state of Eu 

due to the lack of oxidation environment, (II) absence of oxygen related defects that promote 

charge transfer from O2- ions to Eu ions sites, and (III) structure and morphology-related 

reasons such as creation of defects, which formed non-radiative recombination that quench the 

Eu3+ emission, and presence of internal compressive stress that affect the Eu ions symmetry, 

which also quench the luminescence of the Eu3+. However, XPS revealed that trivalent (Eu3+) 

oxidation state of Eu and oxygen related defects are present in all the samples including the 

sample obtained in vacuum and the sample obtained in vacuum did not show Eu3+ emission 

even when excited resonantly at 464 nm. Therefore, the first (I) and second (II) arguments are 

likely not true. Hence, the third (III) argument is likely true since it is supported by XRD and 
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SEM, where the film deposited in vacuum showed high value of internal compressive stress 

and a very smooth surface.   

 
Fig. 6.8. (a) Excitation spectra and (b & c) emission spectra of 3% Eu doped ZnO films 

deposited in different atmospheres. 

CL of the films deposited in different atmospheres is depicted in Fig. 6.9(a). The film obtained 

in vacuum did not exhibit any CL, which is similar to its counterpart PL when excited at 464 

nm. The films obtained in oxygen atmospheres exhibited the characteristic emission of Eu3+ 

that corresponded to the 4f – 4f transitions as marked in the graph. The electron beam possesses 

enough energy (above the ZnO band gap) to excite all luminescent centres including ZnO 

defects, band to band emission and Eu3+ centres. However, in this case CL spectra showed the 

characteristic emission of Eu3+ with no ZnO native emission to be observed, which is different 

to the PL spectra excited above the ZnO band gap at 325 nm He-Cd laser. The electron beam 

excites luminescence centres in two ways, direct impact excitation by hot electrons or indirect 

impact excitation by generating electron-hole pairs that transfers their energy nonradiativily to 

the Eu3+ centres [40]. Due to the absence of ZnO native emissions, donors and acceptors defects 

as well as exciton bonds may have been involved in the generation of the electron-hole pairs 

and nonradiativily transferred their energy to the Eu3+ 4f centres, and hence indirect impact 

excitation may be the dominant excitation mechanisms for the CL. The form of the CL spectra 
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are slightly different to the PL spectra when the films were excited at 464 nm. This difference 

can be attributed to the excitation mechanisms [41], where the electron beam energy (2000 eV) 

was enormously higher than the photon energy with wavelength of 464 nm (2.67 eV): the 

penetration depth of the electron beam is ~ 0.09 µm and for the photons is ~ 0.2 – 0.5 µm [42], 

so photons with wavelength of 464 nm excite the luminescent centres resonantly (directly) 

whereas incident electrons excite the luminescent centres either via direct or indirect impact 

excitation/ ionization [43]. The CL intensity of the characteristic emission Eu3+ increased with 

increasing the oxygen partial pressure until O2 and then decreased at O3. This decrease may 

be attributed to the reduction of thin film thickness as revealed by SEM cross-section results. 

The intensity evolution as a function of oxygen partial pressures of the films obtained in 

different oxygen patial pressures when the films were excited by different mechanisms is 

shown in Fig. 6.9(b). The CL intensity spectra showed a similar pattern to the PL intensity of 

the films when resonantly excited at 464 nm, whereas the PL intensity of the films excited at 

288 nm kept increasing as a function of oxygen partial pressure. This may indicate that the 

electron beam has directly impact excited the luminescence centres, which is in contradiction 

to the aforementioned assumpstion that indirect impact excitation was the dominant mechanism 

for CL. The CL intensity evolution vs oxygen partial prssure is slightly different to the PL 

intensity evolution when the films are excited at 464 nm. Therefore, might be both direct and 

indirect impact excitation mechanisms were responsible for the CL excitation. Since the PL 

intensity of the films excited at 288 nm kept increasing with increasing the oxygen partial 

pressure, some defect-mediated excitation such as energy/charge transfer may have taken 

place.   

   
Fig. 6.9. (a) CL spectra and (b) intensities of the Eu3+ characteristic emission as a function of 

oxygen partial pressures of the Eu (3 mol %) doped ZnO PLD thin films deposited in different 

atmospheres. 
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6.3.4. Current-voltage measurements 

In order to determine if any rectification can be obtained, IV measurements were done. Fig. 

6.10 shows the I-V characteristics on the forward and reverse bias of the p-Si/ZnO:Eu3+ 

(deposited in different oxygen atmospheres) heterojunctions with 150 nm thick Al contacts on 

both sides. Al/p-Si and Al/n-type ZnO contacts always form ohmic contacts [44, 45, 46]. 

Therefore, any rectification characteristic is more likely coming from the heterojunctions. All 

the heterojunctions exihbited a diode-like behaviour with a turn-on voltage of about 10 V. The 

slope of the I-V curve became more positive for the O2 oxygen atmosphere sample, which 

indicated better rectification ratio and reduction in the series resistance. In the reverse bias, the 

samples showed a leakage current, which was higher for the sample obtained in the vacuum 

atmosphere. The leakage current decreased for the samples obtained in oxygen atmospheres. 

These results confirmed that the oxygen atmosphere played a significant role in the rectification 

bahaviour of the p-Si/ZnO:Eu3+ heterojunctions. The diode current depends on the variation of 

the carrier concentration, recombination of majority carriers in the pn-junction and small 

minority diffusion current in the pn materials interface or both. ZnO native defects such as 

excess zinc-related defects play a significant role in the electrical properties of ZnO. In 

particular, oxygen vacancies (VO) are the most suspected defects to contribute in the free-

carrier concentration, conductivity and the electron mobility of the n-type ZnO. Hence, 

introducing oxygen may help to fill these oxygen defficiences, and may lead to reduction of 

the free carrier concentration, which increased the width of the depletion region in the interface 

between the np-junctions, and finally resulted in better rectification ratio and lower leakage 

current [47]. The rectifiction ratio and the leakage current were improved with an increase on 

the film thickness and detriorated with the decrease on the thichness. Therefore, the film  

thickness plays a key role in the electrical properties of the pn-junction. 
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Fig. 6.10. I-V characteristics of the n-ZnO:Eu3+/p-type Si heterojunctions for the n-ZnO:Eu3+ 

deposited in different oxygen atmospheres.  

6.4. Conclusion 

Eu doped ZnO films were succesfully deposited on p-type Si substrates by PLD. The effect of 

oxygen partial pressures on the films' structure, morphology, electrical and luminescence 

properties of the films were investigated. The variation of the oxygen partial pressure led to 

two factors that play a critical role on the films final properties: (1) The initial increase in the 

oxygen partial pressure increased the deposition rate, which resulted in improving the films 

crystalinity and increasing the films thickness. Consequently, the film morphology was 

improved and the electrical and the luminescence properties enhanced. (2) A reduction in the 

mean free path of the plume particles (adatoms) with a further increase in the oxygen partial 

pressure, especially at the higher oxygen pressure (at O3), resulted in particles not reaching the 

substrate and a decrease in the growth rate, which reduced the film thickness and therefore the 

rectification ratio and the luminescence intensity were reduced. Charge transfer from O2- to 

Eu3+ ions was found to take place and the charge transfer rate increased with increasing the 

oxygen partial pressure, which enhanced the PL of the characteristic emission of the Eu3+. The 

film’s structure (internal stress) and morphology were found to play a vital role in the 

luminescence properties of the Eu3+ doped ZnO PLD thin films. The film deposited at 8 x 10-2 

Torr oxygen pressure (O2) showed the best crystallinity, morphology, luminescence intensity 

and better diode rectification behavior. These PLD films are very promissing as a red emissive 

layer in optoelectronics devices such as light emitting diodes (LEDs) and flat panel displays 

(FPDs). 
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Chapter 7 

Pulsed laser deposition of a ZnO:Eu3+ thin film: study of the 

luminescence and surface state under electron beam irradiation 

7.1. Introduction 

Zinc oxide doped with trivalent europium ions (ZnO:Eu3+) is a promising red emitting material 

with a wide range of uses in applications including light emitting diodes (LEDs), flat panel 

displays (FPDs) [1], etc. Over the past few years extensive research has been focused on 

studying the fundamental properties of ZnO:Eu3+ in order to improve its luminescence 

efficiency. Despite the difficulties of obtaining sufficient energy transfer from ZnO to Eu3+ 

ions, studies have shown that obtaining bright red luminescence from Eu3+ ions incorporated 

in a ZnO host is possible by utilizing different growth methods and techniques [2]. Suzuki et 

al. [3] achieved bright red luminescence from ZnO:Eu3+ films fabricated by a microemulsion 

method and deposited using a spin coating technique. Bright red emission was seen even with 

the naked eye when the films were irradiated with an UV lamp at a wavelength of 365 nm. 

Therefore, ZnO:Eu3+ has potential applications as a red phosphor in field emission displays 

(FEDs), plasma display panels (PDPs), cathode ray tubes (CRTs) and other optoelectronic 

devices. Chemical, surface and luminescence stabilities are critical issues for any applicable 

material in optoelectronics devices. Electron beam irradiation has been used for decades in 

many aspects of scientific research studies, including imaging in the case of TEM and SEM, 

fabrication of thin films and nanostructures, patterning, etc [4, 5]. High energy electron beam 

irradiation is a powerful tool to investigate the material stability and its applicability. Due to 

the electron-material interaction, surface/bulk damage, chemical decomposition [6], atomic 

displacement [7], mass loss, etc. might occur during electron beam irradiation [8, 9], and hence, 

the luminescence properties of the examined material may be deteriorated. Due to the harsh 

conditions that an electron beam induces in the material's bulk or on the local surface, the 

material that is stable under electron beam irradiation might be stable at other operational 

conditions such as photon excitation and electric field excitation (electroluminescence). 

Demand for flat panel displays with high contrast ratio, light weight, low power consumption, 

wide angle of view, and longer lifetime have created opportunities for the development of new 

technologies. FEDs have gained considerable attention because of their potential to provide the 

above-mentioned properties [10]. One demand is that the phosphor must be stable under 

electron bombardment to be used in these displays. Organic-based optoelectronic devices have 
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shown short lifetime and low efficiency compared to crystalline semiconductor light emitters 

and weak resistance against environmental degradation [11]. Sulphide-based luminescent 

materials have shown poor chemical stability and they tend to desorb from the surface, form a 

non-luminescent layer on the surface, especially under electron beam irradiation, or releasing 

volatile gases such as SO2 and H2S during operation which are detrimental to the electron 

emitter tips of FED devices. Swart et al. and Holloway et al. have investigated the stability of 

ZnS under electron beam irradiation and found that electron stimulated surface chemical 

reactions (ESSCRs) led to the formation of a non-luminescent ZnO layer which significantly 

reduced the luminescence efficiency of the ZnS [12-14]. Due to the above-mentioned 

drawbacks of organic and sulphide-based luminescent materials, a research for an alternative 

efficient and stable luminescent material that can counter and compensate for these problems 

has been a critical research concern. Oxide-based materials were thought to have superior 

properties to overcome these challenges of organic and sulphide based materials. Yousif et al. 

[15, 16] studied the luminescence and chemical stability of Y3(Al,Ga)5O12:Tb phosphor 

(powder and thin films) under electron beam irradiation. They found that an interleaved oxide 

layer formed during electron bombardment contributed to the superior stability of this phosphor 

compared to the sulphide-based materials. Swart et al. [17] studied the degradation of 

Y2SiO5:Ce3+, Gd2O2S:Tb3+ and SrAl2O4:Eu3+, Dy3+ pulsed laser deposited (PLD) thin films 

under electron beam irradiation. They observed the initial degradation of the 

cathodoluminescence (CL) intensity due to the formation of different interleaved oxide layers 

and then stabilization of the CL intensity. Generally, Y2SiO5:Ce3+ and SrAl2O4:Eu3+, Dy3+ 

exhibited better stability than the Gd2O2S:Tb3+ phosphor thin films. Hasabeldaim et al. studied 

the stability of the green luminescence of ZnO powder [10], thin film [18] and nanorods [19] 

under electron irradiation. They found that ZnO possessed good chemical and luminescence 

stability under electron beam irradiation. However, morphology modification such as 

coalescence of the particles, growth and thinning of the nanorods were found after electron 

bombardment. Therefore, it is worthwhile to study the luminescence of the red emission and 

surface state of ZnO:Eu3+ thin film deposited by PLD.      

