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ABSTRACT 
Zinc oxide (ZnO) has long been described as a radiation hard material, but there was not 

enough interest taken in previous researches to study the effect of radiation on the ZnO, 

especially the irradiation at room temperature. This study was designed to test the radiation 

hardness properties of ZnO by using different ionising radiation types. The main interest is in 

investigating the effect of neutrons on the optical properties of the zinc oxide. Two types of 

samples were studied: pure ZnO single crystal bulk and ZnO crystal bulk with gadolinium (Gd) 

implanted into its Zn-polar face (Gd:ZnO). Each type of sample was exposed to slow and fast 

neutron radiation for a time interval that varied between minutes and days depending on the 

sample type. Slow neutron irradiation was carried out using 241Am-Be sources supplied by the 

University of Canterbury, which were placed under a 4.5 cm thick wax moderator, with a 

resultant flux of 1.5 × 106 n/s.cm2. The clinical neutron therapy system (CNTS) at University of 

Washington, USA was used as the source of the fast neutrons with a flux of 1.4 × 108 n/s.cm2. 

Usually, the irradiation was carried out on the Zn-polar face of the samples. The damage 

introduced by irradiating the Zn-polar face of the pure ZnO single crystal bulk showed a change 

in the optical properties of the ZnO bulk, due to the nuclear reaction of both slow and fast 

neutrons with the Zn isotopes causing a transmutation of Zn into gallium (Ga). This was 

observed via an increase in the photoluminescence intensity of the Ga exciton line of up to 80% 

compared to the un- irradiated (reference) sample. It was also found that application of radiation 

improved the spectral line width of implanted samples in a manner similar to annealing. This was 

particularly well observed in Gd:ZnO lengthy slow neutron irradiation. In these samples, the 

narrowness of the spectral lines in the donor bound exciton (DoX) region reflected a non-

implanted reference sample. This improvement is due to the energy delivered by the neutron 

absorption repairing the damage. The existence of Gd in the crystal appears to assist this 

improvement due to its high neutron capture cross-section.  

Zinc oxide is a radiation hard material within a limit, depending on the type of ionising radiation 

it is exposed to. This study showed that changing the optical properties of zinc oxide is possible 

if the right polar face was chosen and sufficient time of irradiation was given to allow the effect 

of the nuclear reaction to appear. 
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interaction and they orbit each other. This bound state of the electron-hole pair is called an 

exciton which is bound with an energy characteristic of the material. The exciton binding energy 

is the amount of energy required to dissociate the exciton into an uncorrelated free electron and 

free hole. ZnO has an exciton binding energy of 60 meV [7]. The optical absorption and 

emission is enhanced by the formation and radiative recombination of excitons. ZnO and gallium 

nitride GaN are alike due to their closely matched lattice constants and the importance for blue 

and UV optical devices. However, the 24 meV exciton binding energy of ZnO is almost 3 times 

the exciton binding energy of GaN, making ZnO more attractive to use in semiconductors [9]. 

Also, ZnO has other major advantages over GaN, such as the commercial availability of high 

quality single crystal bulk and the different bulk growth processes of ZnO including high 

contrasting growth rates and varying impurity concentrations. These advantages make ZnO more 

attractive for transparent optoelectronic devices in the future [10].  

 

There have been many studies and investigations over the years to identify the bound exciton 

features of  ZnO observed in the photoluminescence (PL) spectroscopy by introducing acceptors 

and shallow donors into ZnO by ion implantation or different growth processes [11-14]. 

Unfortunately, despite these efforts, only very few of the exciton recombinations in the zinc 

oxide PL spectra were labelled and those are indium, gallium, aluminium and hydrogen. There 

are more excitons features to be identified and attributed to some crystal characteristic, such as 

the existence of some element [15, 16].  

1.1 Objective 
 

The main goal of this work is to investigate the possibility of using zinc oxide as an 

ionising radiation detector. An objective was also to investigate radiation damage to ZnO. 

Understanding the interaction of radiation with ZnO is essential for any application where 

exposure to radiation is likely, for example in the use of ZnO devices in space. These goals are 

related directly to the fact that ZnO has had a reputation as a radiation hard material for several 
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decades [17-19]. Creating an ionising radiation detector with a ZnO base requires testing the 

optical changes of ZnO after being irradiated with different types of ionising radiation including 

different electron beams and with a range of energies high radiation activity gamma-ray and 

neutron (thermal and fast) beams. This study was carried out on two types of samples. The first 

sample type was gadolinium (Gd) implanted into the Zn-polar face of ZnO single crystal bulk 

(Gd:ZnO) with different Gd concentrations. The second sample type was raw ZnO single crystal 

bulk. Photoluminescence (PL) measurements were used to judge the degree of optical change 

occurring in the samples due to the ionising radiation. The results of this work shows exceptional 

results, considered to be the first of their kind, namely the transmutation of the 69Zn and 70Zn into 
69Ga and 71Ga respectively and the ability of neutron irradiation to improve the crystal quality of 

Gd:ZnO crystal bulk. 

 
1.2 Thesis Structure 
 

 Following the general introduction above, the second chapter of this work will explore 

the structure of zinc oxide and the advantages of zinc oxide over other semiconductor materials, 

such as its wide band gap and high exciton binding energy. Chapter 2 will outline the optical 

properties of ZnO, including a discussion of the range of scholarly opinions on the source of 

green emission in raw ZnO single crystal bulk and thin films. The use of photoluminescence 

(PL) techniques to investigate the optical properties of the samples by relating the outcome 

spectra to the standard PL spectra of the near band edge (NBE) region in high quality bulk and 

film samples will also be discussed. Chapter 3 will discuss the rare earth elements (REEs) in 

general, with emphasis on gadolinium (Gd) due to its importance to this work. The changes to 

the PL spectrum due to the implantation of Gd into the ZnO bulk and film will be presented and 

discussed. The disturbance caused by the Gd implantation on the surface of the bulk and film 

material will be marked. Chapter 4, the heart of this work, will show the effect of thermal and 

fast neutrons on the optical properties of ZnO and Gd:ZnO crystal bulk and films. A detailed 

discussion of the nuclear transmutation reactions occurring due to the bombardment of the Zn 

isotopes neutrons will follow. Chapter 4 will also discuss the thermal neutron irradiation and the 

demonstrated ability of neutron beams to improve the crystal quality. PL spectra: illustrating this 
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effect and evidence for the major role of the Gd in this improvement will be presented. Chapter 5 

describes the experimental techniques and setups utilised, beginning with implanting the samples 

with the Gd ions, followed with the neutron irradiation and finishing with the photoluminescence 

setup used, to investigate the optical changes of the irradiated samples. 
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To make high performance optoelectronic devices from ZnO, it is important to investigate its 

optical properties. Different techniques can be used to study these properties, one of which is 

photoluminescence [24]. The photoluminescence of ZnO is intense and shows a rich spectrum of 

sharp exciton lines. The exciton lines make ZnO an interesting material for optical spectroscopy 

[22].  

This chapter will take us on a journey with zinc oxide to learn more about the structure and 

optical properties of ZnO, as well as its photoluminescence spectroscopy.  

2.1 Overview of Zinc Oxide 

Zinc oxide belongs to the II-VI compound semiconductors; this group crystallizes in 

either a cubic blende or a hexagonal wurtzite crystal structure. The structure of ZnO at normal 

ambient conditions (pressures and temperature) is ionicity resides at the border line between the 

covalent and ionic semiconductors, the crystal structure of the ZnO is a shared structure between 

the wurtzite or B4 type structure (space group is P63mc), zinc blende or B3 type structure (space 

group F-43m) and the rock salt or B1 type structure (space group Fm3m), see Figure 2.1 [9, 25-

27]. Zinc blende refers to compounds such as ZnS, which could be in cubic or hexagonal phase. 

But it has been used ubiquitously for compound semiconductors with cubic symmetry.  

 

 
Figure 2. 1: (a) cubic rock salt (B1), (b) cubic zinc blende (B3), and (c) wurtzite hexagonal. Gray spheres represent 

Zn atoms and the black represents the O atoms [24]. 
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crystals are kept. The seed crystals determine the whether growth axis of the ZnO will be +c or –

c, see Figure 2.3(b). 

 

 

 

Figure 2. 3: (a) Schematic for the hydrothermal growth of ZnO single crystal bulk on a c-plane [29]. (b) Surface 
planes of ZnO [28]. 

 

 

The cross-sectional view of the structure of ZnO in Figure 2.4 shows the alternation of Zn and O 

layers along the c-axis (oriented vertically as in Figure 2.2). This layering of charged Zn2+ and 

O2- atoms creates a dipole moment between layers in the c-axis direction, creating a Zn-polar and 

an O-polar faces, following the Tasker-type-3 surface convention. The other surfaces a and m 

planes have do dipole moment due to the equal presence of Zn and O at the dipole termination. 

They are thus Tasker-type-1surfaces.  [31-34]. 

 

Cleaving ZnO normal to the c-axis results in two different polar surfaces, either an O-polar or a 

Zn-polar surface. These polar surfaces are formed by oppositely charged ions produced by 

positively charged Zn2+ (0001) and negatively charged O2- (0001) polar surfaces.  

 

(a)
(b) 
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Figure 2. 4: Bulk ZnO hydroxyl and hydrogen surface termination on the Zn (0001) polar and O (000¯1) polar face 
[29]. 

 

Once again, from Tasker-type-3 surface and from ionic point of view, bulk terminated with O-

polar and Zn-polar faces are not stable due to electrostatic divergence [30, 31]. From covalent 

bonding energy view, each face own a partial electron bond, where Zn-atoms bond with 1/2e and 

O-atoms bond with 3/2e. Therefore, there is much debate about the surface stability of ZnO, such 

as charge transfer from the O-polar face to the Zn-polar face, and reconstructions to modify the 

stoichiometry of both faces. There is also debate about hydroxylation of the bulk terminated 

surfaces, where OH  adsorbs on the Zn-polar face and H adsorbs on the O-polar face [32]. A 

large body of experimental work appears to confirm the existence of hydroxal layers on ZnO 

surfaces. The use of x-ray photoemission spectroscopy (XPS) and density functional theory 

(DFT) to observe such OH layers has been extensively reported in the literature [21, 29, 30, 32-

35].  

 

The ZnO wafers used in this study were hydrothermally grown by TEW Tokyo Denpa Co Ltd., 

Japan. They were all cut from the +c plane of a bulk ZnO crystal. The notation +c indicates ZnO 

which has been grown from the Zn-face, as opposed to –c which corresponds to growth from the 

O-face. The unique polarity differences and features discrimination between +c and –c ZnO 
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In ZnO, the conduction band (CB) is formed from the 4s2 electrons of Zn having s-like character, 

while the upper valence bands (VB) are generated by the 2p4 electrons of O with a p-like 

character. The wurtzite crystal field leads to a discrimination of pz-like states in the valence band 

from the px-like and py-like ones and thus removes part of the degeneracy of the p levels. 

Disregarding the crystal field, the symmetry at the centre of the Brillouin zone for the s-like is Г1 

for CB and Г4 for VB for the p-like. The influence of the crystal field in ZnO leads to a splitting 

of the Г4 valence state into an upper Г5 (px, py) doublet and a lower Г5 (pz) singlet state. The 

crystal field splitting in ZnO has the largest influence on the energy levels of the valence bands 

compared to other effects, such as the spin-orbit coupling, Zeeman splitting or strain field effects 

[37]. More details about the splits in the valance band can be found in the references [10, 30, 37]. 

 

Luminescence in a wide band gap semiconductor is an observable manifestation of the electronic 

band structure of the material. The electron orbitals of the constituent atoms and their crystal 

structure are what give an ordered solid its quasi-discreet band structure. The optical properties 

of a material are strongly influenced by the energy band structure and the lattice structure. Thus, 

it is important to understand the electronic band structure of a given crystalline semiconductor. A 

different version of Figure 2.5 can be presented of the band diagram of wurtzite ZnO at the 

Brillouin Zone centre where k = 0 (Γ-point) is schematically shown in Figure 2.6, where the 

energy difference between both bands and the sub-bands is presented. The valence band is triply 

degenerated. The crystal field and the spin-orbital interactions are responsible for the splitting of 

the valance band into three sub-bands and these sub-bands are labelled A, B and C. However, the 

band structure of pure ZnO is anomalous compared to the other II-VI wurtzite semiconductors 

such as the wide bandgap and large free exciton binding energy. The symmetry of the electron 

wave functions in the A valance sub-band remains controversial despite the fact that several 

theoretical and experimental studies have been carried out. 
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the origin of the luminescent centres. The optical properties of semiconductors can be 

determined and modified by controlling the percentage and the nature of the defects in the host 

material [40]. These defects can be introduced to the host material through the growth process or 

afterwards, using methods such as the ion implantation technique. Defects in the crystal structure 

are one of many structural properties that play a role in shaping the optical properties of a 

semiconductor material. There are three types of defects.  Misplaced rows of atoms, such as 

dislocations are referred to as “line defects”. “Point defects” are isolated atoms within a localised 

region of the crystal. Finally, “complex defects” are a collection of multipoint defects [21, 28, 

41]. For ZnO, the origin of the intrinsic luminescence is in debate due to the existence of native 

defect points.  The point defects in ZnO have always been attributed to the intrinsic defects that 

exist in the ZnO crystal structure, namely oxygen vacancies (VO), oxygen interstitials (Oi), zinc 

vacancies (VZn), zinc interstitials (Zni), oxygen anti-sites (OZn) and zinc anti-sites (ZnO) [40, 42-

45].  

 

The visible emission of pure ZnO bulk or film crystals is dominated by a broad luminescence 

band between 2.1 eV and 2.85 eV, with a maximum between 2.2 eV and 2.38 eV. The green 

luminescence around 2.35 eV was firstly reported in 1938 by Ewles [46]. In ZnO single crystal 

bulk, oxygen vacancies (VO) and zinc vacancies (VZn) are the two most common defects. A 

vacancy is an intrinsic defect. The oxygen vacancy has a lower formation energy than the zinc 

interstitial and dominates in zinc rich growth conditions [42]. The origin of the green emission in 

ZnO is one of the most controversial points; zinc vacancies were thoroughly investigated by 

many researchers to find the source of the green emission that appeared at 2.4 eV. Other 

researches also suggested that oxygen vacancies could be responsible for the green emission in 

ZnO [41, 44]. The Dingle model explains the green luminescence as radiative recombination of 

an excited hydrogen complex (Cu2+, H) into the Cu2+ ground state. There is a trace of copper in 

any ZnO sample, and that could be related to 65Zn which is one of the unstable isotopes of the Zn 

atom. 65Zn turn to Cu after neutron irradiation  Therefore, the presence of Cu in raw ZnO makes 

Cu one of the possible candidates responsible for the green emission in ZnO [47].  Recently it 

has been stated that more than one deep level is involved in the green emission in ZnO, in other 

words, both VO and VZn both contribute to the green emission [21, 28, 40, 41, 43]. 
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The blue emission [21] is attributed to the recombination between zinc interstitial (Zni) energy 

level to VZn energy level and it is approximately 2.84 eV (436 nm) [21, 28, 40, 41, 43]. 

 

The zinc interstitial defects and the oxygen interstitial defects are normally located of 0.22 eV 

and 2.28 eV respectively, below the conduction band. The zinc interstitial defects play an 

important role in the visible emissions of ZnO; the recombination between Zni and different 

defects in the deep levels such as oxygen vacancies, zinc vacancies and oxygen interstitials will 

produce green, red and blue emissions in ZnO. Additionally, oxygen interstitial defects are 

responsible for the orange-red emissions [21, 27, 28, 48]. 

 

Anti-site defects are formed when atoms occupy the wrong lattice positions. In ZnO, the oxygen 

and zinc anti-site defects are formed when zinc occupies the oxygen position or oxygen occupies 

the zinc position in the lattice [21, 27, 39, 42, 44]. These defects can be introduced in ZnO by 

irradiation or ion implantation treatments. Studies of the luminescence of these defects and their 

possible transitions in ZnO give the indication that ZnO has the potential to luminescence over 

the whole visible region. 