7.2. Experimental procedures  

Firstly, Eu (3 mol%) doped ZnO powder was prepared by the solution combustion method as 

reported in [20, 21]. The ZnO powder was then post annealed at 950 °C in air for 2 h to improve 

its physical and optical properties. About 12 g of the final product was compressed in a 1-inch 

disk at about 12 tons for 2 h using a hydraulic press. The cylindrical pellet was sintered at 950 
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°C for 8 h, 1100 °C for 6 h and 1200 °C for 6 h in air using a Carbolite furnace at 5 °C/min rate 

of heating and cooling. This produced a very compact and ceramic-like hard pellet which was 

used as the target for PLD for the preparation of the films. It was inserted in a PLD chamber 

and held in a target holder that rotated at 10 degree/second to avoid laser pinning effects. A 

piece of intrinsic-type Si (100) substrate was cleaned using an ultrasonic bath in isopropanol, 

acetone, ethanol and distilled water and finally dried with nitrogen gas. It was mounted on a 

substrate holder 7 cm from the target (pellet). The PLD chamber was pumped down to a 

vacuum base pressure of about 2.3 x 10-5 Torr and high purity oxygen gas was then introduced 

to the chamber to a pressure of about 0.1  Torr. The substrate temperature was raised up to 300 

°C with a ramping rate of about 5 °C/min and a Nd:YAG laser with wavelength of 266 nm was 

utilized for the target ablation and subsequent film deposition. The laser energy and ablated 

spot diameter were maintained at 30 mJ/pulse and 1.5 mm while the deposition process was 

continued for 75 min at 10 pulses/s. The sample deposited at 0.01 Torr will be referred to as 

the sample deposited at high O2 pressure. Another sample was deposited at low oxygen partial 

pressure of about 0.02 Torr, and it was only subjected to chemical and photoluminescence 

characterizations by using XPS and a 325 nm He-Cd laser, respectively. This was to investigate 

the effect of oxygen pressure on the sample stoichiometry.  

X-ray diffraction (XRD) was used to examine the crystal structure, using a Bruker D8 Advance 

diffractometer with Cu Kα radiation (λ = 0.154184 nm). A JEOL scanning electron microscope 

(SEM) model JSM-7800F with electron beam voltage maintained at 5 kV was utilized for the 

morphology measurements. A Shimadzu SPM-9600 atomic force microscope (AFM) with 

commercial software was used to scan the sample surface as well as calculating the root mean 

square (RMS) roughness. A PHI 5000 Versaprobe system was used for the X-ray photoelectron 

spectroscopy (XPS) measurements using an Al Kα X-Ray beam (100 µm, 25 W and 15 kV). 

For depth profile measurements, an Ar+ ion beam (2 kV and 2 µA) was used to sputter the 

sample by rastering over an area of 1 mm x 1 mm at a sputtering rate of about 15 nm/min. 

Photoluminescence (PL) measurements were conducted using a 325 nm He-Cd laser as 

excitation source and the photomultiplier tube (PMT) detector for recording the PL emission 

spectra. In addition, a FLS980 system (Edinburgh Instruments) was utilized to excite the 

sample at different wavelengths using a xenon lamp and to monitor the emission. For 

acquisition of the CL spectra and degradation studies, a PHI model 545 system and a USB2000 

Ocean Optics spectrometer were used. The CL was excited by the same electron beam normally 

used for Auger electron spectroscopy measurements. The emitted light from the excited 

phosphor passed through a quartz port at 90° to the incident electron beam. A focus lens 
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connected to a fibre optic was used to relay the CL light to the Ocean Optics spectrometer. The 

CL emission spectra was measured during prolonged electron irradiation. The maximum 

intensity of the CL emission was plotted as function of electron dose.  The electron beam 

voltage, current, current density and beam spot size were maintained at about 2 keV, 24 µA, 

2.12 mA/cm2 and 1.2 mm, respectively. The vacuum was maintained near 2.7 x 10-8 Torr for 

all the measurements. The sample deposited at high O2 pressure was subjected to electron beam 

irradiation for about 24 h (170 C/cm2) while recording the CL intensity.      

7.3. Result and discussions 

7.3.1. Structure and morphology analysis 

Fig. 7.1 shows the XRD pattern of the bare Si (100) substrate, bulk ZnO (ICSD#:067849) and 

ZnO:Eu3+ thin film. Only one reflection was detected at 2θ = 34.35° for the ZnO:Eu3+ thin film, 

which was indexed as the (002) plane of the wurtzite structure of ZnO. This indicated the 

preferred orientation along the c-axis that was perpendicular to the substrate surface. `No peaks 

for incidental impurities or Eu2O3 were detected. Also no peaks associated with the Eu2O3 

phase were detected for the bulk of the film, with XPS for the 3 mol% Eu sample, which also 

confirmed the successful incorporation of the Eu ions in the ZnO host [20]. This was also for 

the case of spin coating thin films [20]. In case of the spin coated films traces of Eu2+ on the 

surface was associated with adventitious EuF on the surface due to handling of samples [21]. 

Scherrer’s equation [22] and Miller indices were used to compute the crystallite size and lattice 

parameters; the values are presented in Table 7.1. The lattice parameters (c) and interplanar 

spacing (d) are slightly greater than the lattice parameters for bulk ZnO (c = 0.5207 nm) and 

the interplanar spacing (d = 0.2604 nm) [23]. This is due to the incorporation/ substitution of 

Eu3+ ions with a bigger ionic radius (0.095 nm) to Zn2+ ions with a smaller ionic radius (0.074 

nm) [24]. The biaxial strain model was used to estimate the thin film stress [25]:  

𝜎 =  −4.5 × 1011  (
𝑑 −  𝑑0

𝑑0
)                              (1) 

where d represents the plane spacing of the ZnO:Eu3+  thin film calculated from the (002) plane 

of the XRD pattern, and d0 is the lattice parameter of bulk ZnO (0.2604 nm). The film was 

found to have a compressive stress (Table 7.1). The silicon substrate XRD reflection peaks at 

2θ angles ~ 48°, 54° and 56°  are due to the allowed 400 reflections from weak Lβ1,  Lβ2 and 

Lγ1 X-rays resulting from W, which can contaminate the Cu target of older X-ray sources. 
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Table 7.1. Lattice parameters, crystallite size, the calculated stress in the thin film, as well as 

the Rq/Ra roughness for undegraded and degraded samples. 

Sample c (nm) d (nm) 
Crystallite size 

(nm) 
Stress (GPa) 

Roughness 

(Rq/Ra) (nm) 

Undegraded 0.5217 0.2608 18 ± 1 0.3 1.33 

Degraded - - - - 1.37 

 

    

Fig. 7.1. XRD pattern of Si (100) substrate, bulk ZnO and the sample (ZnO:Eu3+  PLD thin 

film deposited at high O2 pressure). 

To examine the film’s morphology, top-view and cross-sectional SEM images were captured 

at a high magnification and are displayed in Fig. 7.2. The film comprised of  normally 

distributed small particles with an average size of about 47 nm, Fig. 7.2(a). The film thickness 

estimated from the cross-section was found to be ~ 115 nm.  No cracks, voids, wrinkles or 

exfoliations were observed, which confirms that the film had good quality. 
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Fig. 7.2. (a) Top-view, (b) cross-sectional SEM images and (c) the histogram of the particle 

sizes distribution of the ZnO:Eu3+ PLD thin film deposited at high O2 pressure.  

Fig. 7.3(a) depicts the AFM micrographs (2D and 3D) of the film before and after the electron  

exposure (i.e. undegraded and degraded samples). The average particle size for the undegraded 

sample was estimated from the corresponding histogram and was found to be ~ 53 nm. The 

root mean square roughness (Rq) and the average roughness (Ra) for the undegraded sample 

were found to be 4.8 ± 0.2 nm and 3.6 ± 0.2 nm, respectively. The ratio Rq/Ra is indicative of 

the film’s surface quality and high prospects of industrial applications. Statistical theory 

predicts that the Rq/Ra ratio should be 1.25 for useful surfaces, while experimental results give 

the value as 1.31 for most engineering surfaces [26]. The ratio for the undegraded sample was 

1.33 which is close to the experimentally desired value. Electron beam irradiation is well-

known to cause damage and modification on the specimen surface, so a good material is one 

that can maintain its properties and withstand such application treatments. Therefore, AFM 

was also performed for the degraded area and the images are shown in Fig. 7.3(b). Increases of 

the average particle size to about 63 nm and reduction in the average roughness to about 3.5 

nm were observed after electron beam irradiation. The ratio Rq/Ra increased to 4.8/3.5 = 1.37, 

which confirmed that the surface underwent a considerable modification due to the electron 
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beam irradiation. When energetic particles (in this case high energy electrons) impinge on a 

semiconductor surface, different and complicated phenomena takes place including generation 

of heat on the sample surface, sputtering, radiolysis, electrostatic charging, dehydration, knock-

on (ballistic) displacement and hydrocarbon contamination [27]. Subsequently mass loss and 

creation of new defects could occur. Therefore the lattice/grain boundaries have to compensate 

by means of reconstruction/rearrangements of the atoms to minimize energy, hence the surface 

morphology and topography are altered. The electrostatic field of atomic nuclei cause the 

deflection of incident electrons, which promote knock-on (ballistic) damage. Energy transfer 

from the incident electrons to the specimen atoms play a critical role on the sputtering of atoms, 

atomic displacement and creation of defects in the crystal lattice. When the energy transfer 

magnitude is around several electron volts, it would be sufficient to sputter atoms from the 

specimen surface. If this energy transfer is in the order of magnitude of about tens of electron 

volts, atomic displacement and formation of defects in the crystal lattice can occur. The energy 

(E) transferred by an incident electron to an atomic nucleus (atomic mass number A) is given 

by [28]. 

𝐸 = 𝐸𝑚𝑎𝑥sin2 (
𝜃

2
)                          (2) 

Emax is the maximum energy transfer to an atom and can be found from equation (3). 

𝐸𝑚𝑎𝑥 = 𝐸0

(1.02 +
𝐸0

106)

465.7𝐴
                (3) 

E0 represent the energy of the incident electron in eV, while 𝜃 is the angle of scattering. Clearly, 

Emax increases with the incident electron energy and is inversely proportional to the atomic 

mass number A. It is believed that radiolysis takes place in an oxide surface by means of the 

Knotek-Feibelman process [8]. The incident electron creates a neutral or positively charged 

oxygen atom due to the interatomic Auger relaxation from oxygen. The neutral or positively 

charged oxygen atom will be repelled by the surrounding metal ions and ejected into the 

vacuum level, leaving behind a vacancy and metal-rich surface with a pitted appearance [8]. In 

our previous reports, coalition and/or growth of particles was observed on undoped ZnO thin 

film after electron beam irradiation [18]. Growth and thinning of nanorods were also observed 

for our chemical bath deposited ZnO nanorods after prolonged electron beam irradiation and 

the morphology changes were attributed to migration and diffusion of the ZnO defects, 

formation of an interleaved non-luminescent ZnO layer and/or removal of the atomic hydrogen 

from the ZnO lattice [19]. In this case, different mechanisms may have contributed to the 

increase of the particles of the ZnO:Eu3+ PLD thin film. Defects may be created, migrate and 
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diffuse, as well as a non-luminescent interleaved layer might have formed and contributed to 

the particle growth.    

  

 

Fig. 7.3. 2D, 3D AFM  images and the corresponding histograms of the particle size 

distribution of the ZnO:Eu3+ film deposited at high O2 pressure (a) undegraded and (b) 

degraded areas of the film. 

Fig. 7.4 shows the XPS high resolution spectra of the Zn 2p core level for the un-degraded and 

the degraded sample (before and after Ar+ ion sputtering). Zn 2p exhibited a doublet whose 

binding energies are at 1022.0 eV (2p3/2) and 1045.0 eV (2p1/2). The binding energy difference 

is 23 eV, which indicates the presence of Zn atoms in their Zn2+ oxidation state. No peaks 

associated with metallic Zn was observed [29].    

   

Fig. 7.4.  High-resolution XPS specrta of Zn 2p core levels for (a) undegraded and (b) the 

degraded ZnO:Eu3+ PLD film (for the film obtained at high O2 pressure).  
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Fig. 7.5 shows the XPS high resolution spectra of the Eu 3d levels for the un-degraded and the 

degraded samples. Four peaks at the energy region from 1115 eV to 1180 eV were detected. 

The dominant peaks at 1135.2 eV and 1165.0 eV with energy difference of 29.8 eV are due to 

the Eu 3d5/2 and 3d3/2, respectively, and indicating the trivalent state of Eu3+ ions in the ZnO 

host [30]. The other two peaks at the lower binding energy side are attributed to the divalent 

oxidation state of Eu2+ ions. The Eu3+ peaks have increased after sputtering for both (un-

degraded and the degraded) samples. This confirm that most of the Eu2+ ions were present on 

the surface along with the surface contamination. No considerable changes in the chemical 

states/composition of the film can be observed after electron beam irradiation (degradation).  

 

Fig. 7.5. (a and b) High-resolution XPS spectra of Eu 3d core levels for undegraded and the 

degraded ZnO:Eu3+ PLD film (for the film obtained at high O2 pressure).  

The XPS depth profile measurement of the ZnO:Eu3+ samples deposited at high and low O2 

pressure are shown in Fig. 7.6. In both the samples, the pricipal elements (Zn, O and the Eu 

dopant) were detected in addition to the C surface contamination, which was removed soon 

after the sputtering started. However,  some C contaminant was also present at the Si/ZnO:Eu3+ 

interface layer. These may be due to handling/exposing of the Si substrate to air atmosphere 

before deposition and after cleaning. Any other traces of C, if any, in the layer itself might be 

due to the shadowing effect during Ar+ sputtering during depth profiling. The angle of the Ar+ 

sputtering ions and the direction of the XPS measements is not the same and the measurements 

may contain small amounts of C that was not yet sputtered at that spesific spot if rough surfaces 

are measured as in this case. The atomic concentration of Zn, O and Eu were about 32%, 63% 

and 2%, respectively, for the film deposited at high O2 pressure. The atomic concentration of  

the pricipal elements for the film deposited at low O2 pressure were about 54%, 41% and 3% 

for the Zn, O and Eu, respectively. It can be clearly seen that the film deposited at high O2 
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pressure contained excess oxygen, while the film obtained at the low O2 pressure lacks oxygen. 

The atomic concentration of the pricipal elements remained constant throughout the film depth 

during sputtering.   

   

Fig. 7.6. XPS depth profiles for the ZnO:Eu3+ PLD films (a) deposited at high O2 pressure 

and (b) deposited at low O2 pressure.  

De-convoluted O 1s peaks for the ZnO:Eu3+ PLD thin film obtained at low oxygen pressure (a) 

before and (b) after sputtering, high oxygen pressure (c) before and (d) after sputtering and the 

degraded spot (e) before and (f) after sputtering are shown in Fig. 7.7. The O 1s peak was de-

convoluted by using the Gaussion-Lorentz function, and three components were found as 

marked as O1, O2 and O3. These components were always explained as follow: O1 is due to 

the O2- ions in the Zn-O-Zn network of the wurtzite structure, O2 was ascribed to the O2- in 

defficient regions such as oxygen related defects and hydroxile group, and O3 is due to the 

chemisorbed species and loosely species on the surface [31, 32]. No peaks associated with 

Eu2O3 phase were detected for the film bulk, which indicates a successful incorporation of the 

Eu ions in the ZnO host. The O2 and O3 components have decreased after the sputtering for 

both samples whereas O1 increased, which can be attributed to the removal of the surface 

contaminations. The decrease in O2 might be an indication of less defects in the bulk of the 

film with respect to the surface of the thin film. The O2 peak has increased for the film obtained 

in the high O2 pressure, which indicated the formation of extra oxygen-related defects due to 

the increasing O2 pressure. The O2 component has again slightly increased after electron beam 

irradiation (degradation). This imply that new defects were created during the electron bean 

irradation. The details of the de-convoluted O 1s components are given in Table 7.2. 

 

 

(a) (b) 
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Table 7.2. Peak position and area of the O1s de-convoluted components of the ZnO:Eu3+ PLD 

thin films obtained at different O2 pressure (un-degraded and the degraded area).   

Sample 
O 1s 

components 

Peak 

position (eV) 

Area%  

(before sputtering) 

Area%  

(after 

sputtering) 

Low O2 pressure 

O1 530.62 68 85 

O2 531.88 22 10 

O3 532.61 10 5 

High O2 pressure 

Un-degraded 

O1 530.62 66 81 

O2 531.88 25 14 

O3 532.61 9 5 

High O2 pressure 

Degraded 

O1 530.62 63 80 

O2 531.88 27 15 

O3 532.61 10 5 
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Fig. 7.7. De-convoluted O 1s peak for the ZnO:Eu3+ PLD thin film obtained at low oxygen 

pressure (a) before and (b) after sputtering, high oxygen pressure (c) before and (d) after 

sputtering and the degraded spot (e) before and (f) after sputtering as indicated. 

(a) (b) 

(c) (d) 

(e) (f) 
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7.3.2. Luminescence analysis 

Fig. 7.8 demonstrates the room temperature PL of the ZnO:Eu3+ deposited in low and high O2 

pressure (a), as well as the CL spectra of the sample deposited in high O2 pressure (b). The PL 

spectrum of the sample deposited at low O2 pressure exhibited ultra violet (UV) emission at ~ 

376 nm and broad visible emission centred at ~ 530 nm, the emission around 530 nm have 

frequently been attributed to the excess zinc related defects such as oxygen vacancies (VO) of 

ZnO [33-35]. The PL spectrum for the sample obtained in high O2 pressure reveals ultra-violet 

(UV) emission at 376 nm which is ascribed to the exciton recombination [36], broad visible 

deep level emissions (DLEs) centred at ~ 645 nm which originated from the oxygen-related 

defects such as oxygen interstitials (Oi) of ZnO [37] and the characteristic emission of Eu3+ 

ions due to the 4f – 4f intrashell transitions as indexed in the graph [38]. The simultaneous 

presence of UV, DLE and Eu3+ emissions for the sample obtained in high O2 pressure could 

imply that either energy transfer from ZnO defect levels to Eu3+ levels took place and/or the 

excitation energy was shared between the defects and the Eu3+ ions. It was also previously 

found that a decrease in defects led to a decrease in Eu3+ emission due to the lack of energy 

transfer from the conduction band to the Eu3+ ions [39]. The CL spectrum for the sample 

deposited in high O2 pressure showed only the unique characteristic emission of the Eu3+ ions 

at 536 nm, 565 nm, 592 nm, 617 nm, 657 nm and 701 nm. These peaks were indexed to the 

5D1 - 
7F0, 

5D0 - 
7FJ (J = 0, 1, 2, 3 and 4) transitions, respectively [38]. No CL emission (neither 

ZnO native emission nor Eu3+ characteristic emission) was observed for the sample obtained 

in low O2 pressure. Of interest, despite the fact that the excitation energy for both PL and CL 

was higher than the ZnO band gap, the 325 nm He-Cd laser excited free excitons, deep defect 

levels and the Eu3+ luminescence centres, whereas the CL (electrons) excited only the Eu3+ 

luminescence centres. This is mainly attributed to the differences in their excitation 

mechanisms such as CL electrons possessing a much higher energy (2 keV) than the PL 

photons. The photons penetrate the thin film deeper than the electrons [10]. The electrons may 

excited the film via the impact excitation/ionization mechanism similar to that of 

electroluminescence [40]. Tentatively, since the CL electrons have high enough energy to 

produce Auger electrons, the excited electrons of the luminescent centres in the crystal sites 

that should normally be involved in a radiative recombination with trapped holes and emit 

broad DLEs lights which might now be involved in the Auger de-excitation process.   
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Fig. 7.8. (a) PL spectrum (excited at 325 nm using He-Cd laser) for the samples obtained at 

different O2 pressures as indicated, and (b) CL spectrum (2 keV) of the ZnO:Eu3+ PLD thin 

film deposited at high O2 pressure. 

Fig. 7.9 depicts (a) the excitation spectrum recorded while monitoring the Eu3+ peak at 616 nm 

and (b) the PL spectra excited at 288 nm and 464 nm for the ZnO:Eu3+ PLD thin film. The 

excitation spectrum exhibited a clear absorption line at 464 nm indexed to the 7F0 – 5D2 4f – 4f 

transition of  Eu3+, while a weak excitation line near 394 nm indexed to the 7F0 – 5L6 transition 

is less clear. As the excitation wavelength decreased below around 375 nm there is the onset 

of host absorption of the ZnO, while at about 340 nm there is the additional onset of the charge 

transfer excitation band associated with Eu3+ ions. This strong broad peak centred at 288 nm is 

ascribed to electrons transferred from the oxygen 2p orbital to the empty 4f orbital of Eu3+ [41]. 

The PL spectra of the sample when excited at either 464 nm or 288 nm showed the 

characteristic emissions of the 4f – 4f transitions (labelled in the graph) of Eu3+ ions in ZnO 

[42]. The PL intensity was higher when the sample was excited at 288 nm compared to 

excitation at 464 nm, which indicate that the charge transfer excitation was more efficient than 

the direct excitation, as is generally the case. The weak excitation in the range 375 – 340 nm 

which occurs via the absorption of photons by the ZnO host suggests that there is not strong 

energy transfer from the host to the Eu3+ ions. No Eu2+ emission was observed. The rendering 

indices of the sample excited at different wavelengths, including the colour coordinates (x, y) 

and colour correlated temperature (CCT) are shown in Table 7.3, while the colour coordinates 

graph is shown in Fig. 7.10(b). Colour purity is defined as the degree to which a certain colour 

mixed with white or black colour. In our case, the colour purity of the red is the degree to which 

the red colour at ~ 616 nm mixed with other wavelengths of the electromagnetic spectrum. 

Therefore the equation [43]  

(b)  (a) 
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colour purity =  
√(𝑥 − 𝑥𝑖)2 + (𝑦 − 𝑦𝑖)

2

√(𝑥𝑑 − 𝑥𝑖)2 + (𝑦𝑑 − 𝑦𝑖)2
 

was used to estimate the colour purity of the sample excited with the xenon lamp as well as 

CL. In this equation (x, y) are the colour coordinates of the emission spectrum, (xd, yd) represent 

the colour coordinates of the dominant wavelength on the spectrum and (xi, yi) denote the 

colour coordinates for the illuminant point of the 1931 International Commission on 

Illumination (CIE) standard source. The sample emission lies within the red region with a 

considerable red colour purity.    

   

Fig. 7.9. Excitation spectrum (a) and PL spectra (b) of the ZnO:Eu3+ PLD thin film deposited 

at high O2 pressure for a deposition time of 75 min.  

Table 7.3. Rendering indexes (x, y), CCT and colour purity of the film emission for different 

excitation sources (for the sample deposited at high O2 pressure). 

Excitation source x y CCT (K) Color purity (%) 

Xenon lamp 288 nm 0.64 0.36 2228 90 

Xenon lamp 464 nm 0.65 0.35 2561 92 

CL before irradiation 0.58 0.36 1787 74 

CL after irradiation 0.60 0.35 2012 79 

 

Fig. 7.10(a) displays the CL intensity of the peak at 616 nm recorded while the sample was 

under continuous electron beam excitation (degradation). Also no Eu2+ emission was observed. 

The CL intensity initially increased slightly until ~ 25 C/cm2 and then stabilized afterwards. 

Atmospheric carbon is always present on a sample surface and it might suppress part of the CL 

emission. Atmospheric carbon is a very loosly bounded surface contamination that can be 

dissociated into volatile species by the electron beam irradiation due to the electron stimulated 
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surface chemical reaction (ESSCR) process [12]. Therefore, the initial increase in the CL 

intensity may be due to the removal of the surface contaminations (atmospheric carbon). 

Rougher surfaces possesses a higher surface to volume ratio than the smoother surfaces, and 

the rougher sample usually emits with a higher intensity than the smoother surface. AFM 

analysis revealed that the sample became rougher after electron beam irradiation. Therefore, 

the increase in the sample roughness after irradiation may have also contributed to the initial 

CL intensity increase. CIE coordinates, CCT and colour purity of the CL spectra before and 

after degradation were calculated and are shown in Table 7.3. They slightly changed after 

degradation although they still appear within the red region. The colour purity of the sample 

was slightly improved after electron beam irradiation.          

     

Fig. 7.10. (a) CL intensity degradation (the inset represents the CL spectra before and after 

degradation) and (b) CIE coordinates based on the excitation source and wavelength of the 

ZnO:Eu3+ PLD thin film deposited at high O2 pressure. 