 
 
2.3 Photoluminescence Spectroscopy 
 

2.3.1 Photoluminescence  
 

Atoms emit light by spontaneous emission when electrons in excited states drop down to 

a lower energy level by radiative transitions. In solids, the radiative emission process is called 

luminescence. Luminescence could occur in different mechanisms such as:  electroluminescence, 

cathodoluminescence, radioluminescence and photoluminescence. This thesis is interested in the 

phenomenon of photoluminescence (PL). A simple definition of PL would be a re-emission of 

light after absorbing a photon of higher energy.  
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PL is a simple technique, in addition to being a contactless and non-destructive method of 

probing the electronic structure of materials. The instrumentation that is required for ordinary PL 

work is modest: an optical source and spectrophotometer. PL can be used to study virtually any 

surface in any environment and it can be used to monitor changes induced by surface 

modification in real time. For example, unlike most surface characterization techniques, PL is 

generally not sensitive to the pressure in the sample chamber. Although PL does depend quite 

strongly on temperature, room-temperature measurements are sufficient for many purposes. 

However, PL has some effect on the surface under investigation such as photo-induced changes 

and sample heating are possible, but the use of low excitation energies minimizes these effects. 

In situ PL measurements do require optical access to the sample chamber [42, 49]. 

 

The choice of excitation is important in any PL measurement, as the excitation energy and 

intensity will have profound effects on the PL signal. Although the excitation conditions must be 

considered carefully, the strength of the PL technique relies heavily on the flexibility of these 

adjustable parameters. Because the absorption of most materials depends on the energy, the 

penetration depth of the incident light will depend on the excitation wavelength. Because lasers 

are monochromatic and intense, they are the best choice for photoluminescence excitation (PLE) 

[30]. The excitation intensity will also influence the result of any PL experiment as the excitation 

intensity controls the density of photoexcited electrons and holes, which governs the behavior of 

these carriers. [22, 49, 50]. 

 

Optical transitions provide direct access to the energy level structure of a system. Photons of a 

particular energy that are absorbed or emitted by a sample provide evidence of electronic states 

differing by that energy within the material.  PL emission tends to favour low-lying states 

because photoexcited carriers rapidly thermalise through bands and closely spaced states to 

within thermal energy of the lowest available levels. This feature of PL makes it particularly 

effective in the analysis of interfaces where discrete defect and impurity states abound. If the 

state is radiative, it will generate unique peaks in the PL spectra. In addition to identifying 

discrete states, PL peak positions can be used to evaluate the composition of semiconductor 

materials. 
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2.3.2 Photoluminescence Spectroscopy of ZnO 
 

When a photon above the band gap of a semiconductor material has been absorbed, this will 

create an electron in the conduction band and hole in the valance band. These free electrons and 

holes, as a pair of opposite charge, experience a Coulomb interaction, which will lead to the 

formation of an electron-hole pair that affects the optical transition of the material. An electron-

hole pair in the right conditions is referred to as an exciton. Excitons are observed in 

semiconductor materials and insulators. They are classified into two types [10, 42]: 

1. Wannier-Mott excitons, which are better known as free excitons. 

2. Frenkel excitons, which are better known as tightly bound excitons. 

Wannier excitons are found in semiconductor materials, where the radius between the electron 

and hole are large enough to contain many atoms and they move freely through the crystal, 

orbiting each other. Frenkel excitons, found in insulators or molecular crystals are normally 

localised or bound to specific atoms. Therefore, they move hopping between atoms [42]. 

 

ZnO is a direct band gap semiconductor which efficiently emits the strongest luminescence at the 

near band edge (NBE) with diverse exciton lines at low temperatures. PL spectroscopy is one of 

the techniques scientists use to characterize ZnO bulk crystal and thin films. Low temperature PL 

spectra provide details into the impurity and the defect nature of semiconductors. ZnO exhibits a 

variety of luminescence lines, almost all residing in the visible and near UV spectral range from 

360 nm to 620 nm. The complexity of excitonic recombinations in ZnO has been under 

discussion from a long time. There are at least 12 individual exciton lines registered in the 

literature [11-13], but only four of them have been related to a specific impurity [30, 42]. Figure 

2.8 Shows a representation of the spectral ranges where excitons bound to ionised donors D+X, 

neutral donors DoX, and neutral acceptors AoX will occur [12]. Around 3.32 eV, the two-electron 

satellite lines of the neutral donor bound excitons are detected. This emission can occur in a 

number of ways: direct recombination of the electron and hole which is a band to band transition, 

recombination of a neutral donor with a free hole, (h, Do) or recombination of a free electron 

with a neutral acceptor, (e, Ao) [12].   
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FX lines. The DoX region usually dominated the PL spectrum of ZnO single crystal bulk at low 

temperature (≥ 10K). Four main features dominate the DoX region and these are:  I4 at 3.36272 

eV which is assigned to hydrogen (H), I6H at 3.36081 eV which is assigned to aluminium (Al), I5 

at 3.36143 eV the origin of which is unknown and I8 at 3.35984 eV which is assigned to gallium 

(Ga) [10-12, 27, 29, 51]. 

Hydrogen appears in the PL spectrum due to the growth procedure and the existence of KOH and 

LiOH, where Al and Ga originate from impurities in the ZnO source. The advantage of these 

impurities being present in a semiconductor lies in the additional mid-gap energy states. An 

electron relaxes down into an unoccupied donor level before recombination and this will produce 

a neutral donor [7, 8, 26, 28]. 

 

Peaks in the DoX region are generally associated with bound B-excitons which are generated 

from the B-valence band and are generally bound to neutral donors. The exciton lines of the B-

exciton are labelled I  at 3.36653 eV, I  at 3.36606 eV and I  at 3.36496 eV [7, 8, 26, 28][30]. 

 

The excitons with energy above the DoX region are donor bound (D+X) excitons which are 

excitons bound to an ionized state of the donor. The peaks in the D+X region die quickly as the 

temperature raise. Excitons with lower energies than those of the DoX region are neutral acceptor 

bound (AoX) excitons. These are excitons bound to neutral acceptors, causing their photon 

emission to be red-shifted [10, 51]. 

 

Finally, if an exciton and a neutral donor in the ground state recombine, there is a chance that the 

exciton energy will be partially absorbed by the donor electron, exciting it into the n = 2 state. 

This process generates the two-electron satellite (TES) transition, the energy of which is red-

shifted from that of the DoX transition by the energy difference between the two levels n=21 

[10, 35]. 
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2.3.2.1 ZnO Single Crystal Bulk 
 

Figure 2.9 shows the PL emission of the NBE of hydrothermal grown ZnO single crystal 

bulk, for both the Zn-polar and O-polar faces at 4K. It is obvious that the spectra are composed 

of excitonic features, but it is important to know that the dominant emission comes from the 

donor bound exciton recombination through the Columb interaction and the creation of a bound 

state.  

 

 

Figure 2. 9: Low temperature (4K) PL spectra of hydrothermal ZnO bulk single crystal excited by a He-Cd laser; for 
both Zn-polar face and O-polar face. 

 

The PL emission spectra in Figure 2.9 focus precisely on the near band edge (NBE) region of 

both polar faces of ZnO single crystal bulk. The peak assignments (Ix) based on their localisation 

energy were taken mainly from R. Heinhold’s PhD thesis, reference 11. Emission from Figure 

10
2

10
3

10
4

10
5

10
6

10
7

 P
L

 I
n

te
n

si
ty

 (
a

. 
u

.)

3.3803.3753.3703.3653.3603.355

PL Energy (eV)

I8 I6 I4bI9 AT AL

 Zn-polar face
 O-polar face



2.3.2.1 ZnO Single Crystal Bulk 
 

22 | Page 
 

2.9 was dominated by excitons which are bound to indium (In) I9, gallium (Ga) I8, aluminium 

(Al) I6 and hydrogen (H) I4b excitons all of which are neutral donor excitons. AT and AL refer to 

the transverse and longitudinal free excitons, respectively. Deep level emissions are present on 

both faces given the green colour when excited by the He-Cd laser, see Figure 2.10. The green 

emission is thought to be related to oxygen vacancies (VO) and oxygen interstitials (Oi). 

 

 

Figure 2. 10: The deep level emission of both polar faces of pure ZnO single crystal bulk at 4k. 

 

Overall, the main difference in the PL emission between the two faces at the NBE region is the 

unknown bound exciton line I5 at 3.3614 eV, where the PL intensity reduced dramatically on the 

O-polar face compared to the PL intensity on the Zn-polar face. The obvious difference as well, 

on the B-exciton region (3.3643 to 3.3665) eV, where the broad Gaussian peak is only on the O-

polar face. There are many other exciton features observed within the NBE spectra and the UV. 

These observations are consistent with previous findings reported by different groups. R. 

Heinhold’s thesis discuss these exciton features lines in more details.   
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2.3.2.2 ZnO Single Crystal Thin Film 
 

The MBE ZnO thin film growth was done in the Department of Physics and Astronomy 

at University of Canterbury, New Zealand, by Adam Hyndman, one of the PhD students in the 

research group. In this thesis a ZnO single crystal thin film was studied as well. The growth 

experiments were performed using a conventional molecular beam epitaxy (MBE) system and 

was grown on a C-plane sapphire (Al2O3) with a 200nm thickness. Also the film is believed to be 

an O-polar face. 

 

The PL investigations of the MBE ZnO thin film grown on c-plane sapphire substrate are 

presented in Figure 2.11. The low temperature 4K PL spectra of the MBE film show less 

structure and broader exciton lines in the NBE region compared to pure ZnO single crystal bulk. 

Matching the DoX and the FX regions from the bulk crystal PL spectrum with the same regions 

of the MBE film, there are signs of exciton features in the PL spectrum of the MBE film at the 

DoX region, such as 3.3509 eV, 3.355 eV and 3.3756 eV at the FX region. These exciton features 

have almost exact agreement with the exciton lines of I9, I6 and FX from the crystal bulk PL 

spectrum, but there is an extremely minor shift of the exciton lines in the spectrum of MBE film 

compared to that of the bulk. The lines are shifted 2.8 meV, changing their positions to 3.35357 

eV, 3.3578 eV and 3.3728 eV for I9, I6 and FX 3.3728 eV respectively. Finding the spacing 

between exciton lines I9 and I6 from the bulk PL spectrum and comparing the value with the 

spacing difference between the same exciton lines of the MBE film, the results show that the 

position of the DoX region in the MBE film is in agreement with the 4K PL emission of ZnO 

single crystal, especially if we take into account that all exciton lines are 2.8 meV re- shifted [52-

54] [55]. This shift indicates minor substrate induced tensile strain in the film. Because the lattice 

mis-match between the substrate and the deposition layer depends on the thermal expansion of 

the substrate and deposited material, the film is prevented from achieving a relaxed state i.e. 

either subject to tensile or compressive strain. These strains affect the optical properties of the 

crystal causing the PL spectrum to show a shift in the peak positions of the film compared to the 

known locations for peaks in the PL spectrum of the relaxed film [47]. 
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As known from the bulk PL spectrum I6 represents Al and I9 represents In. This raises the 

question of how these elements were introduced during the MBE procedure such that the I6 and 

I9 exciton lines appear in the PL spectrum. The presence of aluminum is easily accounted for by 

the composition of the sapphire substrate (Al2O3). As discussed above, the substrate plays major 

role during growth and this appears clearly in the PL spectra. However the occurrence of the 

exciton line I9, indicating the presence of In, is more unexpected. In has low melting temperature 

156.6oC and high boiling temperature 2072oC, such that it can be used as bounding mediator 

between the substrate and the growth material [56]. 

 

Theoretically, indium is able to form a stable ad-layer on top of the Zn-polar face if In-rich and 

Zn-rich conditions exist. This will make the In act as surfactant for ZnO growth. However, with 

abundant Zn and In availability, oxygen will preferentially bind to Zn to produce ZnO, meaning 

that the system will not form In2O3. Therefore, there is a possibility of having indium on the 

structure without forming In2O3 [56, 57]. MBE ZnO growth requires applying heat (600-800oC) 

studies show that this amount of heat is beyond the threshold temperature of 520oC to increase 

the In mobility on top of the 0001-polar face of single crystal ZnO. Therefore, while In was used 

to bind the substrates during growth procedure, In ad-layers on top of the Zn-polar face formed 

and acted as growth surfactants [56, 57]. 

  

In addition, there is a consensus in the literature that the bound exciton line I3 is localised at 

3.3644 eV [52-54] [55]. However, our measurement shows a small shift in the localisation 

energy value to 3.3654 eV, a potentially negligible difference of 0.001eV. Note that the position 

of the DoX region in the MBE thin film is in good agreement with the 4K PL emission from the 

ZnO single crystal bulk if we take into consideration that all excitons lines are 2.8 meV red 

shifted.  
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Figure 2. 11: Low temperature 4K PL emission spectrum of MBE ZnO thin film excited by a He-Cd laser. 

 

 

One of the obvious peaks in the PL spectrum of the MBE film is the Ia exciton line. The Ia line is 

located at an energy of 3.36075 eV, which perfectly matches the same exciton line in the ZnO 

single crystal bulk if the red-shifted is accounted for. The Ia exciton line is normally related to 

rotational-vibrational states [30].  
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3.1 What are Rare Earth Elements? 
 

The name rare earth has its origins in the history of the discovery of these elements. They 

are never found as free metals in the Earth’s crust and pure minerals of individual rare earths do 

not exist. They are found as oxides, which up to the 18th and 19th centuries proved to be 

particularly difficult to distinguish from each other. The “rare” part of their name refers to the 

difficulty in obtaining the pure elements, but not to their relative abundances in the Earth’s crust; 

all of the rare–earth elements are actually more abundant than many other elements such as lead. 

This also explains why the names of some of the rare–earth elements sound similar. What was 

originally thought to be the earth of a single element was often subsequently found to be a 

mixture of two or more earths, requiring the hasty invention of more names derived from the 

original [59-61]. 

 

Lanthanide chemistry started in 1794 when Johann Gadolin succeeded in obtaining yttrium (39Y) 

from a black mineral known as gadolinite. Soon thereafter, Klaproth and Berzelius obtained ceria 

from cerite; a complex silicate mineral group containing cerium, with formula 

(Ce,La,Ca)9(Mg,Fe+3)(SiO4)6(SiO3OH)(OH)3.  However, it was not until the early 1840s that 

Mosander first separated these earth elements into their component oxides. The difficulty lies in 

the fact that these elements have great chemical similarity, making it difficult to distinguish 

them, predict their behavior and place them on a periodic table. The difficulties in separating the 

lanthanides and obtaining the elements in a pure form is a problem that was not resolved for 

quite some time [62-64]. With the use of X-ray spectra, Moseley gave a more precise meaning to 

the concept of the atomic number. Therefore, the 15 elements from lanthanum (57La) to lutetium 

(71Lu) were identified [62, 65].   

 

The REEs, which include the lanthanide elements, and the additional two elements lutetium 

(71Lu) and yttrium (39Y) share similar chemical properties. These are called REE because most of 

them were originally isolated in the 18th and 19th centuries as oxides from rare minerals. Because 

of their reactivity, the REEs were found to be difficult to refine to pure metal. Furthermore, no 

efficient separation processes were developed until the 20th century because of REEs 
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chemical similarity [62, 63, 66]. All of the REEs were finally identified in the 20th century, see 

Figure 3.1. Promethium and pure lutetium metal were not identified until 1945 and 1953 

respectively [35, 58, 66].  

 

 

Figure3. 1: The Lanthanides elements in the periodic table [67]. 

 

The rare earth elements are traditionally described as being a "light-group rare-earth element" 

(LREE) or "heavy-group rare-earth element" (HREE), see Figure 3.2. The definition of a LREE 

and HREE is based on the electron configuration of each rare-earth element. The LREE are 

defined as lanthanum (57La) through to gadolinium (64Gd). The series begging with lanthanum, 

which has no 4f shell electrons. All electrons are added for each lanthanide through gadolinium. 

Gadolinium has seven spinning electrons at 4f, which creates a very stable, half-filled electron 

shell. The LREE also have in common the increasing unpaired electrons, from 0 to 7 [35, 61, 62, 

64]. The HREE are defined as terbium (65Tb) through lutetium (71Lu) and also yttrium (39Y). The 

HREE starts with terbium and again, spinning electrons are added for each lanthanide through to 

lutetium. Therefore, the HREE differ from the LREE in that they have “paired” electrons (a 

clockwise and counter-clockwise spinning election). Yttrium is included in the HREE group 



3.1 What is Rare Earth Elements? 

30 | P a g e  
 

because of its similar ionic radius and chemical properties. In its trivalent state, which is similar 

to the other REE, yttrium has an ionic radius of 90 picometers, while holmium (67Ho) has an 

ionic radius of 90.1 picometers. Scandium (21Sc) is also trivalent; however, its other properties 

are different enough to classify it as neither a LREE nor HREE [62, 63]. 