7.4. Conclusion 

ZnO:Eu3+ thin films with strong c-axis preferential orientation were prepared by the PLD 

technique. Successful incorporation of Eu ions into the ZnO host was confirmed by XRD and 

XPS analysis. Slight surface modification was observed as the result of electron beam 

irradiation (degradation). The sample emitted only 4f-4f characteristic emission of the Eu3+ 

ions when excited via the electron beam, although exciton and ZnO defect emissions were also 

observed for PL when the sample was excited by a He-Cd laser at 325 nm. The rendering index 

for CL emission was within the red area with reasonable red colour purity. The effect of 

electron beam irradiation on the CL spectra of the sample was also examined and slight changes 

in the CL spectra were seen after degradation. Despite some changes to the surface roughness 
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and the creation of new defects during electron beam irradiation, the luminescence of this 

sample was reasonably stable during the degradation study, which adds to the potential for 

ZnO:Eu3+ thin films to be used as an emissive red layer in optoelectronic applications.    
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Chapter 8 

Enhanced green luminescence from ZnO nanorods 

8.1. Introduction 

ZnO is a very attractive luminescent semiconductor material mainly due to its excellent 

properties which include a direct wide bandgap (3.37 eV) [1], large exciton binding energy (60 

meV) [2], high electron mobility [3], high electron affinity (~4.7 eV) [4], high ionization 

potential (~7.82 eV) [5] and thermal and chemical stability [6]. These properties made ZnO a 

suitable material for use in different applications, in particular, optoelectronic devices such as 

transparent conductive electrodes (TCO) [5], emissive layers in light emitting diodes (LEDs) 

for ultraviolet (UV) emission [7], emissive phosphor layers in field emission display’s (FEDs) 

[8], a window layer in heterojunction solar cells [9], etc. In addition, ZnO is a plentifully 

abundant chemical compound and can be prepared cost-effectively and easily [10]. Due to the 

relative open ZnO crystal structure, it offers plenty of sites to accumulate intrinsic defects and 

extrinsic dopants, as well as to store hydrogen. The native point defects in ZnO play an 

important role in its electrical and optical properties [11]. Theoretical studies suggested that 

oxygen vacancies (Vo) have a very low formation enthalpy and therefore they are easy to form 

in the ZnO crystal [12]. Hence, Vo are the most probable defects to contribute to the natural n-

type [13] ZnO as well as the intense green emission around 500 nm that has always been 

observed in ZnO [14]. Hydrogen is an amphoteric impurity present in all kinds of metallic 

oxide materials and exhibits a distinctive behavior in ZnO [15]. 

Recent advances in ZnO nanostructures revealed that ZnO nanorods, nanotubes [6], nanocombs 

[16], nanowalls [17], nanosheets [18], nanoflowers [19] and nanobelts [16] have potential 

desirable properties in the field of optoelectronics. Due to their high surface-to-volume ratio, 

high crystalline quality, and quantum confinement effects [20], ZnO nanostructures can 

provide enhanced optical properties for different applications. Among these nanostructures, 

ZnO nanorods are considered as the best system to develop new devices with excellent 

performance [21]. Moreover, they can be grown on numerous substrates including polymers 

and they exhibit a low density of defects [22]. Furthermore, they can be interfaced between 

electrodes and act as a charge carrier pathway for sensors and dye sensitized solar cell 

applications [23].              

Different techniques and methods have been utilized to produce ZnO nanorods and these 

include pulsed laser deposition [24], atomic layer deposition [25], chemical vapor deposition 

[26], vapor-liquid-solid growth [27] and the chemical bath technique (CBD). The CBD has 
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advantages such as low cost of production, ease of growth, controllability and the deposition 

of uniform well-aligned ZnO nanorods over large areas [28].  

In this work, vertically-aligned ZnO nanorods were grown on p-type Si (100) substrates 

and then annealed in a reducing atmosphere for different times. Their structure, morphology 

and photoluminescence (PL) properties were studied in order to improve their crystallinity and 

morphology as well as to obtain tunable and enhanced PL. 

8.2. Experimental 

Vertically-aligned ZnO nanorods were grown on intrinsic (100) ± 0.5° -oriented Si 

substrates. The 100 mm diameter substrates, with a thickness of 525 ± 25 µm and resistivity of 

> 2 Ω m, were from Siltronix, Switzerland. The substrates were cut into smaller pieces of about 

2 cm2 and then sequentially cleaned using isopropanol, acetone, ethanol and distilled water in 

an ultrasonic bath. The sonication time was 5 min for each cleaning cycle. For the growth of 

the vertically-aligned ZnO nanorods, a thin seed layer of ZnO was required. 

8.2.1. Deposition of ZnO seed layer 

           An equimolar ratio of zinc acetate dihydrate [Zn(CH3COO)2•2H2O] and 

monoethanolamine (MEA) (C2H7NO) was dissolved in 40 mL of high purity ethanol (99.99%) 

with a concentration of 0.2 mol. 1.7561 g of zinc acetate was dissolved in ethanol and kept 

under stirring, and the MEA was added drop wise in the zinc acetate solution. The mixture was 

stirred using a magnetic stirrer for 30 min until a homogeneous and transparent solution was 

obtained. The solution was aged for 24 h to form a colloidal gel. The gel was spin coated on 

the cleaned Si substrates at 3000 RPM for 30 s and then heated at 250 °C for 10 min in air. The 

process from spin coating to the heating was repeated five times to obtain the desired thickness 

that varied between 70 and 80 nm. Finally, the thin layer-seeded substrates were annealed in 

air at 500 °C for 1 h to improve the crystallinity and particle homogeneity.  

8.2.2. Growth of the ZnO nanorods 

An aquimolar ratio of zinc nitrate hexahydrate [Zn(NO3)2•6H2O] and 

hexamethylenetetramine (HMT) [(CH2)6N4] was separately mixed in 100 mL of distilled water 

with a concentration of 0.05 mol for each. The solutions were stirred for about 30 min at room 

temperature. The HMT solution was added to the zinc nitrate solution while the later was 

magnetically stirred, and the stirring continued for another 30 min. The beaker containing the 

final solution was immersed into a chemical bath at a temperature that was maintained at 90 

°C. The seeded substrate was then dipped into the zinc nitrate-HMT solution with the growth 

side facing downwards towards the bottom of the beaker, and the growth was continued for 4 
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h at the temperature of 90 °C. The substrate was removed and cleaned with distilled water to 

remove all the unwanted residuals and precipitates, and it was finally dried by carefully 

blowing with nitrogen on the surface. Finally, the samples were annealed in a reducing 

atmosphere (H2:Ar with a ratio of 5:95) at 700 °C for 20, 30 and 50 min. The samples were 

ready for characterization. All chemical reagents used in this experiment were purchased from 

Sigma Aldrich and used without any further purification. 

8.2.3. Characterization 

For the structural analysis, a Bruker D8 Advance X-ray diffractometer (XRD) equipped 

with Cu Kα X-ray generator providing an X-ray beam with a wavelength of 1.5406 Å was used. 

The Cu Kα filament voltage and current were 40 kV and 40 mA, respectively. Atomic Force 

Microscopy (AFM) was used to obtain micrographs of the surface using the Shimadzu SPM – 

9600 model. A JEOL secondary electron microscope (SEM) model JSM-7800F was utilized to 

examine the particle morphology. The electron beam voltage and the magnification order were 

maintained at 5 kV and X10 for all the samples, respectively. X-ray photoelectron spectroscopy 

(XPS) analysis was performed using a PHI 5000 scanning ESCA microprobe before and after 

1 min of Ar+ ion beam sputtering (1 x 1 mm raster with a 7 nm/min sputter rate). A 100 µm 

diameter monochromatic Al Kα X-ray beam (hv = 1486.6 eV) generated by a 25 W, 15 kV 

electron beam was used to analyze the different binding energy peaks. If the pass energy was 

set to 11 eV, it gives an analyzer resolution of ≤0.5 eV. MULTIPACK version 9 software was 

utilized to analyze the spectra to identify the chemical compounds and their electronic states 

using Gaussian-Lorentz fits. A low energy Ar+ ion gun and low energy neutralizer electron gun 

were used to minimize charging on the surface. High resolution spectra of C1s, O1s and Zn2p 

was done using a hemispherical analyzer with the pass energy maintained at 11.8 eV for 10 

cycles using 0.5 eV/step; the chamber pressure was maintained at 2.8 x 10-9 Torr during the 

acquisitions. Any charge correction was done by correcting the C-C bond at a binding energy 

of 284.6 eV. The PL data were recorded using a Cary Eclipse fluorescence spectrophotometer 

with a xenon lamp as the excitation source. The samples were excited at a wavelength of 325 

nm. For the quantum efficiency and the decay measurements, an FLS980 spectrometer from 

Edinburgh Instruments was used. An integrating sphere was used for the quantum efficiency 

determination. 

8.3. Results and discussion 

8.3.1. Structure and morphology 

The AFM images of (a) the Si(100) substrate, (b) the ZnO seed layer and (c) the ZnO nanorods 

before annealing are shown in Fig. 8.1. Figures 8.1 (a) – (c) show, respectively, the smooth Si 
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layer, the uniform ZnO seed layer, and the uniform ZnO nanorods. Figure 8.1(c) confirms that 

the ZnO nanorods have successfully grown uniformly on the seed layer. The average size of 

the seeds was 57 nm and of the as-grown nanorods 65 nm as determined from the AFM images. 

    

 

Fig. 8.1. AFM images of (a) the Si (100) substrate, (b) the ZnO seed layer, and (c) the ZnO 

nanorods before annealing.  

Figure 8.2 displays the XRD patterns of the grown ZnO nanorods and annealed in a 

reducing atmosphere for different times. As can be seen, only one diffraction peak was detected 

around 2θ ≈ 34.8° which was indexed as the (002) plane of the hexagonal structure of ZnO. 

This indicates successful growth of the ZnO nanorods in a wurtzite structure along the c-axis 

and perpendicular to the substrate surface. No extra peaks related to the hydroxyl (OH) groups, 

metal Zn or any other trace impurities, were observed. The (002) peak intensity first increased 

after annealing and then decreased with increasing annealing time. The weak (002) peak 

intensity for the longer annealing time indicates poor crystallinity. ZnO native defects normally 

play a critical role in the film crystallinity [20]. Therefore, since the ZnO nanorods were 

prepared by using a low-temperature chemical bath deposition (CBD) method, they might 
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contain excess oxygen defects as confirmed by the broad emission around 600 nm [Fig. 

8.7.(a)], which was due to the oxygen related defect. That is why the (002) peak of the un-

annealed sample has a lower intensity compared to the annealed sample. 

After annealing in the reducing atmosphere for 20 min, some of the original oxygen-related 

defects were expected to be removed and therefore, the film’s crystallinity improved and as a 

result the (002) peak intensity increased. Annealing in the reducing atmosphere containing H2 

however, which also created other hydrogen related defects in the ZnO lattice. Therefore, 

increasing the annealing time to 30 min resulted in a decrease in the (002) peak intensity again, 

which indicates that more defects were created in the ZnO lattice. Oxygen vacancies and 

hydrogen related defects are more likely to be created by annealing in the reducing atmosphere 

[29]. The (002) peak intensity substantially decreased when the annealing time was increased 

to 50 min, which confirms that the nanorods' degree of crystallinity was reduced when annealed 

for too long due to the chemical interactions caused by the creation of the defects. The (002) 

peak position slightly shifted to higher angles when increasing the annealing time. For more 

structural analysis, the well-known Sherrer’s equation and Miller indices were used to calculate 

the crystallite size and the crystal parameters, respectively, and the results are shown in Table 

8.1. The crystal parameter c and the planes spacing d decreased with increasing annealing time. 

The crystallite size increased with an increasing annealing time up to 30 min and then decreased 

upon further annealing.   

Table 8.1. Crystal parameters (c and d), crystal size, and nanorods diameter of the ZnO 

nanorods annealed in a reducing atmosphere at 700 °C for different times. 

Sample name Crystal parameters Crystallite size 

(D) (nm) 

Nanorods 

diameter (nm) c (nm) d (nm) 

Un-annealed 0.5153 0.2577 122 ± 1 50 ± 5 

Annealed for 20 min 0.5153 0.2577 156 ± 1 220 ± 5 

Annealed for 30 min 0.5149 0.2575 169 ± 1 250 ± 5 

Annealed for 50 min 0.5142 0.2571 119 ± 1 Unidentifiable 
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Fig. 8.2. XRD patterns of the un-annealed ZnO nanorods and annealed in a reducing 

atmosphere for different times. 

Figure 8.3 shows the SEM images of the ZnO nanorods, [Fig. 8.3(a)] unannealed and [Figs. 

8.3(b) – 3(d)] annealed in a reducing atmosphere for different times. The insets are the cross-

sections of the corresponding samples. The images revealed that the vertically well-aligned 

ZnO nanorods were successfully grown. The unannealed sample contained very thin and dense 

nanorods with an average diameter and length of about 50 nm and 500 nm, respectively. Using 

the (002) peak, the Scherer’s equation only gives the crystallite size along the c-axis, and 

therefore, the crystallite size of the as prepared nanorods sample is bigger than the rods 

diameter (Table 8.1); this confirms the crystallite preferential growth along the c-axis of the 

wurtzite structure. Annealing in a reducing atmosphere made the nanorods grow in size 

(diameter) with slightly reduced lengths. It is very clear that annealing in a reducing atmosphere 

under the flow of H2/Ar gas helped the nanorods to grow closer together. This could be very 

similar to the growth of ZnO nanorods by the vapor-liquid-solid method [30, 31] where the Ar 

gas acts as a gas carrier. In this case, the Zn atoms and/or ZnO clusters are removed from some 

rods and may be conveyed to stick on and diffused into the nearby rods, while loosely bonded 

oxygen atoms could react with the H2 and form H2O which eventually evaporates. Following 

further annealing time, the nanorods alignment and even distribution was almost completely 

destroyed as can be seen in Fig. 8.3(d). The rod diameters of the rods are presented in Table 

8.1. 
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Fig. 8.3. SEM images of the ZnO nanorods annealed in reducing atmosphere at 700 °C for 

different times: (a) unannealed, (b) for 20 min, (c) for 30 min, and (d) for 50 min. The insets 

are the cross-sections of the films. 

8.3.2. XPS analysis  

Figure 8.4 shows the XPS high resolution spectra of the Zn 2p peak region (a) before 

and (b) after 1 min of sputtering using an Ar+ ion beam to remove the surface contaminations. 

There are two peaks (Zn-2p1/2 and Zn-2p3/2) whose binding energies are 1022 eV and 1045 eV, 

respectively. The energy difference was 23 eV. These values are very close to the standard 

reference values of ZnO (Ref [32]) and indicated that all Zn atoms were fully oxidized and in 

their doubly ionized state (Zn2+). There was no change observed after Ar+ sputtering. No Zn 

metal was observed with binding energy of 1021.8 eV, which was consistent with the XRD 

results. 
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Fig. 8.4. High resolution XPS spectra of the Zn 2p core levels of the samples annealed in a 

reducing atmosphere for different times (a) before sputtering and (b) after sputtering for 1 min 

with Ar+ ions. 

         The O 1s XPS spectra of the ZnO nanorods annealed in the reducing atmosphere for 

different times, measured before and after Ar+ sputtering, were deconvoluted using 

MULTIPAK software as shown in Fig. 8.5. Kumar et al. [33, 34] deconvoluted the O 1s peak 

into three components. O1 is attributed to the O2- ions in the wurtzite structure of ZnO, 

surrounded by Zn atoms that fully interacted with their nearest neighbors of O2- ions. O2 is 

associated with the O2- ions in the oxygen deficient regions in ZnO such as ZnOH and related 

defects, while O3 was ascribed to the loosely bonded species from the atmosphere such as CO3, 

H2O and O2. O3 was detected before sputtering for all the samples and completely diminished 

after sputtering, due to the removal of the surface contaminations. The O2 peak was detected 

from all the samples before and after sputtering. After sputtering, the O2 peak area has 

increased with an increasing annealing time, and this was consistent with the PL measurements 

which indicated that more defects were created. However, although the O2 peak area for the 

film annealed for 50 min increased while the PL and XRD intensity decreased, due to the fact 

that XRD and PL are dependent not only on the amount of the defects present but also on the 

nanorods density, diameter, length and crystallinity. The O2 peak area is an indication of the 

defects relative to the fully oxidized Zn atoms (O1 peak); hence, more defects were present 

with respect to the fully oxidized Zn atoms in the sample annealed for 50 min. However, due 

to the destruction in crystallinity that the film experienced, as seen from the SEM image, [Fig. 

8.3(d)], and the XRD pattern, the PL intensities decreased. Or otherwise complex defects such 

as ZnOH might be created in the structure which acted as non-radiative centers. The details of 

the binding energies and the peak areas of the deconvoluted O 1s peaks are given in Table 8.2.     
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Table 8.2. Binding energies of the deconvoluted peaks of the O 1s of the samples annealed in 

reducing atmosphere for different times, before and after sputtering. 

Sample  

Before sputtering After sputtering 

Peak position 

(V) 
Area (%) Peak position Area (%) 

Un-annealed 

O1 

O2 

O3 

530.3 

531.7 

532.6 

78 

16 

6 

530.3 

531.7 

____ 

85 

15 

____ 

Annealed for 

20 min 

O1 

O2 

O3 

530.3 

531.7 

532.6 

79 

13 

8 

530.3 

531.7 

____ 

84 

16 

____ 

Annealed for 

30 min 

O1 

O2 

O3 

530.3 

531.7 

532.6 

72 

24 

4 

530.3 

531.7 

____ 

80 

20 

____ 

Annealed for 

50 min 

O1 

O2 

O3 

530.3 

531.7 

532.6 

71 

24 

5 

530.3 

531.7 

____ 

72 

28 

____ 
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Fig. 8.5. Deconvoluted peak of the O 1s peak before and after sputtering of the samples 

annealed in a reducing atmosphere for different times. 
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8.3.3. Photoluminescence analysis 

           Figure 8.7 depicts the PL spectra of the unannealed ZnO nanorods and those annealed 

for different periods of time. ZnO has two distinict luminescence emissions: [35] band to band 

or excitonic emission which is at the ultraviolet region around 380 nm and the deep level 

emission over the visible region which is due to the native point defects in the ZnO crystals. 

The most prominent defects responsible for the vissible emission of ZnO are doubly or singly 

ionized oxygen vacancies (Vo
++/Vo

+) [36], zinc interstitial (Zni), oxygen interstitial (Oi), and 

zinc vacancies (VZn) [37]. It has been reported that excess oxygen related defects (Oi and VZn) 

are responsible for the broad orange to red emission around 600 nm to 750 nm [38], while the 

Zn-excess related defects such as Zni, Vo
++ and Vo

+ are responsible for the visible emission 

around blue (400 to 470 nm) and green (500 and 550 nm) [39, 40], respectively. The 

unannealed sample exhibted the band to band emission around 378 nm as well as the broad 

orange emission centred at 600 nm. The origin of the ultraviolet emission of ZnO is well 

documented. The orange emission around 600 nm is always observed for ZnO prepared via 

different methods such as combusion [38], sol-gel [37], co-precipitation [41] and low-

temperature chemical aqueous growth, and it is thought to be due to the oxyen excess related 

defects that were created as a result of the excess oxygen atoms presented in the solution. With 

the hypothesis that the broad orange emission of ZnO was due to the oxyen excess related 

defects, annealing in a reducing atmosphere (H2/Ar) would remove these defects and new kind 

of defects could be created. In particular, the Zn-excess related defects due to the removal of 

oxygen atoms would be expected, and the broad orange band should be eliminated while a new 

emission band could be created. Annealing in a reducing atmosphere raised a new green 

emission band centred at 500 nm [Fig. 8.7(a)], which was assumed to be due to the excess Zn-

related defects. The intensity of the green emission increased with an increasing annealing time. 

The maximum intensity was recorded for the sample annealed for 30 min, and thereafter, the 

emission intensity has drastically decreased for further annealing time (50 min). It is very 

reasonable to conclude that increasing the annnealing time in the reducing atmosphere has 

increased the Zn-excess related defects that were responsible for the broad green emission 

centred at 500 nm. The XPS data of Table 8.2 are in agreement since (for the after sputtering 

data) it shows an increase in the O2 peak area percentage related to oxygen deficiency, with 

increasing annealing time of 20 and 30 min. Nevertheless, according to the SEM results, the 

nanorods’ diameters increased with an increasing annealing time and their density decreased 

with a further increase in the annealing times. Since the increase in the nanorods’ diameter 

leads to a consumption of other nanorods, a decrease in the total surface area of the sample was 
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obtained. The decrease in the density might therefore increase the light scatering leading to an 

increase in the intensity. Furthermore, surface defects that might lead to luminescence quencing 

might also be reduced with lesser surface area. Therefore, the nanorods’ morphologies 

(nanorods diameter and their density) could have played a significant role in the emission 

intensity. Consequently, the green emission has increased and reached its maximum for the 

sample annealed for 30 min and then dramaticaly decreased for the sample annealed for 50 

min. The SEM image for the sample annealed for 50 min showed complete destruction of the 

uniform nanorods structure. It must also be pointed out that oxide materials are easily 

contaminated by hydrogen impurities mostly due to the strong bonding of the H atoms to an O 

atom [42]. Hydrogen impurities are suggested to have two kinds of donorlike states in ZnO: (i) 

interstitial hydrogen and (ii) substitutional H at an O site [42]. It may be speculated at this stage 

that during annealing in a hydrogen gas, the hydrogen diffused into the ZnO ([42])  and can 

complicate the defect emission in ZnO. At first, with a lower hydrogen concentration, the 

hydrogen may occupy the oxygen vacancies leading to a reduction in intensity of the oxygen 

vacancy emission and then with further diffusion leading to a higher concentrations of 

hydrogen in the ZnO that both filling the Vo (healing of Vo) and populating interstitial sites 

leading to nonradiative emissions and a decrease in PL intensity. 

 

Fig. 8.6. Atomic structures of ZnO without defects,𝑉𝑍𝑛
2−, (1H-VZn)

1−, (2H-VZn)
0, and (3H-

VZn)
1+ [Reproduced with permission from Y. Kang, H. N. Nahm, and S. Han, Sci. Rep. 6, 

35148 (2016). Copyright 2013, Nature Publishing Group, licensed under a CC BY 4.0 

license]. 

The concentration of a defect in the host material relies on the amount of available sites to form 

the defect and its defect formation energy that depends on growing or annealing conditions. 

Figure 8.6 gives an example where a VZn was formed. There are now four O sites available for 

the formation of O-H bonds as shown in Fig. 8.6 [43]. Figures are shown for NH-VZn with 

N = 1, 2 and 3. This one example clearly shows the effect of hydrogen on this spesific defect 

distribution. Deng et al. [44] also showed that the migration of VO has lower barriers in 

nanowires in comparison with their bulk counterparts and is found to be energetically favorable 
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in the direction from the bulk to the surface [44]. Their results imply a higher concentration of 

VO at surface sites and also a relative ease of diffusion in the nanowires’ structure. Changes in 

defect signatures while anealling at elevated temperatures in a hydrogen gas medium, as in this 

case, indicate that the relevant defects have become mobile and the interdiffusion of hydrogen 

has a severe effect on the defect distriubtion. Both the substitutional and interstitial forms of 

hydrogen have low formation energies in ZnO. However, hydrogen is only stable in ZnO up to 

∼500 ºC [12]. Even if the hydrogen defects are only stable up to ∼500 ºC, they will still play a 

major role in the defect redistribution when annealing in an H2 atmosphere.  

The insets in Fig. 8.7(a) are photographs taken by a digital camera for the samples annealed for 

20 and 30 min. The emission of the samples annealed for 50 min was not detectable by the 

naked eye. Figure 8.7(b) shows the zoomed in region for the ultraviolet spectrum. The UV 

emission of the  sample was almost brought to the noise level after annealing in a reducing 

atmosphere. This is due to the creation of more deep level defects that compete with and 

eventually surpressed the excitonic emission. To figure out the possible defects contributed in 

the green emission centred at 500 nm, the peak was fitted using the Guassian function to 

determine the superposition of the peaks and the results are shown in Fig. 8.7(c). At least three 

peaks could be fitted around 465 nm, 510 nm and 550 nm. These peaks indicated that more 

than one kind of defect contributed to the green emission centred at 500 nm. The suggested 

defects responssible for the individual peaks are included within the spectra based on some 

reported research [45, 46, 47]. Figure 8.7(d) shows the photometeric characteristic/color 

chromaticity for the sample annealed for 30 min. The color coordinates (X, Y) of the high 

intensity sample was calculated using the CIE 1931 software and were found as X = 0.20 and 

Y = 0.39. The color correlated temperature CCT was calculated via the McCamy equation and 

was found to be 8564 K for the high intensity sample.     
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Fig. 8.7. (a) Photoluminescence spectra of the ZnO nanorods annealed in the reducing 

atmosphere at 700 °C for different time, (b) zoomed in spectra of the UV region, (c) 

deconvoluted peak of the sample annealed for 30 min and (d) CIE color coordinate of the 

sample annealed for 30 min.  