 

 

Theoretically elements are identified by their atomic number. A higher atomic number means an 

increase in the number of electrons orbiting in shells around the nucleus. Normally, the average 

radius of an atomic shell gradually increases as more electrons are added to it. However, in the 

lanthanides this is not exactly the case. As we read along the lanthanide series, with increasing 

atomic number a steady decrease in the size of the atoms is observed. This phenomena is known 

as the lanthanide contraction [35, 63]. The lanthanides are those atoms in which the 4f orbitals 

are gradually filled. As more protons are added to the nucleus, the 4f orbitals contract rapidly and 

become more stable. As the electronic configurations of the elements in the rare–earth series 

have a significant influence on their crystal structures and their surface structures, it is important 

to consider the logistics of the filling of the outer electron subshells in the lanthanides [67]. The 

4fn shell is subject to the imperfect screening of one 4f electron by another 4f electron because of 

the shape of the orbital. As the number of 4f electrons successively increases by one for each 

element, the nuclear charge rises as well. As a result, the effective nuclear charge experienced by 

the 4f electrons increases due to the poor shielding and hence the 4f electrons tend to be more 

and more firmly bound to the nucleus causing a reduction in the size of the 4f shell [35, 68-70] 

[71]. 

Figure3. 2: The REEs classified into two categories LREE and HREE [59]. 
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The electronic configuration of an atom belonging to the REEs series, in its ground state, is 

Xenon (54Xe) 4fn where 54Xe represents the electronic configuration of the xenon atom and n is 

the number of electrons in the incompletely filled f shell. For a free RE ion (vapour phase), 

various atomic forces such as Columbic repulsion and spin-orbit coupling between 4f electrons 

will split the original 4fn configuration into several electronic states. Typically, in the many-

electron atoms approach, these states can be described using the Russell-Saunders (spin-orbit) 

coupling scheme where each electronic state is called a J-multiplet. These are conventionally 

labelled by a spectroscopic term symbol, (2S+1)LJ, where S and L are the total spin angular 

momentum quantum number and the total angular momentum orbital quantum number 

respectively. The vector sum of the orbital angular momentum of all 4f electrons yields the L 

number and S can be similarly calculated. J is the total angular momentum quantum number 

which is obtained by vectorially adding L to S. l can take the values of 0 to n-1 while S can be 

denoted by an arrow pointing up, which is +1/2, or an arrow pointing down, which is -1/2. The 

(2S+1) term is the so-called spin multiplicity since there are (2S+1) degenerate levels in each 

electronic state. States having S = 0 are referred to as singlets, while states with S=1 are known 

as triplets. States with L= 0,1,2,3,4,5 are spectroscopically denoted by letters S, P, D, F, G, F. 

Table 3.1 shows the values of some S,L,J values and the electron configuration of Ln3+ ions in 

their ground state [35, 62-64] [68, 71]. 
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3.2 Gadolinium (64Gd) 
  

Gadolinium is the final member of the LREE filled halfway with 7 electrons that are 

spinning in the orientations stated in Table 3.1. Gadolinium (64Gd) is named after Johan Gadolin, 

a Finnish scientist who was both a chemist and geologist. In 1792 he isolated the first rare earth 

compound, what is now known as yttrium oxide, from a black mineral that had been discovered 

at Ytterby in Sweden. A few years later this ore, which contained a number of lanthanides, was 

named gadolinite. Because of the difficulty in separating the very similar lanthanides, it was not 

until 1880 that a Swiss chemist named de Marignac identified spectroscopic lines due to the 

element now known as gadolinium. Six years later, in 1886, the French chemist de Boisbaudran 

isolated the pure oxide, and called the element gadolinium, as it was obtained from gadolinite. 

Metallic gadolinium was not isolated until 1935, and like all the other lanthanides, it is a reactive 

metal. [70, 71].  

Gadolinium is a metal with a silvery-white metallic colour that is malleable and ductile, see 

Figure 3.3. It is relatively stable in dry air but will form an oxide coating in a moist environment. 

The metal has a hexagonal close-packed structure at ambient temperatures but transforms at 

1262 °C to a body centred cubic structure. Gadolinium has a density of 7.895 gm/cm3, a melting 

point of 1312°C and a boiling point of 3000°C. Gadolinium oxide, or gadolinia, occurs as a 

sesquioxide with the formula Gd2O3 [62, 63, 71]. 

   Figure3. 3: Metallic gadolinium [65].
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Gadolinium-157 has been widely used as a contrast-enhancing element in magnetic resonance 

imaging (MRI) in the form of meglumine gadopentetate (MG) [72]. Among its several isotopes, 

Gd-157 has a very large nuclear capturing cross section for thermal neutrons at almost 250,000 

barns. 

 

In solid state laser materials such as doped crystals, the most interesting rare earth ions are those 

in the lanthanides group. These ions usually appear in a trivalent state. The energy levels of the 

trivalent lanthanide ions are depicted in Figure 3.4. The lanthanide ions have all valence 

electrons that fill 4f orbitals. There are seven f orbitals; each can accept two electrons with an 

opposite spin. Electrons in the 4f subshell have their principal quantum number n = 4, their 

azimuthal quantum number l = 3, and can have a magnetic quantum number of ml = −3, −2, −1, 

0, +1, +2, +3 depending on the orbital in which they are located. Since electron spin is fixed by 

nature as S = 1/2, they can have either ms = +1/2 or ms = -1/2. The lanthanide elements differ 

from the main group elements and the transition metals because of the nature of 4f orbitals, 

which are shielded by the presence of the 5S2 and 5P6 electrons (the Xe core). Consequently, the 

4f electrons possess the interesting characteristic of being inner electrons, that is they are closer 

to the nucleus than the electrons in the 5S and 5P orbitals [59, 62, 64, 69, 73]. 

 

The 4f electron shell determines the optical properties of lanthanides; it is almost insensitive to 

the surrounding atom of the host environment because of screening by the 5S and 5P electron 

shells. This is the reason for the weak interaction between optical centres and the crystalline 

field, that is, weak electron–phonon coupling. Such weak interactions between the 4f electrons 

and the crystalline field produce a very well-resolved Stark structure of the levels, which varies 

slightly from host to host. For the same reason, electronic transitions in trivalent rare earth ions 

are very narrow and demonstrate very weak phonon bands [59, 64, 69, 73].  
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 Figure3. 4: Dieke Spectra and energy levels of rare earth ions in crystals [24]. 
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3.3 Photoluminescence of Gd Implanted into ZnO 
 
3.3.1 Gd Implanted into ZnO Bulk 
 

 Hydrothermally grown ZnO from Tokyo Denpa was implanted with Gd ions. The Gd 

implantation was carried out at the National Isotope Centre (GNS, Wellington, New Zealand). 

During the implantation the ZnO single crystal bulk was kept in a vacuum at 2×10-7 mbar while 

the Gd ion beam was delivered with fluence dependent on the concentration wanted. These were 

7 × 1013, 7 × 1014 and 4 × 1015 ion/cm2 for 0.1%, 1.0% and 5.0% Gd respectively. The 

implantation was theoretically calculated by transport of ions in matter (D-TRIM) simulations to 

make sure that the ions reached a depth of 20 nm and to yield Gd:ZnO when the procedure was 

finished. In this thesis, the Gd was implanted on the Zn-polar face of all samples. The ion 

implantation procedure will be discussed in detail in Chapter 5. 

 

 PL at low temperature (4K) was performed on all eight Gd-implanted bulk samples with ZnO 

substrates. After ion implantation, the crystals were annealed in order to repair the disturbances 

of the surface structure due to the ion beam. In this study, oxygen was chosen as the atmosphere 

for annealing in order to suppress oxygen desorption from the crystal. Therefore, two samples of 

5.0% and 1.0% Gd concentration and one sample with 0.1% Gd concentration were furnace 

annealed at 600oC for 90 minutes in oxygen. The other Gd-implanted samples, one each of 5.0%, 

1.0% and 0.1% Gd concentration, were kept unannealed to investigate the effect of neutron 

irradiation on unannealed implanted samples. This will be discussed in Chapter 5. To observe the 

changes, the PL emission of the samples was observed after implantation and after annealing in 

order to keep a record in case of any further treatment to the samples. Both annealed and 

unannealed implanted samples were placed in a helium (He) Oxford cryostat. A 20mW He-Cd 

laser emitting at 3.815eV was used for excitation. Chapter 5 will discuss the PL procedure in 

detail. 

 

The PL emission across the near band edge (NBE) spectra of the Zn-polar face for pure ZnO 

single crystal bulk sample is shown in Figure 2.8. Peak assignments in the inset were taken from 

reference [30] in addition to a few from reference [4]. Ix assignments are based on their 
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localisation energy. Refer to section 2.3.2.1 to find more details about the spectroscopy of pure 

bulk ZnO single crystal. Figure 3.5 shows PL spectrum from a Gd:ZnO (5%) unannealed sample 

at 4K. Also included is the spectrum from a pure bulk ZnO crystal for comparison. The line 

widths of the PL emission from the implanted samples were significantly broadened and free 

exciton emission PL intensity was effectively reduced. The DoX emission peaks appear to be 

present in the implanted samples-with different Gd concentration-but in different intensity ratios. 

None of the Gd concentration samples show any Gd related DoX complexes. In addition to the 

reduction in PL intensity, it is obvious that the ZnO single crystal bulk exciton lines are still 

present and can be identified after the implantation. However, they are mostly very broad and 

hard to distinguish precisely.  

 

 

Figure3. 5: PL emission of the Gd:ZnO (5.0% Gd) after implantation, compared to PL emission of pure ZnO single 
crystal bulk, both at 4K. 
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It was interesting to test the morphology of the surface after the Gd ion implantation and what 

changes had occurred on the surface of the bulk crystal. Atomic force microscopy (AFM) was 

used to image the surface of the sample before and after the implantation. Figure 3.6 shows the 

AFM Figures of the pure ZnO single crystal bulk and the Gd:ZnO crystal bulk with 5% Gd. 

   

(a)

(b) 

Figure3. 6: AFM Figures of (a) Zn-polar face of pure ZnO single crystal bulk, (b) Zn-polar face of ZnO single 
crystal bulk after implantation with Gd (5% Gd concentration). 
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Figure 3.6(a) shows a smooth Zn-polar face of the raw ZnO single crystal bulk with root mean 

square (RMS) 0.09 nm, where the AFM Figure 3.6(b) of the ZnO with implanted Gd has an 

RMS of 0.12 nm in the surface, which is expected after the ion implantation. The RMS after the 

implantation shows that the roughness has increased due to the disturbance to the atomic surface 

and the lattices.  Also, this could indicate the grain size has changed. These factors confirm that 

the improvement in the PL emission spectrum due to the reduction in intensity. 

 

Figure 3.7 presents the spectrum of one of the annealed Gd:ZnO samples (5% Gd), which gave 

almost the same PL spectrum as the pure ZnO single crystal bulk. Some exciton features were 

distinguishable after the annealing such as I7 (3.36000 eV) and I6H (3.36081 eV), where before 

annealing they were merged with the neighbouring peaks and it was difficult to localize them. 

Close examination of Figure 3.5 and 3.7 shows an increase in the PL intensity of the exciton line 

I8 (representing Ga) in the spectrum of implanted and annealed Gd:ZnO, compared to the 

reference spectrum of pure ZnO bulk. This cannot be ignored, especially since the pure ZnO bulk 

come from the same wafer used to create the implanted samples. As the implanted atoms were 

Gd, not Ga, the increased intensity of the I8 exciton line was unexpected. A theory to explain this 

observation is related to the size of the Gd ions being large. It is hypothesized that a Gd ion 

incident on the Zn-polar face would be capable to shift the Al and H of the Zn site, but it is 

slightly less effect on the Ga atoms due to the Ga being heavier than Al and H. Also the PL 

emission shows an increase of the PL intensity of the Ga exciton line because of the major PL 

intensity reduction of the Al and H exciton lines. 

 

AFM imaging of the implanted and annealed Gd:ZnO crystal bulk has been used to see if the 

annealing helped to heal the surface disruption after the implantation. Figure 3.8 shows the AFM 

of the Gd:ZnO crystal bulk after annealing and it is obvious that the heat of the furnace helped to 

heal the disruption of the surface. The RMS has been changed after annealing compared to after 

implantation, to 230 nm, which is why it became possible to distinguish between some of the 

exciton features, such as I7 and I8. Also, we observed an increase of the PL intensity at other 

features such as I6 in the annealed sample. 
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Figure3. 7: PL emission of Gd:ZnO (5.0% Gd) after annealing in a furnace with oxygen at 600oC for 90 minutes, 
compared to PL emission of pure ZnO single crystal bulk, both at 4K. 

 

The most noticeable difference between the pure ZnO single crystal bulk and the annealed 

Gd:ZnO crystal bulk sample was the shift in the visible emission from green in the pure ZnO to 

orange in the annealed Gd:ZnO. Also, violet emission was observed from the implanted 

unannealed sample with low Gd concentration (1.0%), as shown in Figure 3.9. 
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Normally, pure ZnO crystal bulk emits visibly in the green if it is unannealed. If pure ZnO 

crystal bulk is annealed in oxygen regardless the temperature, oxygen vacancies will be filled 

with oxygen which will enhance the shift in the visible emission from green to orange. In our 

case, it appears that the Gd could have shifted interstitial oxygen back to the oxygen sites, 

terminating the green emission of the ZnO crystal bulk. Figure 3.10 illustrate the effect of Gd on 

the visible emission of the ZnO after implantation and same shift to orange emission after 

annealing the implanted sample in oxygen. The orange luminescence intensity has no clear 

relation with the Gd concentration that was implanted into ZnO crystal bulk. 

 

Figure3. 10: The effect of Gd on the visible emission of ZnO bulk; after implantation and after annealing. 
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2×10-7 mbar while a Gd ion beam with a flux of 4 × 1015 ion/cm2 was delivered. The 

implantation was physically and theoretically calculated using transport of ions in matter (D-

TRIM) simulations to make sure a penetration depth of 20 nm achieved. Implantation was 

carried out at the National Isotope Centre (GNS, Wellington, New Zealand). The finished 

product of the procedure was Gd:ZnO. The ion implantation procedure will be discussed in detail 

in Chapter 6.  

 

All three Gd-implanted MBE film samples were investigated using PL. Only one film was 

furnace annealed at 600oC for 90 minutes in oxygen. The other Gd-implanted films were kept 

unannealed for the purpose of investigating the effect of neutron irradiation on implanted ZnO 

MBE film; more details about this will be discussed in Chapter 4, to observe the changes in the 

PL emission. To measure the change in PL emission, the samples were excited with a 20 mW 

He-Cd laser emitting at 3.815 eV and PL spectra were collected. More details about the 

experimental setup are given in chapter 5. 

 

The PL emission across the near band edge (NBE) spectrum of the Gd:ZnO MBE film after 

implantation (unannealed) is shown in Figure 3.11. The most obvious change in the PL of the 

Gd:ZnO MBE film was the reduction in the PL intensity. This is clearly related to the 

disturbance that occurred on the surface and within the ZnO film layers due to the Gd ion 

implantation. Emission in the FX region emission was mostly quenched because of the low PL 

intensity, and the exciton line I3 on the shoulder at the pure ZnO MBE film was not discernable 

in the spectrum of the implanted film. Also, Figure 3.12 shows that because of Gd existence in 

the film the visible light emission shifted from green to orange emission but it was not visible for 

the eyes, similar to visible light emission in the bulk after implantation with Gd.  

 

Figure 3.13(a) shows an atomic force microscopy (AFM) image of a pure ZnO thin film grown 

by MBE, whereas Figure 3.13(b) shows an AFM image of the Gd:ZnO MBE film after 

implantation. The pure sample is relatively smooth, with a surface RMS of 0.25 nm. 