The quantum yield (QY) has always been a matter of concern for any material that has to be 

used in optical applications. QY is defined as the ratio of the number of emitted photons (Nem) 

to the number of absorbed photons (Nabs) [41], 

QY = Nem⁄Nabs                               (8.1). 

The QY was measured for the sample annealed for 30 min with the highest PL intensity. The 

sample and a standard (Benflect™) were excited at a wavelength of 325 nm and the results are 

shown in Fig. 8.8(a), with the intensity on a logarithmic scale. The continuous curve (red curve 

online) of the sample covered both the reflection (scatter) of the excitation light at 325 nm and 

the longer wavelength luminescence band near 500 nm. The black spectrum represents the 

reflection from the standard and the difference between it and the sample indicated the number 

of photons absorbed. The background obtained with the standard was scaled (green curve) and 

subtracted from the sample curve to obtain the number of emitted photons, and the QY was 
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calculated as 43 %. A similar measurement for excitation at 375 nm gave the QY as 37 %. The 

small peak on the background (green spectrum) near 615 nm was attributed to a tiny amount 

of Eu3+-emitting phosphor contamination of the integrating sphere - due to the logarithmic 

intensity scale, its effect is negligible and it was not considered, although it may be noted that 

removing this peak in the background could only tend to increase the calculated number of 

emitted photons and therefore the QY.   

The decay curve of the highest intensity sample was measured using a monochromatized xenon 

flash lamp with repetition rate of 100 Hz for excitation at the wavelength of 375 nm and 

emission at 504 nm and is presented in Fig. 8.8(b). The curve was well fitted to a triexponential 

decay using the following equation [48]: 

𝐼(𝑡) =  𝐼𝑜 + 𝐴1𝑒−(𝑡 𝜏1⁄ ) +  𝐴2𝑒−(𝑡 𝜏2⁄ ) + 𝐴3𝑒−(𝑡 𝜏3⁄ )             (8.2), 

where I(t) is the intensity at a certain time t after excitation, Io is the background and A1, A2 and 

A3 are the fitting amplitudes while τ1, τ2 and τ3 are the decay lifetime components. Using these 

parameters, the average lifetime (τavg) can be calculated by 

𝜏 =
𝐴1𝜏1

2+𝐴2𝜏2
2𝐴3𝜏3

2

𝐴1𝜏1+𝐴2𝜏2+𝐴3𝜏3
                                                            (8.3)                                                   

The average lifetime (τavg) value for the sample annealed for 30 min was determined to be 

11.58 µs. The triexponential function needed for the fit may be explained in terms of three 

different defects that contributed to the green emission at 500 nm. This assumption correlates 

very well with the deconvoluted PL peak of the sample, where three fitted peaks were found 

as shown in Fig. 8.7(c).  

 

Fig. 8.8. (a) Data for quantum yield calculation and (b) decay curve of the sample annealed for 

30 min. 
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 8.4. Conclusions 

Vertically aligned ZnO nanorods with c-axis orientation were successfully grown on a 

ZnO seed layer coated on an (100) Si substrate. The deconvoluted XPS peaks of the O 1s 

energy region indicated that defects related to the oxygen deficiencies were present in all the 

samples and played a significant role on the PL of the ZnO nanorods annealed in the reducing 

atmosphere at different times. The green emission centred at 500 nm with CIE coordinates (X 

= 0.20 and Y = 0.39) and high quantum yield (43%) was obtained from the samples annealed 

in a reducing atmosphere for 30 min. At least three kind of defects (Vo
+, Vo

++, VZn) were found 

to contribute to the green emission centered at 500 nm. These emissions may be used in 

optoelectronic applications such as LEDs and FEDs. 
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Chapter 9 

Cathodoluminescence degradation study of the green luminescence of 

ZnO nanorods 

9.1. Introduction 

Due to the relatively poor stabilty of sulfide based materials, as well as the degradation and 

low breakdown voltage of organic based material optoelectronic devices, developing new 

materials with good chemical stability that can compensate the weaknesses of sulfides and 

organic materials [1, 2] is a critical research issue.  Oosthuizen et al. [3] and Swart et al. [4] 

have shown that ZnS phosphors formed ZnO on the surface during prolonged electron 

bombardment due to electron stimulated surface chemical reactions (ESSCRs) on the surface. 

The stability of ZnO as a light emitting material itself would therefore be a good choice to 

investigate for stability under electron bombardment.      

Furthermore, metal oxide semiconductors are very important materials in electronic 

applications. In particular, wide band gap semiconductors such as ZnO, TiO2, Ga2O3, SnO2, 

etc. are prominent materials in the field of optoelectronics [5]. ZnO is established as a wide 

band gap (3.37 eV) metal oxide semiconductor having good properties such as large exciton 

binding energy (60 meV) [6] and chemical stability [7]. Moreover, ZnO can easily be grown 

in the form of different nanostructures [8], amongst which nanorod structures are well known 

to improve its optical and electrical quality. This is due to the high surface to volume ratio of 

the nanorods, which made it to be considered as the best system to understand the transport 

mechanism of 1D materials in order to develop high performing devices [9]. ZnO nanorods 

can be used in different applications including light emitters in light emitting diodes (LEDs), 

electrical pathway for electrodes in dye sensitized solar cells, solar cell applications due to its 

oxygen vacancies [10], and potentially for hydrogen storage. ZnO is a promissing candidate as 

a green phosphor that can be used in the aforementioned applications due to its bright green 

emission orginating from the native defects such as oxygen vacancies [11].  

Green luminescence of ZnO has shown good stability under electron beam irradiation [12, 13]. 

However, the initial CL intensity degradation of the green emission when ZnO was irradiated 

with a beam of electrons, followed by subsequent recovery, is not understood yet and further 

investigation is needed. Atomic oxygen, atomic hydrogen [12], formation of non-luminescent 

ZnO layers and/or surface changes were suspected to be responsible from the initial 

degradation followed by subsequent recovery of the green luminescence of ZnO [14].   



161 
 

In this work, ZnO nanorods were prepared by the simple two-step method using spin coating 

in combination with the chemical bath deposition technique. The samples were annealed in a 

reducing atmosphere to obtain the bright green emission of ZnO. The degradation behavior of 

the ZnO nanorods during prolonged electron bombardment was investigated.     

9.2. Experimental 

ZnO nanorods was prepared via the previously described [15] two-step low temperature 

aqueous chemical growth method using chemical bath deposition. Briefly, a ZnO seed layer 

was deposited on a (100) oriented Si substrate using a spin coater. For the seed layer zinc 

acetate dihydrate was dissolved in 40  mL of high purity ethanol (99.9%) for a concentration of 

0.2 mol/L. An equal molar concentration of monoethanolamine (0.2 mol/L) with volume of 

0.483 mL was added into the zinc acetate solution dropwise and the mixture was stirred at room 

temperature for about 1 h until a clear solution was obtained. The solution was used to spin 

coat 5 layers on the Si substrate. The spin coating was done at 3000 RPM for 30 s for each 

layer and the sample was heated at 250 °C for 10 min in air after each layer. Finally the seeded 

layer substrate was annealed at 500 °C in air for 1 h. For the growth of the ZnO nanorods, a 

solution of zinc nitrate hexahydrate and hexaminetetramine (both with concenteration of 0.05 

mol/L) was prepared using deionized water and stirred at room temperature for about 1 h, and 

then placed in a chemical bath at a temperature of 90 °C. The substrate with the seed layer was 

dipped in the solution with the growth face down towards the bottom of the beaker and the 

growth continued for 4 h, after which the substrate was removed and washed with deionized 

water and dried by carefully blowing nitrogen gas over the surface. Finally, the sample was 

annealed in a reducing atmosphere (H2:Ar with a ratio of 5:95) at 700 °C for 30 min.  

A Cary Eclipse fluorescence spectrophotometer equiped with a xenon lamp was utilized for 

the photoluminescence (PL) measurements. The sample was excited with a wavelength of 325 

nm. To study the degradation behavior of the sample, a PHI Auger electron spectroscope (AES) 

model 545 was used for the chemical composition and cathodoluminescence (CL) degradation 

study of the sample. The sample was subjected to electron beam irradiation for about 22 h. The 

electron beam working voltage, current and the current density were kept at 2 keV, 24 µA and 

0.53 mA.cm-2, respectively, and the irradiated area radius was found to be around 1.2 mm using 

a Faraday cup. The degradation (irradiation) experiments were performed in vacuum at a base 

pressure of 5.0 x 10-8 Torr and a back-filled oxygen atmosphere with an oxygen partial pressure 

of 5.5 x 10-8 Torr. Auger peak-to-peak heights (APPHs) and CL data were recorded 

simultaneously using the same electron beam. An Ocean Optics PC2000 spectrometer and OOI 

base 32 computer software were used for the CL data collection. The X-ray photoelectron 
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spectroscopy (XPS) measurements were carried out with a PHI 5000 Versaprobe-Scanning 

ESCA Microprobe. The measurements were carried out with a 100 μm monochromatic Al Kα 

X-ray source with photon energy of 1486.6 eV generated at 25 W and 15 kV. High resolution 

spectra of the C 1s, O 1s and Zn 2p energy regions were collected with the hemispherical 

analyzer pass energy maintained at 11.8 eV for 10 cycles using 0.5 eV/step. The measurements 

were taken before and after 1 min of Ar+ ion sputtering to remove the surface contamination, 

and this was done for both the original and degraded samples. The pressure during the 

acquisition was about 2.8 x 10-9 Torr. MULTIPAK software [16] was used for the 

deconvolution of the peaks. The morphology of the samples was characterized using a JEOL 

scanning electron microscopy (SEM) model JSM-7800F.  

9.3. Results and discussions 

Fig. 9.1 shows the SEM micrographs of the ZnO nanorods before and after electron beam 

irradiation. The changes induced by the electron beam irradiation on the ZnO nanorods 

morphology are clearly seen. The nanorods' density was substantially reduced after electron 

beam irradiation (degradation), while the hexagonal shape of the nanorods was slightly 

modified since there was a small groove in the nanorods as shown in Fig. 9.1(c). The upper 

half of the nanorods grew bigger while the lower half became thinner (Fig. 9.1(d)). The 

mechanisms in which the electron beam affects oxide surfaces and morphologies are very 

complicated phenomena. When high energy electrons impinged on the surface of an oxide, 

different processes may be involved, including: electrostatic charging, sputtering, heating, 

dehydration, radiolysis and knock-on displacement. These processes could create new defects 

via removal or diffusion of atoms/ions followed by reconstruction of the crystals and changes 

on the morphology [17]. Radiolysis occur through the Knotek-Feibelman mechanism, where 

an impinged electron beam creates an inner-shell vacancy on the metal site by removing 

oxygen atoms/ions [17]. This leads to a positively charged or neutral oxygen atom that can be 

repelled by the surrounding metal ions and eventually ejected into vacuum. This process leaves 

a metal (Zn)-rich surface with pitted morphology characteristics [18, 19]. Knock-on damages 

take place due to the deflection of the incident electrons via an electrostatic field of the atomic 

nuclei. At low energy transfer of several eV, normally the bottom atoms will be sputtered from 

the surface of the material. At higher energy transfer of tens of eV, atoms will be displaced and 

subsequently defects will be created in the crystals [20]. H atoms are always incorporated in 

ZnO during the growth and annealing process. They play a critical role in the stabilization of 

non-reconstructed surfaces. Due to the smaller size of the H atoms compared to Zn and O 
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atoms, they can gain much energy through collision with the incident electrons and therefore 

they are likely to be sputtered from the surface. It was demonstrated that H atoms can be 

released at 1.5 eV [21, 22]. Electron beam irradiation increases the local temperature on the 

surface which assist Zn atoms to oxidize, and hence new crystals grow on the surface [20]. All 

these mechanisms could contribute to the changes induced on the nanorods morphology such 

as the thinning of the lower half and the growth of the upper half. In another words, the thinning 

of the lower half and the growth of the upper half of the nanorods can be explained as follow: 

the incident electron beam creates an electric field and heats up the sample, as a result Zn atoms 

segregate and diffuse from the bottom to the top of the nanorods and then react with O atoms 

in the chamber and become oxidized, and eventually lead to the growth of the upper half and 

the thinning of the lower half. For the growth of the upper half of the nanorods, similar 

outgrowth was observed by Kalceff et al. [23] when he irradiated amorphous and crystalline 

SiO2 with a high energy electron beam (30 kV). He observed an initial increase in the surface 

volume followed by a decrease in the volume after continuous irradiation of the amorphous 

SiO2, while an outgrowth on the surface was also observed during irradiation of the crystalline 

SiO2. These surface changes were attributed to the migration and diffusion of the defect 

species. The changes in our nanorods' morphology (the thinning of the lower half and the 

growth of the upper half) can be attributed to different reasons including: migration and 

diffusion of the ZnO defects, formation of an interleaved non-luminescent ZnO layer and/or 

removal of the atomic hydrogen from the ZnO lattice. Electron beam-induced surface change 

phenomena have been observed after degradation of different oxides. Hasabeldaim et al. [13] 

irradiated a ZnO thin film for about 24 h using an electron beam with energy of 2 keV and 

current of 10 µA and electron beam-induced surface change (coalition of particles) was 

observed during prolonged electron beam irradiation.      
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Fig. 9.1. SEM images of the ZnO nanorods annealed in reducing atmosphere for 30 min (a) 

before degradation and (b) after degradation, and (c and d) zoomed in images of the nanorods 

after degradation. 

Fig. 9.2 shows the normalized CL and PL spectra of the ZnO nanorods. In both cases a broad 

single peak around 500 nm was observed. This emission is well known for ZnO fired in a 

reducing atmosphere and is attributed to the singly or doubly ionized oxygen vacancies [24]. 

Since the sample was annealed in reducing atmosphere, excess zinc-related defects such as 

oxygen vacancies, zinc interstitials and/or zinc antisites might be formed and therefore they 

might be responsible for the green emission. Generally, zinc antisites have higher formation 

energy than the oxygen vacancies and the zinc interstitials and they were not expected to form 

under near-equilibrium conditions [25]. Therefore, they are not expected to be involved in the 

broad green emission obtained from this sample. The slight difference between the PL and CL 

is due to the difference in their excitation mechanism. CL uses a high energy electron beam 

(2000 eV) which penetrates the material and produces secondary electrons that contribute to 

the host excitation, while PL uses low energy photons (3.8 eV) to excite the sample. The 

penetration depth of the photons are also deeper than the electrons in the ZnO as estimated in 

our previous work (0.09 µm for the electron beam and 0.2 – 0.5 µm for photons) [12]. The 
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commission international de I’Eclairage (CIE) coordinates of the sample based on the PL and 

CL data are shown in Fig. 9.2(b). The color coordinates and the color correlated temperatures 

were calculated using the well-known CIE 1931 diagram and the McCamy equation [26]. The 

results are shown in Table 9.1. 

Table 9.1: The color coordinates and color corelated temperatures of the original sample for 

different excitation mechanisms. 

Excitation mechanism  X Y CCT (K) 

Photoluminescence  0.20 0.39 2464 

Cathodoluminescne  0.21 0.44 3001 

 

       
Fig. 9.2. (a) PL and CL of the ZnO nanorods (the insets are the PL and CL digital photographs 

of the sample) and (b) CIE color coordinates of the sample.  

Fig. 9.3 shows the AES spectra of the sample before and after electron beam irradiation in 

vacuum and in an oxygen atmosphere. All the principal elements were detected, namely Zn 

peaks at the low energy level about (10 – 120 eV), Zn peaks at higher energy level (800 – 1050 

eV) and O peaks around 513 eV. The peaks around 183 and 273 eV belong to the surface 

contaminations such as Cl and adventitious C, respectively. The surface contaminations were 

almost completely removed during electron beam irradiation in both cases (vacuum base 

pressure and oxygen partial pressure). In the case of the AES spectra recorded in vacuum, the 

principal elements (Zn and O) peak intensities have increased after degradation. This was due 

to the removal of the overlying contaminations, which reduced the inelastic scattering of the 

Auger electrons [3]. The increase on the Zn peaks intensity can also be attributed to the ejection 

of oxygen atoms from the specimen surface and the formation of a Zn-rich surface and new 

defects such as oxygen vacancies. Zn AES peak intensity at low energy (~ 10 – 120 eV) 
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increased more than those at (~ 800 – 1050 eV). This is due to the fact that the low energy 

Auger electrons are much more surface sensitive because of their shallow escape depth [12]. 

In case of the AES spectra recorded in an oxygen atmosphere, the oxygen peak intensity has 

slightly increased, while the Zn peak intensity has slightly decreased. This may have resulted 

from the oxidation of the Zn atom/ions on the surface due to the oxygen atmosphere and the 

local temperature induced by the electron beam.       

 

Fig. 9.3. Auger spectra of the ZnO nanorods before and after electron-beam irradiation in (a) 

vacuum with a base pressure of 5.0 × 10-8 Torr, and (b) backfilled with oxygen up to a pressure 

of 5.5×10-8 Torr. 

To study the degradation behaviour of the sample under electron beam irradiation, the APPHs 

of the principal elements were monitored during electron dose exposure and the results are 

shown in Fig. 9.4 for the experiments performed in (a) vacuum and (b) oxygen. The C peak 

was reduced to about zero intensity level at the initial stage of the electron dose exposure. This 

indicated a complete removal of the C contaminating the sample surface, the mechanism being 

explained by the electron stimulated surface chemical reaction (ESSCR) model [27]. The C 

containing molecules on the surface dissociated into reactive C atoms as a result of the electron 

beam exposure, which eventually leave the chamber as volatile species. AES is a surface-

sensitive technique; it characterizes only the top few layers of the sample [28]. The principal 

elements (Zn and O) were initially covered by the surface contaminations (C and Cl). During 

the removal of the surface contaminations the AES intensity of the principal elements increased 

slightly. For the vacuum-degraded sample, the APPHs intensities for the principal elements 

(Zn and O) have increased after the removal of surface contamination. Whereas in the case of 

oxygen-degraded sample, the oxygen peak intensity increased more relative to the Zn peak 

intensity compared to the oxygen peak intensity in vacuum. Zn APPHs peaks have also 
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increased initially and slightly decreased after electron dose of about 100 C/cm2. This can be 

attributed to the oxidation of Zn atoms/ions on the surface after the removal of the surface 

contamination.      

   

Fig. 9.4. Typical APPHs as a function of electron beam dose of the ZnO nanorods in (a) 

Vacuum with a base pressure of 5.0 × 10-8 Torr, and (b) backfilled with oxygen up to a pressure 

of 5.5×10-8 Torr. 

Fig. 9.5 displays the CL intensity as a function of electron beam irradiation of the ZnO nanorods 

in (a) vacuum and (b) oxygen atmosphere. The CL intensity initially decreased as a function 

of electron beam irradiation dose. In vacuum it decreased to about 53% of its original intensity 

within about 121 C/cm2 of electron dose, after which it stabilized (Fig. 9.5(a)). The initial rate 

of the CL degradation for the sample degraded in vacuum was estimated to be ~ 0.44% per 

C/cm2 up to 100 C/cm2 after which it stabilized. The initial degradation rate of the oxygen 

atmosphere sample was ~ 10 times higher up to 10 C/cm2 after which it increased again and 

stabilized after 100 C/cm2 to about 96% of the original intensity. This phenomenon has been 

observed for the degradation of phosphors and was attributed to the formation of an interleaved 

oxide layer which acted as a protective layer as well as reducing the CL intensity [29]. Yousif 

et al. [29] degraded Y3(Al, Ga)5O12:Tb phosphor using electron beam irradiation. An 

exponential decrease of the CL intensity was attributed to a new oxide layer such as AlOx, YOx 

and Y(Al,Ga)O3 which formed on the phosphor surface and acted as a protective layer while 

reducing the CL intensity. Swart et al. [30] and Trottier et al. [31] degraded ZnS based field 

emission display phosphors in different environments including vacuum, oxygen, hydrogen 

and water vapour. The CL intensity of the ZnS phosphor was severely degraded due to the 

formation of non-luminescent ZnO and/or ZnSO4 layers and the removal of sulphur as the 

result of ESSCR. In our case, since our sample is ZnO and the emission arises from the native 
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defects of ZnO which are in a non-stoichiometric state, we suggest that some of the defects 

were removed and as a result a stoichiometric and non-luminescent ZnO layer may have been 

formed. For the degradation in the oxygen atmosphere shown in Fig. 9.5(b), the sample showed 

a different degradation behaviour than in the vacuum. The CL intensity rapidly decreased 

during the initial stage of the electron beam irradiation up to a dose of ~10 C/cm2, after which 

it increased until the electron dose was ~100 C/cm2 and then stabilized with further irradiation. 

The same behaviour was observed in degradation of ZnO powder and thin film in an oxygen 

atmosphere [12, 13]. An earlier report showed that atomic oxygen increases the CL yield of 

ZnO while atomic hydrogen decreases the yield [32]. Bylander [14] found that high surface 

recombination which was due to the change in the surface character was responsible for the 

initial rapid decrease of the CL intensity. Due to the fact that the sample was annealed in a 

hydrogen environment as well as the differences between the CL degradation of the sample in 

vacuum and in oxygen, one can speculate that either atomic oxygen or atomic hydrogen are 

responsible for the rapid initial degradation and/or the subsequent recovery of the CL in the 

case of the degradation in the oxygen. Since we postulated that the green luminescence was 

due to the excess Zn-related defects such as oxygen vacancies and zinc interstitials, introducing 

oxygen in the chamber while the sample was under electron beam irradiation could result in 

the passivation of such defects, with assistance of ESSCR. This could be the reason why the 

CL intensity substantially decreased during the initial irradiation. However, this argument 

cannot explain the subsequent recovery of the CL intensity. Hydrogen atoms play a prominent 

role in the optical and electrical properties of ZnO. They can easily diffuse into a ZnO matrix 

during the annealing process and occupy different sites such as oxygen vacancy or interstitial 

sites [33]. In both cases this may result in reducing the luminescence arising from these defects 

by forming non-radiative centres. Hydrogen atoms naturally have strong bonds with oxygen 

atoms. During degradation in an oxygen atmosphere with the assistance of ESSCR, atomic 

hydrogen in the sample possibly reacted with the oxygen in the chamber and formed H2O/OH 

groups which eventually left the sample and resulted in the reduction of the non-radiative 

centres, allowing the CL intensity to increase. No change in the shape of the CL spectra was 

observed before and after electron beam irradiation, for both cases of degradation in vacuum 

and in oxygen, indicating that the same type of defects was responsible for the luminescence.   
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Fig. 9.5. CL intensity as a function of electron dose exposure of the ZnO nanostructure in (a) 

vacuum with base pressure of 5.0 × 10-8 Torr, and (b) backfilled with oxygen up to a pressure 

of 5.5×10-8 Torr (the insets are the CL spectra before and after degradations). 

To assess the effect of the electron beam irradiation on the chemical state of the sample, XPS 

high resolution spectra of the Zn 2p peak region was measured for the original and the sample 

degraded in oxygen, before and after 1 min of sputtering using an Ar+ ion beam. The results 

are shown in Fig. 9.6. Two peaks with binding energies at 1022 eV and 1045 eV were detected 

and indexed to Zn 2p1/2 and Zn 2p3/2, respectively. These values indicate that all Zn atoms were 

fully oxidized and in their doubly ionized state (Zn2+), based on the standared reference value 

of ZnO [34]. No Zn metal with binding energy of 1021.8 eV was observed.  

    

Fig. 9.6. High-resolution XPS spectra of the Zn 2p core levels of the original and degraded 

samples (a) before sputtering and (b) after sputtering for 1 min with Ar+ ions. 

XPS high resolution spectra of the O 1s peak are shown in Fig. 9.7 for the original and degraded 

sample before and after 1 min of Ar+ ion sputtering. The O 1s peak was deconvoluted into three 

components (O1, O2 and O3) using MULTIPAK software. Kumar et al. [35, 36] previously 
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identified the three components of the O 1s peak. The component O1 is ascribed to the ionized 

oxygen atoms in the wurtzite ZnO, surrounded by the fully oxidized Zn atoms with their nearest 

O2- ions. The component O2 is attributed to the O2- ions in the oxygen deficient regions such 

as hydroxyl groups and defects, and O3 is due to the loosely bonded species on the surface 

which came from the atmosphere such as CO3, CO2, H2O and O2. The component O3 was only 

detected for both samples before sputtering and was not detected after the Ar+ ion sputtering. 