Contrastingly, the Gd-implanted film exhibits an RMS value of RMS 0.9 nm (including the hole) 

and 0.5 nm (excluding the hole), indicating that surface roughness has increased. The 

implantation has also created a large hole, visible in the bottom quadrant of Figure 3.13(b) this 
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confirms that the implantation process creates serious surface disturbances, and helps explain the 

lowering of PL intensity were observed in the spectrum of the implanted sample (Figure 3.11 and 

3.12). 

 

 

 

 

The mechanism of formation of these holes is not definitively understood. It is possible that their 

occurrence is due to Gd atoms impacting weak points in the lattice, or to stacking of faults, 

allowing the Gd to penetrate more deeply than intended. The holes were distributed all over the 

surface, but did not all have the same depth, despite implantation being uniform cross the 

surface. 
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Figure3. 11: The MBE PL spectrum of the pure ZnO MBE film and the Gd: ZnO (5%) at 4K. 
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Figure3. 12: The defect band of the Gd:ZnO (5%) of both MBE film and crystal bulk after implantation. 
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(b) 

 

Figure3. 13: AFM image of pure ZnO MBE film and implanted MBE film Gd:ZnO (5.0% Gd), (b) Shows the 
disturbance that occurred to the surface after the implantation and how the Gd ions made a hole through the ZnO 

layers. 

      

The other imaging technique that was used to study the surface topography of the MBE 

implanted film was scanning electron microscopy (SEM). Figure 3.14 (a) shows the surface of 

the film after implantation with Gd. Immediately obvious are the circles spread over the surface 

of the film. These circles are of non-uniform radius, with a distribution over the surface and 

spacing from one another. Figure 3.14 (b) clearly shows one of these circles generated by the Gd 

during the implantation process, matching the AFM data show in Figure 3.13 (b). From the 

AFM, we know that the depths of the Gd holes vary and reaching up to120nm nearly to the 

surface of the substrate, as the MBE film of ZnO was under 150 nm thick above the substrate. 
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AFM imaging was used to investigate the surface morphology of the implanted annealed 

Gd:ZnO MBE thin film. The extra shift that appeared in the PL emission spectra after annealing 

gave an indication that there might be more involvement of the substrate strains in the PL 

emission. In particular it was examined if there were any additional changes on the surface that 

occurred due to the annealing.  The depth of these holes are not necessarily the same across the 

sample surface, it was 70nm in some holes and could reach 100nm in others. Some of these holes 

were perhaps generated due to the incidence of the Gd at the stacking fault points which are 

generally weak points in the film surface and that will increase the probability of the Gd ions 

penetrating the film more deeply in these regions compared to others. 

 

 

Figure3. 16: The NBE PL spectrum of the Gd:ZnO MBE film after annealing and the red shift after annealing. 
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However, with all the changes in the PL emission spectra of the Gd:ZnO MBE film, the visible 

emission has not changed with the annealing. It remained with no visible emission and did not 

turn to orange as it did in the Gd:ZnO bulk material, as shown in Figure 3.17. As mentioned in 

the literature, the green luminescence of the MBE film is related to the oxygen vacancies [52, 

53]. Also the orange emission is normally seen in oxygen rich MBE films which are obtained by 

annealing in oxygen [53]. In our case, the original emission of the MBE film before the Gd 

implantation was green but turned to non-visible emission after the implantation and orange 

emission was not observed, even with the oxygen annealing. This can be explained by there 

either not being enough oxygen in the film, or by the Gd ions occupying the oxygen vacancies 

(VO) which results in a reduction of the chance that the emission returns to orange. 

 

(a) 
 (b) 

Figure3. 17: Figures of visible emission at 4K. (a) Pure ZnO MBE thin film emitting in a strong green, (b) The 
Gd:ZnO (5% concentration) MBE thin film with the non-visible colour emission. 

 

The observation of surface holes in the MBE film after the Gd implantation led to questions 

about their origin and nature. A major question was raised: are these holes specifically related to 

Gd implantation, or whether a similar morphology would occur in an MBE film implanted with 

any Ln3+ member.  Erbium (68Er) was thus implanted into another piece of the same MBE film 

with the same concentration and depth as the Gd implantation. Figure 3.18 shows an image of 

the Er:ZnO MBE film taken with AFM. This image was examined for any sign of holes created 

due to the implantation. The AFM image presents a normal disturbance to the film surface 

because of the Er implantation, but there are no holes on the surface. Er and Gd are from the 

same group and generally speaking they have the same properties as REE. Er is a bigger atom 



3.3.2 Gd Implanted into ZnO Thin Film 
 

51 | P a g e  
 

than Gd yet it shown no ability to damage the surface of the ZnO MBE film in a manner 

comparable to Gd. Thus the mystery of the holes and their circle shape remains unsolved and is 

perhaps related specifically to Gd implantation and not to the lanthanide group in general. There 

is a need for more investigation to explain this phenomenon. For example, one could implant the 

Gd into a thicker MBE film, try different Gd concentrations and even experiment with 

implantation other elements from the lanthanide group.  

 

 (a) 
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(b) 

Figure3. 18: AFM Figures of different positions on the Er:ZnO MBE film. 
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is no solid evidence in the literature about why ZnO should be radiation resistant. This chapter 

will extend our investigation to examine the radiation hardness of ZnO by looking at the PL 

spectra before and after neutron irradiation. This will allow us to make a definite statement about 

the susceptibility of ZnO to neutron imported damage. We will use thermal and fast neutrons in 

this investigation. 

 

4.1 Background 
 

 
4.1.1 Types of Radiation 

 

Different organisations categorised radiation differently depending on their specialties. 

Some use ionising and non-ionising radiation while others classify according to hazardous and 

non-hazardous radiation. The problem with such classifications is that there are no real 

boundaries between the properties for individual particles comprising the radiation, in other 

words, the classification should be based on the behaviour of the radiation beam [74-79]. 

As an example, we consider hazardous and non-hazardous categories to see if this allows one to 

differentiate between particles that penetrate bodies and to see how much damage they could 

produce in living cells. Two particles that fit those categories are the neutron and the neutrino. 

Neutrinos are particles that come from the sun, with a flux of thousands of neutrinos per second. 

However, there is no knowledge whether neutrinos are causing or not causing any biological 

damage to the cells. On the other hand neutrons, which we will discuss a lot in this chapter, can 

also penetrate cells easily, but there is no absolute confirmation that neutrons would create 

cancer of the penetrated cells [74, 77, 78]. In the argument here, neutrinos and neutrons are both 

penetrating particles but they will not interact in the same way with the material. Consequently, 

they should be categorised according to their beam interaction.  
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4.1.2 Sources of Radiation 

Radiation sources can be divided into two groups: natural and manufactured sources. 

 

A. Natural radiation sources: 

This group includes three types: cosmic, terrestrial and internal. The amount of radiation 

coming out of any natural radiation source is very low and will not cause measurable 

radiation damage to living cells in normal conditions [80-83]. 

 

B. Manufactured sources: 

Natural radiation sources are not sufficient for technological developments that scientists 

have made. After the discoveries by Rontgen, scientists started to work on developing 

radiation sources that could be used in controlled conditions. These sources produce a 

specific type of radiation as it has developed for a specific type of radiation use, such as 

medical x-ray machines, isotopes for treatment use and accelerated particles [80-83]. 

Whether a source is natural or manufactured, it will emit different types of radiation. The use 

of a given radiation source is determined by the half-life of the emitted isotope and the 

energy of the emitted radiation. One common methodology of producing isotopes is the 

bombardment of a stable element with particles such as protons or neutrons. This process 

destabilises the nuclides, causing them to decay, with subsequent emission of other particles. 

Table 4.1 shows some of most popular radioactive elements. 
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4.1.4 Interaction of Radiation with Matter 
  

There is only one way to measure or detect radiation which is to allow the radiation to 

interact with the material of the measuring device. After the interaction comes the study of the 

resulting change in the material. Whatever the detector, or the material used for the interaction, it 

is important to understand the interaction mechanisms of the radiation. 

 

4.1.4.1 Neutron Interactions with Matter 
 

Since neutrons have no electrical charge, they are not affected by the electric field of 

atoms. This will allow them to penetrate materials with very little interaction. However, there is a 

chance that they will pass close to an atomic nucleus, which will expose them to the strong 

nuclear force. There are different ways for neutrons to interact with a nucleus, such as elastic 

scattering, inelastic scattering, transmutation and radiative capture [78, 79, 82, 84-86]. The 

likelihood of each type of interaction is dependent on the energy of the neutron. 

For this work, the relevant neutron interaction is radiative capture which will be discussed briefly 

next. Later in this chapter it will be demonstrated that this interaction played a major role in the 

results of this work. 

 

Radiative capture: 

When an exposed nucleus absorbs an incident neutron, the compound nucleus is raised to 

one of its excited states. However, it will immediately return to the ground state with the 

emission of a γ-ray photon. Some of the literature represents this nuclear reaction by X (n, γ) 

X+1, or the full interaction can be written as:  n  +   X   →   X +  γ 
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No transmutation occurs during the above nuclear reaction process, but the isotopic form of the 

element changes as the neutron number increases within the half-life time of the isotope. This 

could be seconds, days or years [74, 77-79, 86, 87], as the nuclear reaction shows below: X   /     Y + β 

The result of the last nuclear reaction is a transmutation of the element. Due to a change in the 

number of protons, the element of the atom is altered during the reaction. As an example, 

consider the interaction of a gold nucleus and a neutron [78]: 

 n  +   Au   →   Au +  γ 

Followed by: Au   .   Hg + β 

In the periodic table of elements, (Hg ) is next to (Au ). 

 

4.2 Irradiation with Slow Neutrons 

 

There are two types of radioisotope neutron sources, direct and indirect. Direct refers to 

radioisotope sources that emit neutrons in their decay process. One of the most widely used 

direct radioisotope sources is Californium (252Cf) with a half-life of 2.64 years. On average, 252Cf 

emits almost 4 neutrons per spontaneous event, as illustrate by the reaction below: Cf →  Sr + Nd +  4 n 

Indirect radioisotope neutron sources are comprised of a charged particle emitting radionuclide 

and a stable target nuclide to produce neutrons through a nuclear reaction. Americium-Beryllium 

(241Am-Be) is one of the most common indirect radioisotope neutron sources [84, 88]. 241Am-Be 

is well known as an alpha particle emitter with decay energy 5.71MeV and half-life 458 years.
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The α-particles emitted during the 241Am decay will impinge on the 9Be. This produces neutrons 

over a band of energies with an average energy of 5.71MeV [88]. This interaction is represented 

as follows: 

 α  + Be   →   C  +  n + 5.71MeV 

 

The Physics and Astronomy Department at University of Canterbury, New Zealand, have 10 

encapsulated 241Am-Be sources, each with 1Ci activity manufactured in 1977, a half-life of 458 

years and a neutron flux of 2.5 × 106 n/s.cm2. From the literature, it was established that the 

energy of the 241Am-Be source we have at the department is 5.5MeV [84, 89]. The sources are 

doubly encapsulated in a welded stainless steel inside a drum filled with wax and cannot be 

accessed without the radiation safety officer of the Physics Department. Inside each one of these 

capsules there is a mixture of AmO2 powder and beryllium. The AmO2 is produced by mixing 

Am(NO3)3 in HNO3. This mixture is mixed with beryllium powder and dried,  followed by 

heating at 500oC to expel the (NH4NO3) leaving behind the AmO2 [90].  

 

These neutron sources were used to irradiate a selection of samples. The samples investigated 

were two types of crystals. Crystal bulk sample of pure ZnO and Gd:ZnO, and MBE crystal thin 

films: of pure ZnO and Gd:ZnO were investigated to ascertain whether neutrons are able to cause 

optical damage, taking into account their penetrating ability and nuclear interactions with each 

material. The next few sections of this chapter will discuss the results of using paraffin (wax) to 

moderate the neutron energy, slowing them to increase the probability of interaction with the 

samples. The samples were centered on top of a 10 × 10 cm2 wax slab with a 4.5 cm thickness. 

The wafer surface was oriented perpendicular to the crystalline c-axis; thus the irradiating 

neutrons were mostly directed onto the (0001) Zn-polar face. Part of the neutron beam will 

impinge at an angle to the (0001) Zn-polar face of the sample because some of the neutron 

capsules are not directly under the samples. Chapter 5 will discuss this in more detail. The 

irradiation was performed at room temperature. The experimental setup and procedure will be 

discussed in the next chapter. 
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4.2.1 ZnO Single Crystal Bulk  
 

The theory behind irradiating ZnO single crystal bulk comes from the fact that six 

isotopes of zinc and three isotopes of oxygen exist in nature. The natural abundance of each of 

the nine isotope is listed in Table 4.2. 

 

Element Isotopes Natural Abundance (%) 

Zn 

64Zn 48.6 
65Zn === 
66Zn 27.9 
67Zn 4.1 
68Zn 18.8 
70Zn 0.6 

O 

16O 99.8 
17O 0.038 
18O 0.205 

Table 4. 2: List of the isotopes of Zn and O with their natural abundances [91, 92]. 

 

Examining Table 4.3, two nuclear reactions related to the Zn isotopes require further attention. 

These are: 

 Zn + n → Zn + γ    →    Zn →  Ga + β    Zn + n → Zn + γ    →    Zn  →  Ga + β   
Both reactions transmute zinc to gallium (Ga), which is stable and will not decay into other 

elements. Ga is one of the impurity elements involved in the growth of ZnO single crystal bulk 

[44]. Also, in Chapter 2, the PL spectroscopy of ZnO was discussed. The bound exciton line I8 at 

3.3598 eV in the DoX region of the spectrum was attributed to Ga. Our theory states that if we 

irradiate pure ZnO single crystal bulk with neutrons for an extended time, there is a chance of 
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causing the above nuclear reactions of the two isotopes 68Zn and 70Zn, ending with transmutation 

to 69Ga and 71Ga, respectively. The magnitude of the I8 bound exciton line would thus be 

expected to increase. 

 

Table 4.3 illustrates the nuclear reactions of the Zn and O isotopes when they are exposed to 

thermal neutrons. 

Isotopes 1st & 2nd nuclear reactions Half-life (T1/2) 

64Zn 
+ → +  + → +  

244.26 days 

66Zn 
+ → +  

 
==== 

67Zn 
+ → +  

 
==== 

68Zn 
+ → +  → +  

56.4 minutes 

70Zn 
+ → +  → +  

2.45 minutes 

16O 
+ → +  

 
==== 

17O 
+ → +  

 
==== 

18O 
+ → +  → +  

26.5 seconds 

Table 4. 3: Nuclear reactions of Zn and O isotopes with thermal neutrons [91, 92]. 

 

To account for the low activity of 241Am-Be (1Ci), the reduction in flux to 5-7 ×104 n/s.cm2 

caused by the paraffin wax and the unknown time of irradiation required to cause the nuclear 

reaction, the pure ZnO single crystal bulk was left facing the 241Am-Be on top of the wax for 20 

days continuously at room temperature. PL measurement was then undertaken on the well-

known PL spectrum of the un-irradiated pure ZnO bulk. Figure 4.1 illustrates this comparison. 

The value of the flux was measured and calculated by the help of National Centre for Radiation 
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Science (ESR), where a group of different materials in separate bottles, such as MnO2, CoCl, 

NaCl, Ce(NO3)3H2O, LaCl3.7H2O, Y2O3 and B15O(OH)9(NO3)4 were placed on top of the 4.5cm 

wax for 24 hours to be irradiated. ESR then retrieved the bottles and provided the flux value to 

us. The same measurement was taken place but without the wax moderator and the flux was 1.5 

× 106 n/s.cm2. 

 

Figure4. 1: PL spectrum at 4k of the Zn-polar face of pure ZnO single crystal bulk compared with the PL spectrum 
of Zn-polar face of thermal neutron irradiated pure ZnO single crystal. 

 

Figure 4.1 shows the DoX region of the Zn-polar face of two pure ZnO single crystals. One has 

not been irradiated (Control) and the other has been irradiated with slow neutrons for 20 days. 

There is an increase of almost 47% in the PL intensity of the exciton line I8 attributed to Ga after 

neutron irradiation compared to the PL intensity of the I8 line in of the control sample. The 

dramatic increase in the PL intensity of this line following slow neutron irradiation confirms our 

model’s assumptions regarding radiative capture and the neutron transmutation of 68Zn to 69Ga. 