This is due to the fact that the surface contamination was removed from the surface during 

sputtering. The details (peaks positions and areas) for the O 1s components are given in Table 

9.2. The O2 component peak area decreased after degradation in both cases, before and after 

Ar+ ion sputtering, while the O1 component area increased. These results are supportive of the 

CL degradation results, since the increase in the O1 component peak area can be explained by 

the removal of C on the surface and the possible formation of a thin stoichiometric and non-

luminescent ZnO layer that was responsible for the initial decrease of the CL intensity, and 

which may have acted as a protective layer responsible for the CL stability for further electron 

dose. We speculate that the stoichiometric layer was a low defect layer with fully oxidized and 

ionized zinc and oxygen atoms (Zn=O) and hence there was little or no emission that arose 

from it. Since the O2 component was attributed to the hydroxyl groups complexes and 

hydrogen atoms were suspected to have diffused in our sample and formed non-radiative 

centres, the decrease in the O2 component area might explain the subsequent recovery after the 

initial decrease on the CL intensity in the case of degradation in the oxygen atmosphere (Fig. 

9.5 (b)), while the presence of oxygen in the chamber during electron beam irradiation may 

have contributed to the hydrogen atoms leaving the sample by means of the already mentioned 

ESSCR model. The O/Zn ratios of the XPS peak areas were estimated for the original and the 

degraded sample before and after sputtering (Table 9.3), the O/Zn ratios have slightly increased 

in both cases before and after sputtering for the degraded samples. This result may also support 

the argument that Zn atoms diffused to the surface, react with oxygen atoms in the chamber 

and eventually oxidized due to the heat induced by the electron beam.     
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Table 9.2. Binding energies of the deconvoluted peaks of the O 1s of the original and degraded 

samples, before and after sputtering. 

Sample 
O 1s 

components 
Peak position (eV) 

Area % 

(Before sputtering) 

Area % 

(After sputtering) 

Original 

O1 

O2 

O3 

530.3 

531.7 

532.6 

72 

24 

4 

80 

20 

____ 

Degraded 

O1 

O2 

O3 

530.3 

531.7 

532.6 

75 

19 

6 

90 

10 

____ 

 

Table 9.3. O/Zn ratio of the original and degraded sample before and after sputtering. 

Sample O/Zn ratio Before sputtering After sputtering 

Original O/Zn 0.19 0.15 

Degraded O/Zn 0.22 0.16 
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Fig. 9.7. Deconvolution of the O 1s peak before and after sputtering of the original and the 

degraded sample. 

9.4. Conclusion 

The effect of prolonged electron beam irradiation on the surface state and the intensity of the 

green CL emission at about 500 nm of ZnO nanorods was explored. The mechanisms behind 

the initial degradation and stability for further electron beam iradiation, and the subsequent 

recovery of the CL for the sample in an oxygen back-filled environment were invesigated. The 

formation of a non-luminescent ZnO layer and surface morphology changes have been 

identified as important factors. Atomic oxygen is suggested to be responsible for the initial 

slump while the removal of the atomic hydrogen from the ZnO matrix is suggested to be 

responsible for the subsequent recovery of the green luminescence. Electron beam irradiation 

was found to induce changes of the nanorod morphology. This material may be useful for 

optoelectronic devices such as flat panel displays. 
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Chapter 10 

Summary and future work 

This chapter gives is a summary of this research study as well as some suggestions for the 

future work that may be pursued. 

10.1. Summary 

This study was aimed at preparing  Eu3+ doped ZnO thin films with different Eu3+ 

concentrations by using spin coating and PLD techniques, as well as preparing ZnO nanorods 

by using the chemical bath deposition technique. It was also intended to optimizing the red 

emission intensity for the Eu3+ doped ZnO films, and the green luminescence for the ZnO 

nanorods, and to investigate their structure, morphology and luminescence properties. The 

highest intensity red emitting samples were subjected to electron beam irradiations. Their 

surface, chemical states and luminescence stability under electron beam bombardment were 

investigated. In more detail: 

Low concentrations (0.4, 0.6, 0.8 and 1 mol%) of Eu3+ doped ZnO thin films were fabricated 

by using the spin coating technique. Their structure, optical, morphology and 

photoluminescence  (PL) properties were investigated. XRD and PL results confirmed the 

incorporation of the Eu3+ ions in the ZnO lattice. The film crystallinity was affected negatively 

as a result of increasing the Eu3+ concentration. The films were excited at different wavelengths 

using different excitation sources, and the energy/charge transfer taking place between ZnO 

and Eu3+ was discussed. The highest PL emission was recorded for the film doped with 0.6 

mol% of Eu3+ after which quenching occurred. Judd-Ofelt analysis revealed that the local 

environment and in the vicinity of Eu3+ and their asymmetry plays a significant role in the PL 

emission. Crystallinity degradation, creation or reduction of defects and multipole-multipole 

interaction were found to be the major mechanisms for the concentration quenching.   

Higher concentrations (1 to 4 mol%) of Eu3+ doped ZnO spin coating films were also prepared. 

The film thickness increased slightly compared to the previous films. Orientation along the c-

axis for the films was confirmed by XRD measurements. No peaks associated with Eu2O3 or 

Zn(OH)2 were observed which indicated a successful incorporation and dispersion of Eu3+ ions 

in the ZnO matrix. Both divalent (Eu2+) and trivalent (Eu3+) ions were present in the samples 

as revealed by XPS measurements. PL and CL of the films were studied. 4f-4f transitions lines 

were observed.  Charge transfer from O2- to Eu3+ and energy transfer from ZnO defects to Eu3+ 

were investigated. The electron beam excited the luminescent centres via direct or indirect 

impact excitation, and therefore emission from 4f-4f transitions of Eu3+ ions in ZnO were 
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detected without other emission from ZnO native defects. The film with the highest 

luminescence intensity (3 mol% of Eu3+ ions) was subjected to electron beam irradiation for 

about 22 h. The surface, chemical and luminescence properties of the film was found to be very 

stable under electron beam irradiation.  

A ceramic pellet made of 3 mol% Eu3+ doped ZnO powder that was synthesized using the 

composition method, was ablated in different oxygen atmosphere by using PLD to deposit the 

films on p-type Si substrates. Oxygen atmosphere (partial pressure) was found to play a critical 

role in the film crystallinity, morphology, luminescence and electrical properties. These 

properties were improved with increasing oxygen partial pressure to some extent after which 

they deteriorated. PL revealed that the charge transfer rate was proportionally increased with 

increasing oxygen partial pressure. Impact excitation was found to be the major mechanism in 

CL, CL emission associated with 4f-4f transition of Eu3+ was observed with no emission due 

to the ZnO native defects. This suggest that the electron beam excited the luminescence centres 

through either direct impact excitation, or indirect impact excitation by generating electron-

hole pairs which transferred their energy non-radiative to the Eu3+ centres. 

Oxygen atmosphere, deposition time and target-substrate distance were optimized in order to 

achieve the highest possible PL and CL intensity. The stability of the surface, chemical and 

luminescence properties of this sample under electron beam irradiation was investigated. A 

slight increase on the CL intensity at the initial degradation, minor growth of the film particles 

and creation of defects were observed during electron beam irradiation. However, the film was 

generally stable under electron beam irradiation.      

Vertically aligned ZnO nanorods with c-axis orientation were successfully grown on a ZnO 

seed layer coated on a (100) Si substrate. High quantum efficiency of about 43% of the green 

emission centred at 500 nm was obtained after annealing in reducing atmosphere for different 

times. The deconvoluted XPS peaks of the O 1s energy region indicated that defects related to 

the oxygen deficiencies were present in all the samples and played a significant role on the PL 

of the ZnO nanorods. At least three kind of defects (𝑉𝑜
+, 𝑉𝑜

++, 𝑉𝑍𝑛) were found to be involved 

in the green emission centred at 500 nm.  

The effect of prolonged electron beam irradiation on the surface state and the intensity of the 

green CL emission at about 500 nm of the ZnO nanorods was explored. The mechanisms 

behind the initial degradation and stability for further electron beam iradiation, and the 

subsequent recovery of the CL for the sample in an oxygen back-filled environment were 

invesigated. The formation of a non-luminescent ZnO layer and the surface morphology 

changes have been identified as important factors. Atomic oxygen was suggested to be 
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responsible for the initial decrease while the removal of the atomic hydrogen from the ZnO 

matrix was suggested to be responsible for the subsequent recovery of the green luminescence. 

Electron beam irradiation was found to induce changes of the nanorod morphology. These 

emissions may be used in optoelectronic applications such as LEDs and FEDs. 

10.2. Future work 

Red emission of the 4f-4f transitions of Eu3+ ions in a ZnO host was obtained from spin coating 

and PLD thin films. The electron beam excitation mechanism was found to be similar to 

electroluminescence as an impact excitation mechanism. Efficient green luminescence was 

obtained from ZnO nanorods. These films and nanostructures were found to be stable under 

electron beam irradiation. Therefore, further work maybe needed to evaluate the application of 

these films in optoelectronic applications such as LEDs and FPDs by: 

• Improving the luminescence and electrical properties of the Eu doped ZnO thin films 

obtained by spin coating and PLD techniques. 

• Studying the effect of different deposition, spin coating and post annealing conditions 

on the luminescence and electrical properties of these thin films. 

• Depositing the films on different substrates and study their electrical properties and the 

possibility of achieving electroluminescence for LEDs. 

• Doping with different rare earth ions to achieve a wider spectrum of wavelengths for a 

full-colour FPD, and study their stability under prolonged electron beam irradiation.  

• Implementation of the ZnO nanorods as a green LED by developing the proper 

electrical contacts on it.   

• Implementing the ZnO nanorods annealed in reducing atmosphere in dye sensitized and 

perovskite solar cells. 

 

 

 

 

 

 

 



179 
 

Appendix 

Publications 

The following publications have resulted from this thesis: 

• E. Hasabeldaim, O. M. Ntwaeaborwa, R. E. Kroon and H. C. Swart, Structural, optical 

and photoluminescence properties of Eu doped ZnO thin films prepared by spin coating, 

J. Mol. Struct, 1192 (2019) 105-114. https://doi.org/10.1016/j.molstruc.2019.04.128. 

• E. Hasabeldaim, O. M. Ntwaeaborwa, R. E. Kroon, E. Coetsee and H. C. Swart, 

Enhanced green luminescence from ZnO nanorods, J. Vac. Sci. Technol. B, 37 (2019) 

011201. https://doi.org/10.1116/1.5052543 

• E. Hasabeldaim, O. M. Ntwaeaborwa, R. E. Kroon, E. Coetsee and H. C. Swart, 

Cathodoluminescence degradation study of the green luminescence of ZnO nanorods, 

Appl. Surf. Sci. 484 (2019) 105–111. https://doi.org/10.1016/j.apsusc.2019.04.113 

• E. Hasabeldaim, O. M. Ntwaeaborwa, R. E. Kroon, E. Coetsee and H. C. Swart, 

Photoluminescence and cathodoluminescence of spin coated ZnO films doped with 

Eu3+ up to 4 mol%, Vacuum, 169 (2019) 10888921 (13 pages). 

https://doi.org/10.1016/j.vacuum.2019.108889 

• E.H.H. Hasabeldaim, O.M. Ntwaeaborwa, R.E. Kroon, E. Coetsee, H.C. Swart, 

Luminescence properties of Eu doped ZnO PLD thin films: the effect of oxygen partial 

pressure, Superlattices and Microstructures, revised, Ref: SM_2019_1684, 14 

November 2019. 

• E. Hasabeldaim, O. M. Ntwaeaborwa, R. E. Kroon, E. Coetsee and H. C. Swart, Pulsed 

laser deposition of a ZnO:Eu3+ thin film: study of the luminescence and surface state 

under electron beam irradiation, Appl. Surf. Sci. 502 (2019) 144281. 

https://doi.org/10.1016/j.apsusc.2019.144281 

 

 

 

 

 

 

https://doi.org/10.1016/j.molstruc.2019.04.128
https://doi.org/10.1116/1.5052543
https://doi.org/10.1016/j.apsusc.2019.04.113
https://doi.org/10.1016/j.vacuum.2019.108889
https://doi.org/10.1016/j.apsusc.2019.144281


180 
 

Presentations at national and international conferences/workshops 

• 7th South African Conference on Photonic Materials, 27-31th Mar 2017, Amanzi Private 

Game Reserve, South Africa. 

• 10th African Laser Centre Student Workshop, 30th November-2nd December 2017, 

STIAS, Stellenbosch, South Africa. 

• 63th Annual Conference of the SA Institute of Physics, 25-29th June 2018, University 

of the Free State, South Africa. 

• 11th African Laser Centre Student Workshop, 22-24th November 2018, STIAS, 

Stellenbosch, South Africa. 

• 8th South African Conference on Photonic Materials, 6-10th May 2019, Kariega Game 

Reserve, South Africa. 

• Spring school on solar energy and photosynthesis, 23-27 Sep 2019, University of 

Pretoria, South Africa. 

 