These PL spectra have been optimised by equating the I6 exciton lines. This measurement has 

been tested at different locations in the irradiated sample to ensure that the transmutation was 

evenly distributed across the whole sample. Another point can be added to explain the increase in 
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the PL intensity of the Ga exciton line in the irradiated sample; Ga is a donor element, this 

increase in its intensity indicates an increase of the shallow donor concentration [91, 92]. 

However, some authors have suggested that the native donor is the Zn-sublattice defect, probably 

involving the Zni [93]. Therefore, 69Ga is a suitable candidate for being this shallow donor i.e. Ga 

will be occupying spaces between the lattice (Gai) on the Zn site after the transmutation. 

 

Figure4. 2: PL spectra of the O-polar face of pure ZnO single crystal bulk, before and after the Zn-polar face has 
been irradiated for 20 days. 

 

The obvious next step was to test the other polar face of the irradiated sample, the O-polar face. 

There are only oxygen atoms on the surface of the O-polar face, but there are Zn-atoms one layer 

down and neutrons have the ability to penetrate deep enough through the ZnO to reach the Zn 

layer. PL measurements of the O-polar face of the same irradiated ZnO single crystal bulk at 4K 

were thus checked. Figure 4.2 presents the PL spectra of this measurement. Figure 4.2 shows no 
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changes in the PL intensity at the O-polar face. In fact, the PL spectrum of the O-polar face from 

the irradiated sample appears as an ordinary PL spectrum of O-polar face +c hydrothermal TD 

bulk.  

These results are exciting as very few researchers have investigated the effect of ionising 

radiation on ZnO single crystal bulk. However, no studies report on the possible optical changes 

of the ZnO single crystal bulk at the near band edge; nevertheless, the results raise some 

questions which require precise investigation. The first mystery is the lack of change in the PL 

spectrum of the O-polar face from the irradiated Zn-polar face of ZnO crystal bulk. The second 

mystery is at what time during the 20 days of irradiation did the transmutation of the 68Zn isotope 

from the Zn-polar face of the pure ZnO crystal bulk start? 

 

It is important to establish the ability of the thermal neutrons to penetrate all the way through the 

ZnO single crystal bulk before starting many unnecessary complicated calculations, such as 

finding the mean free path of the neutrons inside a material. A radioactivity experiment used in 

the 100-level Physics courses has been used for a quick test. The experiment involves exposing a 

piece of copper (63Cu) to the 241Am-Be to create a short half-life isotope of 66Cu T1/2= 5minutes 

and 64Cu T1/2= 12hours. The experiment involves irradiating the Cu for almost half an hour to 

generate the radioactive Cu isotope. 
 

We investigated the neutron penetration using a piece of Cu with the same dimensions as our 

ZnO crystal bulk. The first test was conducted by placing the Cu on top of the 4.5 cm thick wax 

block and checking whether the Cu became radioactive after some time. The time of irradiation 

was increased to three hours to account for the wax slowing the neutrons. Using a Geiger-Müller 

counter to detect the activity of the Cu, it was shown that the Cu had been activated. 

 

For the second test, the piece of Cu was placed on top of our pure ZnO crystal bulk and both (Cu 

+ ZnO crystal) were set on top of the 4.5 cm wax block. To account for the presence of the ZnO 

crystal, the irradiation time was further increased to 48 hours. This time, the Geiger-Müller 

counter indicated only the presence of background radiation, with no activation of the Cu. The 

third test was similar to the second test but no wax was used and irradiation time was 48 hours. 

Geiger-Müller counters once again showed no radio activation the Cu.  



   4.2.1.1 MTI Hydrothermal ZnO Crystal Bulk 
 

66 | P a g e  
 

We could conclude from these tests: 

 Neutrons are able to penetrate the 4.5 cm thick wax block and get to the other side (the 

top of the wax). 

 ZnO crystal bulk absorbs neutrons and stops them from penetrating the copper plate 

(ZnO crystal bulk thickness is 0.05 cm). From this point we can confirm that ZnO crystal 

bulk is a material that could be used for radiation protection. 

 

Although the last two tests show the radiation hardness property of ZnO, this does not explain 

the absence of any optical changes on the O-polar face of the irradiated Zn-polar face from the 

same sample. These tests raise a new question: how far can these slow neutrons travel through 

ZnO single crystal bulk? Penetration depth of neutrons in a material involves many parameters 

such as neutron energy, neutron flux, cross section of the atoms interacting with the neutrons 

[94], and single or compound material among many others. The consensus in the literature is that 

the mean free path (MFP) is a useful method to find how far neutrons can travel through material 

and the symbol (λ) been used to represent it in most literature [76, 94, 95] and Lambert-Beer law 

[78-80].  MFP (λ) = 1μ                                                  (4.1)  where μ is the linear attenuation coefficient (cm-1)      I = I e                                                       (4.2)  
 

Calculating the MFP will help explain our first mystery, but due to the lack of knowing all the 

required parameters we could not complete the calculations. Our assumption is that the thermal 

neutrons were only able to travel 30% of the ZnO single crystal bulk thickness, which means that 

the neutrons were not able to reach the O-polar face of the irradiated sample. This explains why 

there were no changes in the PL spectrum of the O-polar face from irradiation of the Zn-polar 

face. This is also the reason that the Geiger-Müller counter could not detect any activity above 

the background radiation level from the piece of Cu sitting on top of the ZnO crystal bulk. 

 



   4.2.1.1 MTI Hydrothermal ZnO Crystal Bulk 
 

67 | P a g e  
 

We then investigated the second mystery; how long of an irradiation time is needed to start the 

transmutation process? A new manufactured TD wafer of raw ZnO single crystal bulk was 

prepared and cut into 9 pieces, all of which were 0.3 × 0.3 cm2 and 0.05 cm thickness. The nine 

samples were divided into two groups: Zn-polar face and O-polar face. Two of the nine samples 

were used as a reference for each polar face. Four of the other seven samples designated A-D 

were neutron irradiated on the Zn-polar face and the remaining three samples designated E-G 

were irradiated on the O-polar face. All samples have specific irradiation times, as listed in Table 

4.4. 

 

Zn-polar face 
Time of irradiation 

(days) 
O-polar face 

Time of irradiation 

(days) 

A 6 E 8 

B 12 F 16 

C 18 G 24 

D 24 ==== ==== 

Table 4. 4: The ZnO crystal bulk samples distribution for each polar face with their respective time of irradiation. 

 

PL measurement of each sample took place immediately after the irradiation time was completed 

to monitor any optical change in the PL spectra, especially on the exciton line I8 which 

represents Ga. The results allowed us to determine the threshold irradiation time required to 

produce a noticeable transmutation effect on the PL spectrum, i.e. the increase of the PL intensity 

of the Ga exciton line. 

Starting with the Zn-polar irradiated face group sample A, Figure 4.3 showed no changes on the 

PL spectrum compared to the reference (non-irradiated) sample. This does not mean the nuclear 

reaction did not occur, but it could be that the number of 69Zn isotopes transmuted to 69Ga is not 

sufficient to affect the PL spectra. Comparing the I8 exciton line of the reference sample to that 

of sample A, it is clear that I8 is represented with equal intensity, implying that Ga concentrations 

are very similar in both samples. 
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Figure4. 3: PL spectra at 4K of the Zn-polar face of pure ZnO single crystal bulk, TD before and after 6 days of slow 
neutrons irradiation. 

 

To prove the occurrence of the Zn transmutation to Ga, the PL spectrum of sample B, which was 

subject to 12 days of thermal neutron irradiation, showed a 26.8% increase in the PL intensity of 

the exciton line I8 compared to the reference intensity of the same exciton line. This indicates 

that 12 days of slow neutron irradiation can produce optical changes in the PL spectra of the Zn-

polar face of pure ZnO single crystal bulk, as illustrated in Figure 4.4. 
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Figure4. 4: PL spectra at 4K of the Zn-polar face of pure ZnO single crystal bulk, TD before and after 12 days of 
slow neutrons irradiation. 

 

This series of PL measurements were continued over a series of neutron irradiation times. Again 

there was an increase in the PL intensity of the Ga exciton line in the other two irradiated Zn-

polar face of the series.  Samples C and D exhibited 46.6% and 50.1% respective increases over 

the reference measurement. This means that the PL intensity of the I8 exciton line increased by 

15.9% between samples C and B and by 2.5% between samples D and C. Figure 4.5 shows the 

PL spectra of samples B, C and D of the irradiated Zn-polar face group. The spectrum of sample 

A is not presented in this figure, as it is effectively identical to the reference PL spectrum. 
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Figure4. 5: PL spectra at 4K of Zn-polar face of pure ZnO single crystal bulk samples, TD before and after 12, 18 
and 24 days of slow neutron irradiation. 

 

 

Figure 4.6 shows the relationship between irradiation time and PL intensity of the I8 exciton line 

of the irradiated Zn-polar face TD group. There is a clear decrease in the rate of change of PL 

intensity of the Ga exciton line as irradiation time is increased. Recall that the natural abundance 

of 68Zn is 18.8% as listed in Table 4.2. The population of 68Zn is therefore exhausted over long 

irradiation times, so that the relative increase in 69Ga atoms (and therefore the PL intensity of the 

I8 exciton line) is diminished for very long irradiation times. This trend is clearly illustrated in 

Figure 4.6. From Figure 4.6 it is clear that the rate of transmutation is highly dependent on the 

concentration percentage of 68Zn, which in turn is highly dependent on irradiation time. 

However, from a practical point of view, using the total 18.8% of 68Zn is not going to occur as 
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the chances of the interaction between the neutrons and 68Zn will decrease over time because of 

the falling number of 68Zn atoms. 

 

 
Figure4. 6: The increase in the PL intensity of the I8 exciton line in TD crystal over time of neutron irradiation. The 

line connecting the values is a guide to the eye. 

 

All above percentages are based on experimental work conducted for this thesis. However, 

developing a general estimate of the concentration of transmuted atoms in any material was 

necessary. This was achieved by using theoretical calculations to find the concentration of an 

isotope formed from the 68Zn isotope. This is done in three stages, first by finding the 

concentration of the mother isotope, 68Zn, in order to work out the concentration of the middle 

stage isotope, 69Zn, and finally the daughter isotope, 69Ga [92]; 

 C(D) = C(MS) 1 −                                               (4.3) 
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= Time of irradiation Half − life⁄                         
C(D) is the concentration of the daughter (D) isotope which is formed at the end of the 

transmutation.  C(MS) is the concentration of the middle stage (MS) isotope which transmutes 

into the daughter. In this nuclear reaction the C(D) is the 69Ga and the C(MS) is the 69Zn, as in 

the nuclear reaction below; Zn + n → Zn + γ →    Zn →  Ga + β    
 

  C(MS) = C(M) × n ×  σ × ϕ                                              (4.4) 

 

The calculation of the C(MS) in equation 4.4 requires calculating the concentration of the mother 

isotope C(M) using knowledge of the natural abundance (%), the cross section ( ) in barn of the 

mother isotope and the flux ( ) of neutrons n/s.cm2. 

C(M) = ρ × Nmolecular weight of ZnO 

C(M) = 5.61 × (6.022 × 10 )81.37  

C(M) = 4.15 × 1022/cm3   

The slow neutron flux on top of the wax is 7×104 n/s.cm2, however the irradiation time was for 

20 days , which mean we have to include the 20 days of irradiation at the above flux. Therefore: 

  C( Zn) = C( Zn) × % ×  σ × (ϕ × 20 days)                   (4.4) 

= (4.15×1022)(0.188)(0.072×10-24)[(7×104)(1.728×106)] C( Zn) = 67.948 × 10  /cm  

 

If we choose an irradiation time of 6 days, the estimated 69Ga concentration is thus: 
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C(D) = C(MS) 1 −                                               (4.3) 

C( Ga) = 67.948 × 106 1 − 1 2    ⁄          
C( Ga) = 67.775 × 106 /cm          

Using the calculation above, we can estimate the concentration of the 69Ga for each sample of the 

irradiated Zn-polar face group, see Table 4.5. Also one sample (sample J) was kept for 60 days 

of irradiation in order to see the how much change can be detected by PL measurements, so that 

we could estimate the Ga increase and add it to Table 4.5. 

 

Sample name Time of irradiation (days) 
The concentration of 69Ga 

/cm3 

A 6 67.775 × 10  

B 12 67.835 × 10  

C 18 67.874 × 10  

D 24 67.892 × 10  

J 60 67.926 × 10  

Table 4. 5: Estimated concentrations of 69Ga in each ZnO sample after transmutation. 

 

 

Table 4.5 shows a steady increase in the 69Ga isotope concentration due to the neutron 

irradiation. As the irradiation continues; the concentration of Ga is predicted to increase to 67.948 × 10 /cm3 which is the estimated concentration of the 69Zn isotope. From an 

experimental standpoint, we could potentially increase the PL intensity of the Ga exciton line 

further, but there is no guarantee that the actual result would match the theoretical maximum 

estimate, as there are different factors that need to be taken into account, such as the sensitivity 

of the PL measurement.   
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Table 4.4 lists a group of samples (E-G) which were irradiated on their O-polar face. This was 

carried out to compare the transmutation effects on the O-polar face to those of the Zn-polar 

face. It is especially relevant, as neutrons will penetrate deep enough to reach the Zn atomic 

layer, despite the presence of the O-atomic surface layer (O-polar face). The three samples were 

irradiated for the same time as the irradiated Zn-polar face samples and under the same 

conditions. The PL spectra of the three irradiated O-polar face samples show no sign of any 

transmutation regardless of the irradiation time, as illustrated by Figure 4.7. Figure 4.7 compares 

the reference spectrum to the PL spectrum of sample F, the 16-day irradiated O-face sample. The 

PL spectra of the other samples are not included because they are effectively identical. This 

result is anomalous, as calculations indicate a high probability of the neutrons reaching the Zn-

atoms from the O-polar side, implying that transmutation should be occurring. 

 

Figure4. 7: The PL spectrum at 4K of the O-polar face of pure ZnO single crystal bulk, TD after 16 days of slow 
neutron irradiation, compared to a reference ZnO spectrum. 
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4.2.1.1 MTI Hydrothermal ZnO Crystal Bulk 

 Parallel to the irradiation and characterisation of Zn and O faces of the hydrothermal 

grown TD pure ZnO crystal bulk, an identical procedure was conducted on a similar set of raw 

ZnO single crystal bulk samples. These samples were also grown hydrothermally, and had the 

same dimensions, but were sourced from a different supplier. MTI corporation, China [96]. The 

experimental parameters from the tests on the TD samples, such as irradiation time and wax 

thickness, were exactly replicated. The samples were divided into two groups: Zn- and O-polar 

face irradiated. The PL spectra of the MTI samples after neutron irradiation showed reasonable 

agreement with those of the TD samples, for both Zn and O-polar faces. It was noted that, the 

percentage of the PL intensity at the I8 exciton line of MTI is marginally higher than the TD PL 

intensity percentage of the same exciton line, but the two are still reasonably comparable. Table 

4.6 lists the MTI samples in two groups (Zn- and O-polar face irradiated) along with their 

irradiation time and the observed percentage increase over reference PL intensity of the I8 

exciton line of the Zn-polar face.  
 

Table 4. 6: The MTI samples listed with their irradiation times and the increase in PL intensity of the I8 exciton line. 

 

Figure 4.8 illustrates the PL intensity change of the Ga exciton line after 12-days of irradiating 

the Zn-polar face of an MTI single crystal bulk sample. 

Zn-polar 

face 

Time of 

irradiation 

(days) 

PL intensity 

increase % 

of Ga exciton 

line 

O-polar face 

Time of 

irradiation 

(days) 

PL intensity 

increase % 

of Ga exciton 

line 

1 6 ==== 5 8 N/A 

2 12 33.0 6 16 N/A 

3 18 16.2 7 24 N/A 

4 24 6.47 ==== ==== ==== 
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Figure 4.9 illustrates that the PL intensity of the 69Ga exciton line increases in the irradiated Zn-

polar face as the irradiation time increases from 12 to 24 days. These PL spectra are twice in 

Figure 4.9 to illustrate that some changes were not consistent across the crystal surface. Notably, 

the PL intensity of the I4 exciton line was increased in some locations, but unchanged in others. 

Nevertheless, these discrepancies do not apply to the main result: the PL intensity of the I8 line 

increased with irradiation time at all observed locations in the samples.  

 

 

Figure4. 8: The PL spectra at 4K of the Zn-polar face of pure ZnO single crystal bulk, MTI after 12-day of slow 
neutron irradiation, compared to a reference spectrum. 

 

Once again, as Table 4.6 states; there is no change or increase in the PL intensity of the 69Ga 

exciton line on the O-polar face irradiated of the MTI ZnO single crystal bulk. Figure 4.10 

illustrates this by comparing the PL spectrum of sample 6 days, which was subject to 18 days of 

O-polar face irradiation, to a reference spectrum. 
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  (a) 

 

Figure4. 9: The PL spectra at 4K of the Zn-polar face of pure ZnO single crystal bulk, MTI after 12, 18 and 24 days 
of slow neutron irradiation. (a) showing an increase in the I4 exciton intensity region, (b) showing no increase in the 

I4 exciton region. 

(b) 
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Figure4. 10: The PL spectra at 4K of the O-polar face of pure ZnO single crystal bulk, MTI after 16 days of slow 
neutrons irradiation, compared to a reference spectrum. 

 

Table 4.6 shows the percentage change of the PL intensity of the 69Ga exciton line as the 

irradiation time changes. Figure 4.11 shows the investigation of the relationship between 

irradiation time and the change in the PL intensity of the I8 exciton line of the Zn-polar face 

irradiated TD and MTI samples, respectively. Also, this confirms the nature of the increase in the 
69Ga isotope concentration in the ZnO single crystal as the neutron irradiation continues. As for 

the TD samples, this increase does not continue at a uniform rate, as the percentage 

concentration of the 68Zn isotope will decrease with continuing irradiation. 
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Figure4. 11: The increase in PL intensity of I8 exciton line with irradiation time of the Zn-polar face of the MTI 

crystals compared with that of the TD crystals. The line connecting the values is a guide to the eye 
  

The ZnO single crystal bulk from MTI has the same structure and the same general growth 

method as ZnO single crystal bulk from Tokyo Denpa, but crystals from different suppliers can 

have some minor differences due to variations in surface treatment or sample preparation. The 

PL spectra of the MTI ZnO crystal bulk will have all the exciton features TD ZnO crystal bulk 

has, though the TD wafer exhibits sharper peaks and clearer splitting of some of these peaks. 

Also, the MTI crystals appear yellow whereas the TD crystals are clear. Although such a 

difference is unlikely to affect the PL spectra, it indicates a variation in production methodology. 

Testing another supplier’s material has distinct advantages. It facilitates the testing of the 

methodology on another material and shows that the results of the 68Zn isotope transmutation to 
69Ga are reproducible. 

One more fact could be concluded from the above results; pure ZnO single crystal bulk has 

potential as a neutron detector. It may be not a sensitive detector, as showing the effect requires 

low temperature investigation. It also requires a long irradiation time, or very high neutron flux 

to detect the change. The second issue could be overcome by using fast neutrons. This will be 

discussed in Section 4.3. 
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4.2.2 Gd:ZnO Crystal Bulk 
 
 As discussed in Chapter 2, some of the samples were implanted with Gd ions on a pure 

ZnO single crystal bulk base. The ZnO crystal bulk was manufactured by Tokyo Denpa. The 

implantation was carried out at the National Isotope Centre (GNS Wellington, New Zealand) 

with Gd flux 4×1015 ions/cm2 (Gd concentration 5.0%). The Gd has been implanted on the Zn-

polar face of the ZnO crystal to a depth of 20nm. The implantation process is discussed in detail 

in the next chapter.  

 

REEs such as Gd, Er and Tb doped into ZnO semiconductors can be tuned for emission over the 

entire UV and visible light range. Gd3+, as discussed in Chapter 3, is of particular interest 

because of its scintillation properties. Doping Gd into ZnO will have some advantages; from the 

literature Gd ions will enhance the conductivity because the holes in 4f Gd are more active than 

electrons. Gd doping will also increase the magnetic moment of ZnO at room temperature, which 

is useful in spin electronic devices. However, the literature does not have extensive information 

about the optical properties of Gd doped into ZnO [97]. 

Natural Gd is a mixture of isotopes that could participate in the (n, γ) nuclear reaction. Table 4.7 

shows a summary of all Gd isotopes listed with their respective abundances. Also included are 

their intermediate products, produced in the (n, γ) reaction, and (where applicable) the product of 

the intermediate isotope decay. 
 

Isotope Abundance (%) 
Intermediate 

Product 
Decay Products T1/2 

152Gd 0.2 153Gd 153Eu(stable)+ (ec, γ) 240days
154Gd 2.2 155Gd Stable ==== 
155Gd 14.8 156Gd Stable ==== 
156Gd 20.5 157Gd Stable ==== 
157Gd 15.7 158Gd Stable ==== 
158Gd 24.8 159Gd 159Tb(stable)+ (β-, γ) 18.5hr 
160Gd 21.9 161Gd 161Tb(stable)+ (β-, γ) 3.6min 

Table 4. 7: Gd isotopes, abundance in the nature and decay products [96]. 
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Gadolinium isotopes have a very special property: Gd has the largest thermal neutron capturing 

cross section of any elements. For example 157Gd has a cross section of 255,000 barns (1 barn = 

10-24cm2). Because of this property, Gd is frequently used in the nuclear industry. Gd is not 

typically used as a neutron detector, as its interaction with neutrons creates fast conversion 

electrons and gamma rays. The gamma rays will affect the background radiation level.  

Because of this special property, one of the Gd:ZnO crystal bulk samples was exposed to thermal 

neutron irradiation to study any optical changes which occurred as  a result of capturing the 

thermal neutrons. The sample used for this measurement was implanted with 5.0% Gd but not 

annealed. Thus the surface of the crystal was still disrupted due to implantation. Due to surface 

disruption, the probability of interaction between the Gd and thermal neutrons was increased as it 

was more likely some of the Gd atoms were not covered by the ZnO atoms. The Gd:ZnO sample 

was kept with the thermal neutron source for 90 hours continuously, with the Zn-polar face (the 

implanted face) facing the thermal neutron source. As in previous tests, a 4.5 cm wax layer was 

used as a mediator between the neutron source and the sample.  

 

Figure 4.12 compares Gd:ZnO spectra acquired from several samples, all of which originated 

from the same wafer. From bottom to top, these spectra are as follows. First, a spectrum of the 

un-annealed and un-irradiated sample post-implantation is shown. This spectrum was previously 

discussed in Chapter 3, where Figure 3.5 showed that the broadening of the spectral exciton lines 

in the DoX region of the implanted sample are consistent with the lattice damage that is 

commonly observed after implantation and it was mentioned in section 3.3.1 our module for 

explaining the reason of having the I8 exciton line peak as the dominant peak. Second, the PL 

spectrum of an annealed and un-irradiated Gd:ZnO sample is presented. Third is an un-annealed 

and irradiated sample’s spectrum, above which a reference spectrum is presented. All these 

spectra were offset so we can distinguish between them. 
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Figure4. 12: The PL spectra of the Gd:ZnO; after implantation, after annealing with no irradiation and after thermal 
neutron irradiation with no annealing. 

 

Unexpectedly, after irradiating the un-annealed Gd:ZnO crystal, the PL spectra show a 

significant improvement in line width nearly to the narrowness of lines observed in a reference 

sample. The improvement of the PL spectra after irradiation attracted our attention, as such a 

spectrum would not generally be seen from an un-annealed implanted sample due to the surface 

damage after implantation. The expected way to generate such a spectrum in an implanted 

sample is by depositing heat energy into the lattice by annealing the sample inside a furnace. 

Figure 4.13 also includes a spectrum from another Gd:ZnO sample which has been annealed in 

oxygen gas at 600oC for 90 minutes. However, the annealed Gd:ZnO has a lower-quality PL 

spectrum compared to the neutron-irradiated Gd:ZnO, which leads us to propose that this 
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improvement is due to the energy delivered by the thermal neutron absorption repairing the 

damage. 

To explain the energy deposition of the thermal neutrons, we must consider a particular 

phenomenon where, instead of emitting a gamma ray, a nucleus in an excited state can lose its 

excitation energy by internal conversion. The excitation energy of the nucleus is transferred into 

kinetic energy equal to the decay energy, knocking out one of the innermost atomic electrons. 

Usually the K-shell electron is the internally converted because it has the greatest wave function 

overlap with the nucleus. The expelled electron will leave behind a vacancy that can be re-

populated by an electron from a higher atomic shell such as L or M. this transition is 

accompanied either by the emission of an x-ray or the ejection of another electron called an 

Auger electron [74, 76, 79, 98]. 

 

In order to investigate energy deposition in the lattice by internal conversion, Gd:ZnO crystal 

bulk was exposed to thermal neutrons and theoretical internal conversion calculations were 

applied to the nuclear reactions of two Gd isotopes; 157Gd(n, γ)158Gd and 155Gd(n, γ)156Gd. These 

interactions generate gamma rays, internal conversion (IC) and Auger electrons, as shown in the 

interactions below [99]. 157Gd and 155Gd isotopes were chosen because they have the highest 

cross section for capturing thermal neutrons out of all Gd isotopes, 255000 barn and 61000 

barns, respectively [99]. 

 

 Gd + n → Gd  +  γ + IC + Energy 

Gd + n → Gd  +  γ + IC + Energy 

 

For the above nuclear reactions, the energy term represents the decay energy or the quantity 

energy (Q-value) released during the decay process. To calculate the Q-value, the Einstein 

relation Eo = Q = Moc
2 can be applied, where Mo is the rest mass. Q-value can be used to 

determine the possibility of the nuclear decay. If the Q-energy turns out to be negative, then the 
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decay is not possible without energy supplied from an external source, such as neutron 

bombardment of the atom. If the Q-value is positive, the probability of the reaction taking place 

increases for at least the first decay mode [74]. To find the Q-value of the 157Gd (n, γ) 158Gd 

reaction and the 155Gd(n, γ)156Gd [74, 77, 79], we use: 

 

 Q =  M   −  M  931.478MeV                                (4.5) 

 

Where; ∑ M  : The summation of the initial reaction masses in amu. ∑ M : The summation of the final products masses in amu. 

 

 

Finding the Q-value of the 157Gd(n, γ)158Gd: 

 Mi = ( Gd64157  + n)01   Mi = ( . + . )  Mi = 158.3366 amu 
 Mf = Gd64158   =  .   

 = ( .  −  . )  = .   
 
 
Q = Moc

2 

Q = (0.4125) (3 x 108)2 

Q = 3.7125 x 1016 MeV = 5.94 x 103 Joule   
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Finding the Q-value of the 155Gd(n, γ)156Gd: 

 =  (  +  )  

 =  .   
 

 =    =  .   

 
 = ( .  −  . )  = .   
 
Q = Moc

2 

Q = (0.0871) (3 x 108)2 

Q = 7.839 x 1015 MeV = 1.255 x 103 Joule 

 

The Q-value of each nuclear reaction shows the amount of thermal neutron energy which could 

be deposited into the Gd:ZnO crystal. This energy will help relax the lattice and reduce the stress 

caused by implantation. In other words, this energy was a major factor to help the implanted 

Gd:ZnO crystal to heal from the damage caused by the implantation. Also, these reactions 

represents only the reaction of one thermal neutron with one Gd atom and the same reaction will 

be repeated many times depending on the abundance of the isotope. However, not all quantify 

energy will be deposited into the lattice; some could escape to the surrounding area or be 

transformed to something else. Keeping the sample exposed to neutrons for 90 hours creates 

more opportunities to repeat these reactions and this will increase the energy delivered to the 

lattice. This energy value supports the original proposition; energy is being deposited by the 

neutrons which heals the damaged surface of the crystal and improves the exciton line width in 

the PL spectrum. Figure 4.13 an AFM image shows the effect of this deposited energy on healing 

the lattice after implantation. 
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Figure4. 13: AFM image of Zn-polar face of ZnO single crystal bulk after implantation with Gd (5% Gd 
concentration) irradiated for 90 hours with neutrons. 

 

The Q-value of the thermal neutrons shows that the neutron interactions with the Gd played a 

major role in increasing the energy delivered to the crystal and relaxing the crystal lattice. One 

question which must be answered before concluding too much about the ability of neutrons to 

anneal is; are neutrons able to anneal other implanted materials or are these results only due to 

the presence of Gd, with its high thermal neutron capture cross section?  To answer this question, 

a ZnO single crystal bulk sample doped with 1.0% iron in the form of an un-annealed Fe:ZnO 

wafer from TD was exposed to the same 241Am-Be thermal neutron source and the same 

procedures were followed. Figure 4.14 illustrates the improvement of the PL spectra of the 

Fe:ZnO after the neutron irradiation. 
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Figure4. 14: The PL spectra of the Fe:ZnO; after implantation and after neutron irradiation. The PL spectra are 
offset. 

 

Once again the PL spectrum of the Fe:ZnO sample shows broad peaks, even though the signal 

appears to be better than in the Gd:ZnO after implantation. This could be to do with the fact that 

a 26Fe atom is smaller than a 64Gd atom, and would thus cause less disturbance to the surface of 

the ZnO crystal. Also the concentration of Fe and cross section ≤ 2.59 barns were less than that 

of Gd. After the thermal neutron irradiation of the Fe:ZnO sample, the PL spectrum exhibited 

narrower and more distinct exciton lines in the DoX region. This result confirms that neutron 

absorption is able to deliver enough energy to the crystal to assist with the healing of the crystal 

lattices after implantation. However, due to the existence of the Gd in the previous samples with 

its high thermal neutron capturing cross section, Q-value effect on the crystal repairing was 

increased and this is why the increases in PL intensity of the irradiated Gd sample’s spectra as 

observed in Figure 4.14 was more noticeable compared with the increase in PL intensity of 
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Fe:ZnO. From these results, we can infer that thermal neutron irradiation can anneal implanted 

crystal bulk material and improve the PL signal quality. 

 
4.2.3 Gd:ZnO MBE Film 
 
 Gd implanted ZnO MBE thin films were discussed in Chapter 3. The focus was on the PL 

spectra of the samples after implantation with 5.0% Gd and what optical changes might occur in 

the MBE film and the PL spectra of the samples after annealing. 

 

After observing the effect of the thermal neutrons on the Gd:ZnO crystal bulk, it was necessary 

to expose the Gd:ZnO MBE film to thermal neutrons in order to investigate the effect of neutron 

irradiation on MBE film doped with Gd. The three Gd:ZnO MBE films were classified based on 

irradiation time and any other treatment which was applied to them. In addition, the PL quality of 

the annealed and un-annealed films after thermal neutron irradiation was compared to investigate 

the effect of neutron bombardment on the films. Table 4.8 summarizes the treatment of three 

film samples. 

 

 

Film name Gd % Treatment 
Irradiation time 

(day) 

A 5 Implantation 1 

B 5 Implantation + Annealing 7 

C 5 Implantation 7 

Table 4. 8: Summary of the treatment of the three Gd:ZnO film samples. 
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Film A: 

  

The PL spectrum in Figure 4.15 showed no changes after thermal neutron irradiation 

compared to the PL spectrum after implantation, the reference MBE film PL spectrum was 

discussed in detail in section 2.3.2.2. There could be multiple explanations for this. 24 hours of 

neutron irradiation may not be a sufficient time to notice the effect of the neutron interaction 

with the Zn or the Gd isotopes. Another explanation is that the surface damage generated by Gd 

doping, creating the holes in the ZnO MBE film by the Gd with 100nm depth increases the 

probability that a neutron will pass directly through the film material, correspondingly increasing 

the chance that it will interact in the sapphire layer or not at all.  
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Figure4. 15: The MBE PL spectra of the Gd:ZnO MBE film A, after 24 hours of thermal neutron irradiation. The 
PL spectrum after implantation is offset from after irradiation PL spectrum. 
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Film B: 

 

 Figure 3.11 and Figure 3.15 discussed in details the PL spectra of film B and the changes 

to it which occurred after implantation and annealing in oxygen for 90 minutes at 600oC. Also, 

up to this stage the spectra have shown that the substrate become more involved in the PL results 

after annealing and caused the additional shift to the red by 5meV. 

After being annealed, film B was placed on top of the 4.5 cm wax block and exposed to thermal 

neutrons for 7 days to investigate any optical changes which might occur in the Gd:ZnO film. 

Figure 4.16 shows the PL spectrum of film B after thermal neutron irradiation. This PL spectrum 

was similar to the spectrum of the material after annealing exhibiting the extra shift, but with 

slightly less noise in the PL signal or should we say the increase of the PL intensity by (×2) 

compared to the reference film due to increase the slits size. The similarity in the PL spectra 

could be related to: 

 

1. The thickness of the ZnO after implantation and annealing was not sufficient for the 

neutrons to cause observable transmutation in the Zn-isotopes. 

 

2. Most neutron interaction was with the substrate due to the thickness reduction i.e. the 

substrate might be the reason for the extra shift in the PL spectra. 

 
 

3. There may be some interaction occurring between the Gd atoms and the thermal neutrons 

which generates heat helped heal the lattices, causing the PL spectrum to have less noise 

because of the intensity increase and make I9 exciton line disappear from the PL 

spectrum. 
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Figure4. 16: The PL spectra of film B after 7 days of neutron irradiation compared to after being annealed and both 

compared to the reference MBE film. 
 

Film C: 

 

 Table 4.8 shows that film C was irradiated for 7 days, just like film B, but the neutron 

irradiation was applied directly, without annealing, to study the effect of the energy deposited by 

the nuclear reaction between Gd and thermal neutrons on the PL spectrum of the film. The aim 

was to test whether the thermal neutrons affected the un-annealed Gd:ZnO thin films the same 

way that they affected the un-annealed Gd:ZnO crystal bulk. 
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Figure 4.17 illustrates the PL spectrum of film C for the NBE after 7 days of thermal neutron 

irradiation. It is clear that the neutron irradiation caused some major spectral changes compared 

with the spectrum of the reference film. The PL spectra of film C will be divided into two 

regions for discussion: 

1. The DoX region including the exciton line I9 (3.350 – 3.33.3665 eV). 

2. The electron-acceptor transitions (e, Ao) region at 3.31 eV. 

 

Figure4. 17: The PL spectra of film C after 7 days of thermal neutron irradiation. 
 

In the DoX region, the PL spectrum of film C after irradiation was very similar to the PL 

spectrum of the same region of film B after annealing. The I9 exciton line disappeared, as shown 

in Figure 4.18. This suggests that, once again, as calculated the energy deposited in Gd:ZnO by 
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crystal bulk the nuclear reaction 157Gd (n, γ) 158Gd.  This shows the amount of heat which can be 

deposited into the lattices. This heat is a key factor to understand the disappearance of I9 from the 

PL spectrum of film C after the thermal neutron irradiation.  

 

 

Figure 4.19 presents the electron-acceptor transitions region (e, Ao) located at 3.31 eV.  The 3.31 

eV emission band is a characteristic optical feature observed by photoluminescence in a variety 

of ZnO materials such as bulk, powders and epitaxial layers, especially when it has been doped 

with p-type element such as group V. 3.31 eV has also been described as a conduction band to 

acceptor transition. Simply (e, Ao) is a recombination of a free electron in the conduction band 

with a hole bound to an acceptor state. In the literature, there is agreement on the (e, Ao) band as 

it is related to stacking faults. Also a recent experimental study combined PL, 

cathodoluminescence (CL) and  transmission electron microscopy (TEM) to confirm that the 
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Figure4. 18: The PL spectrum of the DoX region of Film C after 7 days of thermal neutron irradiation compared to 
a reference MBE film. 
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3.31 eV is related to stacking faults [100-105]. A stacking fault is a type of defect which 

describes a disordering of crystallographic planes [100, 102, 103, 106]. This recombination 

generates the 3.31 eV emission band. Therefore, the acceptors are located in the basal plane 

stacking fault, but this does not mean this band represents a p-type ZnO [27, 100-102, 105]. 

 

 

Film C generated interesting data related to 3.31eV.  The 3.31 eV transition was observed on 

film C after neutron irradiation, but was not observed in the reference film as can be seen in 

Figure 4.17. Conducting an increasing temperature dependence on the reference film showed that 

the 3.31 eV band appeared at 50K, whereas for film C the 3.31 eV band is clearly observed at 

4K, which is in agreement with the literature. Figure 4.20 shows the results for PL temperature 

dependence of film C and a pure ZnO MBE film from the literature. The reason that the 3.31 eV 
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4.3 Irradiation with Fast Neutrons 
 

 Another source of neutrons comes from the fission reactions induced by neutrons in a 

nuclear reactor. In the 1930s, scientists discovered that some nuclear reactions can be initiated 

and controlled. Usually to accomplish this task, a large isotope is bombarded by a small particle 

(usually a neutron due to its neutrality). The collision forces the larger isotope to break apart into 

two or more elements, which is called nuclear fission. Most fast (high energy) neutron beams are 

produced by reactors, cyclotrons and linear accelerators [107]. For this work, the source of fast 

neutrons was a cyclotron, see Figure 4.21. One of the most well-known reactions used to 

generate fast neutrons the bombardment of beryllium (Be) with deuterons (D). Deuteron particles 

are a comprised of a neutron and a proton. Deuterons break down as a result of interaction with 

another nucleus, emitting either a neutron or a proton [78, 79]. This can be written as: 

 X(D, n) Y    ,      X(D, p) Y 

 

In this work, the University of Washington (UW) cyclotron at the Radiation Oncology 

Department in the USA, was used to generate fast neutrons, which were directed onto our group 

of ZnO single crystal bulk samples and Gd:ZnO crystal bulk samples. Using the cyclotron in 

Figure 4.21;  high energy deuterons from the cyclotron were interacted with a low atomic 

number element such as 9Be and neutrons were produced according to the following reaction 

[78, 79]: 

 H + Be →→  B + n +  4.36 MeV 
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The produced neutrons travelled in the same direction in which the deuterons were moving 

before the collision. The neutron beam was directed to a gantry which ended in the component 

known as the treatment head of the machine, which is depicted in Figure 4.22. The main purpose 

of this facility is a neutron therapy centre [108]. 

. 

 

Figure4. 21: The clinical neutron therapy system (CNTS) centre, at UW uses a Scandtronix MC50 
cyclotron [114, 115]. 

Figure4. 22: The UW CNTS gantry and treatment head [114, 115]. 
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The neutron beam was set to cover a certain area known as the field size. Normally it can be 

adjusted depending on the target size though such adjustment has limits. The samples were 

divided into two groups, as listed in Table 4.9, and each group was placed under the treatment 

head at a distance of 150 cm: 

Name of the sample Material Face of irradiation Time of irradiation 

Sample 1 
Pure ZnO single 

crystal bulk 
Zn-polar face 2 minutes 

Sample 2 
Pure ZnO single 

crystal bulk 
Zn-polar face 5 minutes 

Sample 3 Gd:ZnO crystal bulk Zn-polar face 2 minutes 

Sample 4 Gd:ZnO crystal bulk Zn-polar face 5 minutes 

Table 4. 9: The samples will be irradiated with fast neutrons. 

The 4 samples had identical dimensions of 0.3 × 0.3 × 0.05 cm3. Two were pure ZnO and the 

other two doped with Gd at concentration of 5.0%. All samples were produced from the same 

wafer. Different times of irradiation were applied in order to investigate the effect of the 

irradiation time on the probability of transmutation occurring and the exposure time necessary to 

start the transmutation.  

 

4.3.1 ZnO Single Crystal Bulk 
 

 The theory behind irradiating ZnO single crystal bulk was explained, in the previous 

discussion of slow neutron irradiation. Recall that there are six stable isotopes of the zinc atom in 

nature. The two relevant nuclear reactions for the two Zn isotopes important to this work are; 

  Zn + n → Zn + γ →    Zn →  Ga + β    Zn + n → Zn + γ →    Zn  →  Ga + β   
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The experimental goal of this section was to achieve the transmutation of the 69Zn to 69Ga using 

a beam of fast neutrons with higher flux 1.4 × 108 n/s.cm2 and without moderating the neutron 

energy. 

 

2 minutes irradiated Zn-polar face  

 

 

Figure4. 23:  The PL spectra of the pure ZnO single crystal bulk (Zn-polar) after 2 minutes of fast neutron 
irradiation at CNTS. 

  

Figure 4.23 presents the PL spectrum of raw ZnO single crystal bulk after 2 minutes of fast 

neutron irradiation. The PL spectrum of the irradiated sample is a perfect match to the spectrum 

of un-irradiated pure ZnO crystal bulk (reference) sample, with no sign of increase in the PL 

intensity of the Ga exciton line. This does not mean that the nuclear reaction is not occurring, but 

it could mean the population of 69Zn which has transmuted into 69Ga after 2 minutes of 

irradiation is not enough to increase the PL intensity of the existing Ga exciton line.  
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5 minutes irradiated Zn-polar face 

 

Figure4. 24: The PL spectrum of the pure ZnO single crystal (Zn-polar) after 5 minutes of fast neutron irradiation at 
CNTS. 

 

Figure 4.24 illustrates the interesting change which occurred in the PL spectrum after 5 minutes 

of irradiation by fast neutrons. Clearly, an exposure time of 5 minutes was sufficient to increase 

the PL intensity of the Ga exciton line by 82.2% compared to the PL intensity of the same 

exciton line on the reference sample’s spectrum. This increase in PL intensity is the highest 

compared to any of the previously irradiated pure ZnO single crystal bulk samples. It is even 

higher than the change yielded by 24 days of thermal neutron irradiation. The obvious 

conclusion from this trial is that the longer fast neutron irradiation time has transmuted more 
69Zn to 69Ga. Reproducing the same results from the Zn-polar face after neutron irradiation 
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confirms the occurrence of transmutation and the ability of a neutron beam to change the optical 

properties of ZnO.  

The O-polar face of the same sample was tested, with the expectation that the more energetic fast 

neutrons would be able to penetrate deep enough to reach the O-polar face of the sample. We 

also estimated that 5 minutes of fast neutron irradiation would be sufficient to change the PL 

intensity of the Ga exciton line in a PL spectrum of the O-polar face. These results are shown in 

Figure 4.25. Unexpectedly, the PL spectrum of the O-polar face was nearly identical to the 

reference O-polar face PL with no changes in the intensity or any features. This corresponded to 

our previous results regarding the O-polar face, when we detected no change in the PL spectrum 

after the thermal neutron irradiation. 

 

Figure4. 25: The PL spectrum of the O-polar face from the irradiated Zn-polar face for 5 minutes at CNTS. 
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A different ZnO crystal bulk TD wafer was introduced to be irradiated with fast neutrons at 

CNTS. The plan for this wafer was to be cut into a few samples, each of which will be irradiated 

for 10 minutes. Three irradiation protocols were used; irradiation of the Zn-polar face, irradiation 

of the O-polar face and irradiation of the O-polar face, facing the neutron beams with 30o angle 

of the sample carrier surface. Also, part of the plan was to investigate both polar faces of each 

one of these samples, disregarding the irradiated face for two reasons: the irradiation time is 5 

times or twice the irradiation time of previous two samples, respectively. There was a 200 nm 

thin MBE film of ZnO accompany with the previous samples exposed to fast neutrons and the 

total counts per minute report showing that the sapphire substrate was radio-activate and this 

give the indication of the penetration ability fast neutron has to penetrate our bulk crystal and 

reach the opposite side of the irradiated face. 

 

10 minutes irradiated Zn-polar face 

The results presented in Figure 4.26 confirm the transmutation of 69Zn to 69Ga due to the 

reasons previously discussed for other irradiated Zn-polar face samples. The reproducibility of 

this result was expected and the PL intensity of I8 exciton line of the irradiated sample shows a 

51.3% increase compared to the same exciton line in the reference. Figure 4.27 presents the O-

polar face of the same 10 minutes irradiated Zn-polar face sample. The PL spectrum confirms the 

result observed in the 5 minutes irradiated sample, which is that the O-face has no optical 

changes, nevertheless, the fast neutrons are able to penetrate the sample. Once again, this does 

not mean there was no nuclear reaction between the 69Zn atoms on the O-polar face and the fast 

neutrons, but for an unknown reason, effects of the transmutation were not observed. 
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Figure4. 26: The PL spectrum of the pure ZnO single crystal (Zn-polar) after 10 minutes of fast neutron irradiation 
at CNTS. 
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Figure4. 27: The PL spectrum of the O-polar face after 10 minutes of fast neutron irradiation of the Zn-polar face at 
CNTS. 

 

 

 

10 minutes irradiated O-polar face 

The idea of irradiating the O-polar face directly is to investigate the effect of fast 

neutrons on the O-polar face with an assurance that the 69Zn atoms located on the O-polar face to 

the neutron beam will be exposed.  

Figure 4.28 illustrates the PL spectrum of the Zn-polar face from the irradiated O-polar face. The 

result shows no changes on the PL intensity of the exciton line I8. This could be related to the 
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change in the face being irradiated, but cannot be due to a failure of the neutrons to penetrate to 

the Zn face. Once again, irradiating a ZnO crystal bulk shows no changes in the PL spectrum of 

the face opposite to the irradiated face from the same sample.  

 

Figure4. 28: The PL spectrum of the Zn-polar face after 10 minutes of fast neutron irradiation of the O-polar face at 
CNTS. 

 

 

Figure 4.29 illustrates the PL spectrum of 10 minutes irradiated O-polar face. The fact that the O-

polar face presented with no optical changes to the PL spectrum was an unexpected results. 

Generally speaking, the results are still consistent, as O-polar face does not show changes, but 

there is no explanation of what is special about irradiated O-polar face. We have two theories to 

explain such results: 
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 The O-polar face has a layer of hydrogen/protons, which could cause some 

deflection in the neutron beam. However, this layer is only one atom thick and the 

neutron flux was 108n/s.cm2, which makes it hard to believe that O-polar surface 

has something to do with the lack of optical change after neutron irradiation. 

 An exciton has been created due to the incident neutrons but for an unknown 

reason has not bind, therefore, the transmutation was not registered. 

 

 

Figure4. 29: The PL spectrum of the pure ZnO single crystal (O-polar) after 10 minutes of fast neutron irradiation at 
CNTS. 
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10 minutes irradiated O-polar face 30o angle 

The reason for testing a sample positioned in an angle with the incident neutron beams 

was in order to attempt to penetrate and interact with the Zn atoms without going through either 

one of the polar faces of the ZnO crystal bulk, mainly the O-polar face. 

Figure 4.30 presents the PL spectrum of the Zn-polar face from the sample which was irradiated 

on an angle. The results served our theory and an increase of the PL intensity at the exciton line 

I8 was registered, due to the transmutation of 69Zn to 69Ga. This results support our theory: by 

avoiding the O-polar surface we are able to change the Zn-polar face, although it should be noted 

that the O-polar face was up facing the neutron beam. 

 

Figure4. 30: The PL spectrum of the Zn-polar face from the sample after 10 minutes of fast neutron irradiation 
applied at a 30o angle at CNTS. 
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Figure 4.31 illustrates an interesting outcome observed in the PL spectrum of the O-polar face of 

the sample which was irradiated on an angle. The PL intensity of I8 exciton line has been 

increased due to transmutation. This increase supports the idea that avoiding irradiating the O-

polar face allows creation of optical changes in both polar faces at the same time. 

 

Figure4. 31: The PL spectrum of the O-polar face from the sample after 10 minutes of fast neutron irradiation 
applied at an angle at CNTS. 
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4.3.2 Gd:ZnO Crystal Bulk 
 

 Previously in section 4.2.2, it was found that thermal neutron irradiation of Gd:ZnO 

crystal bulk, reduced the stress in the lattices due to the implantation and worked as an annealing 

factor to improve the PL spectrum of the Gd:ZnO crystal. Two Gd:ZnO samples were exposed to 

fast neutrons at CNTS to study the effect they may have on crystal lattices and to compare our 

observations to the previously discussed effects of the slow neutrons. 

 

Sample 1 and 2 

 

Samples 1 and 2 are unannealed after implantations (which were exposed to 2 and 5 

minutes of irradiation, respectively) exhibited very similar results. As neutron irradiation seems 

have little impact on the PL results, these samples will be discussed simultaneously. An un-

irradiated Gd:ZnO sample was kept as a reference sample for this group. Figure 4.32 illustrates 

that fast neutron irradiation of Zn-polar face in Gd:ZnO does not change the PL spectrum in 

anyway as the irradiated samples had PL spectra identical to the spectrum of the reference 

implanted sample. There are two possibilities to explain the lack of change for this group: 

 The time of irradiation was not sufficient to generate all the heat required to heal the 

stress of the lattices after implantation. 

 

 Gd is known as having the largest thermal neutron capturing cross section compared to 

all other elements. However, in this set up the neutrons used were fast neutrons, which 

are less readily captured by the Gd which will reduce the amount of energy deposited in 

the lattice, and thus the annealing power of the neutrons. 
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Figure4. 32: The PL spectrum of the Gd:ZnO crystal bulk after 5 minutes of neutron irradiation at CNTS. 
  

 

 

 

4.4 Summary 

 The effect of neutron irradiation on ZnO and Gd:ZnO crystal bulk has been investigated 

in this chapter. Two types of neutron beams were used: slow neutrons from 241An-Be, with 104 

n/s.cm2 flux and fast neutrons generated by cyclotron, with 108 n/s.cm2 flux. The time of 
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irradiation was a major factor during these measurements and was changing depends on the 

purpose of the measurement. The findings can be summarised as follows: 

 Slow neutrons 

 

A. ZnO single crystal bulk: 

 Slow neutron interaction with 69Zn isotope result with transmutation into 69Ga 

which normally presented with I8 exciton line in the PL spectrum of the ZnO 

crystal bulk. 

 The length of irradiation time required to register the first increase in the PL 

intensity of I8 exciton was 12 days of continues irradiation. This increase will 

keep raise as the sample exposed to the neutron radiation continued. 

 This optical change was occurred only on the Zn-polar face of the irradiated 

samples and never noticed in the O-polar face, regardless the irradiation time. 

 No changes occurred into defect band region. 

 

B. Gd:ZnO crystal bulk: 

Having the Gd implanted into ZnO crystal bulk with the advantage of being the element 

of highest capturing cross section for thermal neutrons helped with: 

 Improve the PL spectrum quality of the unannealed samples due to the energy 

deposited into the lattices as a result of Gd nuclear reaction with the slow 

neutrons. 

 The deposited energy helped healing the damages caused by implanting Gd. 

 

 Fast neutrons 

 

A. ZnO single crystal bulk: 

 The Zn-polar face showed an increase of PL intensity of I8 exciton line after been 

irradiated for 5 and 10 minutes, but not for 2 minutes irradiation time. 

 The O-polar face has not showed any changes in the PL intensity of I8 exciton 

line, whether was irradiated directly or through Zn-polar face. 
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 Irradiating ZnO crystal in an angle position with the incident neutron beam, 

showed a PL spectrum change in both polar faces of the crystal. 

 

B. Gd:ZnO crystal bulk: 

 No improvement in the Pl spectrum of unannealed Gd:ZnO, as Gd interact better 

with the slow neutrons and may be required higher percentage of Gd with fast 

neutron environment and longer exposure time. 

 

 

 

 

 



Chapter 4: Neutron Irradiation 
 

113 | P a g e  
 



 

 

CHA
 

 

 

 

 

 

 

EXP
 

 
 T

this the

discussi

descript

PL spec

slow an

 

 
5.1 Io
 

 I

atomic r

velocity

are conv

source a

travel a 

ions imm

APTER

PERIM

This chapte

sis. We beg

ion of proc

tion of the p

ctra of our s

d fast neutro

on Impla

Ion implan

research pro

y projectile 

verted to io

and acceler

short dista

mediately b

R 5  

MENTA

er will discu

gin by deta

cedures for 

photolumine

samples. Th

ons respecti

antation

ntation syste

ograms duri

becoming e

ons (the pro

rated by a h

ance to strik

begin to coll

AL PR

uss the exper

ailing the pr

annealing 

escence setu

his chapter f

ively. 

n 

ems evolve

ing World W

embedded i

ojectile) in 

high voltag

ke the surfac

ide with the

ROCED

rimental tec

rocess for d

some of th

up used to i

finishes by 

ed from lin

War II. The 

nto a block

an ion sou

e electric fi

ce of the w

e wafer atom

DURES

chniques an

doping the 

he samples

investigate t

describing 

near accele

process can

k of materia

urce. These 

field to very

wafer. As the

ms. These co

S  

d equipmen

samples w

in the furn

the optical 

the neutron

rator techn

n be visualis

al. Atoms o

ions are ex

y high velo

ey impact th

ollisions dam

11

nt which we

ith Gd, and

nace. Follow

properties a

n irradiation

nology deve

sed in terms

f the dopan

xtracted from

ocities. The 

he wafer su

mage the w

14 | P a g e  

ere used in 

d move to 

wing is a 

and obtain 

n setup for 

eloped by 

s of a high 

nt material 

m the ion 

ions then 

urface, the 

wafer on an 



5.1 Ion 
 

 

atomic 

loses so

projectil

the surf

atomic d

mass an

 

 

 

 

In summ

which a

ZnO in 

and acce

to tens o

so pertu

implanta

dopant b

strength

governs

Fi

Implantati

scale. In ea

ome of its fo

le atom will

face [36]. T

displacemen

nd energy of

mation, ion 

are selected 

this work. T

eleration en

of µm. Hen

urbed that it

ation proces

being impla

h of the curr

s the effecti

igure 5. 1: Sch

ion 

ach collision

orward mom

l lose all of 

he thicknes

nts and the 

f the ion [9]

implantatio

by their ma

The average

nergy, result

nce, after ma

t will becom

ss: dose and

anted in a g

rent used to 

ive penetrat

hematic of a co
profile of

n between t

mentum and

its energy a

ss of the lay

shape of the

. 

on involves

ass-to-charge

e penetration

ting in ion d

any ions hav

me highly d

d energy. Th

given area. T

generate th

tion depth 

ollision betwe
f atomic displ

the projecti

d slows dow

and come to

yer modified

e depth pro

s volatilisin

e ratio, and 

n depth is d

distributions

ve been imp

disordered [1

he dose in th

This varies w

he ion beam

of the dopa

en the implant
acements crea

ile atom and

wn, as depict

o rest within

d by ion bo

files and im

ng, ionising 

directing th

etermined b

s with avera

planted, an i

109]. Two i

he ion impla

widely with

m and the du

ant into the

ted ion and th
ated by energe

d the wafer

ted in Figur

n the wafer a

ombardment

mplanted ato

and accele

hem at the h

by the dopan

age depths fr

initially cry

important fa

antation rep

h application

uration of th

e host mate

e wafer atoms
etic ions [21]. 

11

r atom, the 

re 5.1. Even

at some dist

t, the total n

oms all depe

erating dopa

host material

nt, substrate

from a few t

ystalline targ

factors contr

resents the a

n and depen

e process. I

erial. There 

s and a typical

15 | P a g e  

projectile 

ntually the 

tance from 

number of 

end on the 

ant atoms, 

l, which is 

e materials 

tens of nm 

get will be 

rol the ion 

amount of 

nds on the 

Ion energy 

are other 

l depth 



5.1 Ion Implantation 
 

116 | P a g e  
 

variables which can also be considered, such as the angle of the incident ion beam, which will 

affect the penetration depth [110].  

 

Our technique requires a high dose of ions. Thus the beam-line needs to be kept as short as 

possible to overcome the repulsive forces which cause ions to peel away from the beam envelope 

and become lost in the wall material. However, to accelerate the ions, a powerful electric field 

must be applied. This necessitates a longer beam line, as acceleration must occur over a distance. 

Thus beam length must be tailored to achieve the correct dose-energy balance [36, 110].  

 

 

 

There are a host of variables that affect what happens to the ion and the crystal after the 

implantation. When implantation occurs, the dopant atoms disrupt the crystal structure creating 

an amorphous layer, as shown in Figure 5.2, where some ions exist in an interstitial state (not 

being part of the crystal structure). To remedy this, the crystal undergoes a process known as 

annealing, where thermal energy is deposited into the lattice. This returns the atoms in the 

amorphous layer to a more stable state. [9, 110].  

Generally, an implanter has five major sections: the ion source, the mass analysis magnet, the 

beam line, the second magnet and the end station [110]. See Figure 5.3 for structural details. 

Figure 5. 2: The surface disturbance during the implantation process [125]. 
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Figure 5.3: Schematic for an ion implanter system [126]. 

 

The journey of the dopant atoms starts at the ion source. First a gas of the material to be ionised 

is introduced into the source chamber, either from a gas bottle or by heating up a piece of solid 

material that has been placed in the source, as was the case for our study. Once the solid 

material, Gd in this work, is in the chamber, secondary electrons from a heated filament are 

generated to strike the gas. By applying a high voltage to the chamber, a cloud of ionised 

charges, known as plasma is formed, All the ions in the plasma have positive charges, most have 

(+1), others have (+2) and (+3). In addition, there are many different ions in the mix, some 

atomic, some molecular, some from the gas and some others from the chamber walls. An 

extraction voltage pulls and accelerates the ions setting them on their way with up to 50keV of 

energy [111, 112].  

 

At front part of the ion beam, different ions enter the mass analysis electromagnet. The analysis 

magnet is wrapped around a ferromagnetic core; the implant control system can accurately adjust 

the magnetic fields by altering the amount of current passing through the copper winding. The 

magnetic field guides the ion beam through a curve. Figure 5.4 illustrates the mass analysis 

magnet, where the beam-line is generally bent by 90o. Adjusting the field changes the mass of 

the ion selected for implantation. Ions heavier than some threshold will not make the curve, 
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while ions lighter than that threshold will be blocked by the inside wall. As different ions have 

different known masses, this technique allows for the selection of the ion of interest for 

implantation. Ions of the selected mass form a beam which exits the magnet and enters the beam-

line, the configuration of which varies quite a bit from one implanter to another  [111, 112].  

 

 

 

High current implanters have focusing lenses to prevent the beam from diverging. Medium 

current implanters have lenses and accelerators, in addition to a scanner that creates a ribbon 

beam from the pencil beam that exits the mass analysis magnet. High energy implanters lenses 

and scanners in addition to a high voltage acceleration capability [9]. 

 

 

Figure 5. 4: The mass separator magnet [21]. 
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The National Isotope Centre at GNS science has established a dual low-energy ion implantation 

facility in Lower Hutt. This system is based on Penning ion sources. Three different types of ion 

sources (gases, sputter targets and evaporation sources) can be used to produce ion beams. The 

GNS system offers high mass resolution and high-current ion beams. The ion current density 

typically varies between 1 μA cm–2 and 100 µA cm-2. The targets are implanted using apertures 

to restrict the ion beam, typically to 10–12 mm in diameter. Large apertures allow for laterally 

homogeneous ion implantations over areas of (10 × 10 mm2). The samples are placed in the 

implantation chamber by a target transfer stage. The vacuum in the chamber is maintained below 

(10–7 mbar). Figure 5.5 shows ion implantation facilities at GNS Science in Lower Hutt [113]. 

 

Figure 5.5: The ion implantation facilities at GNS Science in Lower Hutt. 
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Use of the GNS science ion implantation system with the help of Dr. Andreas Markwitz and Dr. 

Peter Murmu was an integral part of the work in this thesis. For this research, a single piece of 

Tokyo Denpa single crystal bulk ZnO was cleaved into 9 pieces. Eight pieces were then 

implanted with gadolinium (157Gd) to a depth of 20 nm, to produce Gd:ZnO. The ninth piece was 

left as pure ZnO to be used as a reference. During the implantation the ZnO single crystal bulk 

was kept in a vacuum at 2×10-7 mbar while the Gd ion beam was delivered with a flux dependent 

on the concentration wanted. The applied fluxes were 7 × 1013, 7 × 1014 and 4 × 1015 ion/cm2 to 

achieve concentrations of 0.1%, 1.0% and 5.0% Gd respectively. Ion current density typically 

varied between 1 μA cm–2 and 100 µA cm-2. Ion energy was 75keV. Finally, 3 samples of the 

MBE film were implanted with the 157Gd as well. All implantations were carried out on the zinc 

polar face (Zn-face) of the single crystal bulk. Figure 5.6 illustrates the implantation depths as 

estimated by theoretical calculation using transport of ions in matter (D-TRIM) simulations to 

make sure the Gd ions reached the required depth of 20 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 6: D-TRIM calculations for Gd implantation for three different doses. Calculations were carried out by Dr. 
P. Murmu.
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5.2 Annealing 
 

 In the previous section, we discussed the utility of ion implantation techniques for 

introducing impurities with an accurately controllable depth. However, this process creates 

defects in the crystal. These defects can be repaired using a controlled thermal process known as 

annealing. Annealing is the process of heating a material in order to change the physical 

structure, or to drive impurities in or out. The addition of thermal energy causes the lattice atoms 

to gain kinetic energy, enabling them to re-arrange, resulting in a reduction in lattice stress. 

Annealing samples over a range of temperatures and in different atmospheres allows us to gain a 

better understanding of the nature of the dopants and defects that are the cause of many optical 

transitions. For semiconductors, annealing will help impart mobility to the constituents to 

improve the crystalline structure. Annealing procedure is controlled by three factors: annealing 

atmosphere, time and temperature [104, 114-118].  

 

In this work, annealing was used to repair the damage after Gd ions were implanted into ZnO. As 

stated above, the composition of the atmosphere during annealing can dramatically change the 

outcome of the procedure. Our samples were annealed in oxygen at 600oC for 90 minutes, in 

order to remove the hydrogen from the crystal and to improve its quality [114, 119, 120]. Using 

annealing to remove hydrogen will simplify our analysis by deconvduting the effects of 

hydrogen which are contested and not fully understood. Examination of the process that is 

occurring in the absence of hydrogen will allow an understanding of the process such that both 

intrinsic defects and later hydrogen can be examined. Immediately after removal from the 

annealing furnace, the Gd:ZnO crystals exhibit a yellow-green fluorescence under room lighting. 

This persists for almost 30 seconds, at which point the crystal cools and returns to its usual 

colourless appearance. PL measurements can be used to monitor improvements in crystalline 

quality upon annealing. Improvements are indicated by the evolution of higher transition 

intensities and narrower peak widths compared to a spectrum of the sample taken before 

annealing. 
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5.3 Photoluminescence Spectroscopy  
 

 The set-up of our PL experiments is shown in Figure 5.7. Predominantly, a 25 mW 

Kimmon helium cadmium (HeCd) 325 nm metal-vapour laser was used as the above band gap 

excitation source. When using the HeCd laser, we placed a specialised notch filter directly after 

the laser output to reduce plasma lines. After the removal of the plasma lines, the excitation 

source was focused on to the sample. The collimated emission was then focused into a Horiba 

Jobin Yvon SPEX1000M spectrometer series II. The emitted luminescence from the sample was 

then focused by lenses with UV transmissivity of > 92% to pass through a sharp edge long-pass 

filter (328 nm). To disperse the emission, a 1200 line holographic grating was installed in the 

spectrometer. The dispersed emission was detected using a cooled Hamamatsu (type R943- 02) 

photo-multiplier tube (PMT). The PMT was cooled by a Peltier device. 

 

To maintain the low temperatures required for efficient emission, the samples were placed inside 

an Oxford Instruments (Optistat CF2) liquid He cryostat. An inbuilt heater allowed for 

temperature control using an Oxford Instruments (mercuryiTC) temperature controller from 4K 

to 300K. In this study, the majority of PL measurements were carried out at 4K unless higher 

temperatures were required such as in the temperature dependence. 

 

The entrance and exit slits on the spectrometer were changed when optimising for the examined 

spectral region such as the near band edge where relatively narrow slit widths of 8 and 10 µm 

were used. The defect region produced less intense emission, so slit widths of 50µm were used. 

After Gd implantation, the intensity was significantly reduced in comparison to the near band 

edge, which necessitated further opining of the slits, depending on which treatment was applied. 

The PL intensity or the PMT signal was recorded using a dual channel photon counter connected 

to LabVIEW software to help plot the PL signal.   

 

In this thesis, quantitative comparisons of the PL spectra of our samples after any treatment such 

as irradiation or annealing is crucial. To accommodate this, a reference sample was mounted 

with the tested samples to correct for day-to-day variation. The PL intensity of each near band 

edge PL spectrum was scaled by equating the intensity of our PL spectra at the energy location 
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surrounded with a wall of steel (20 × 20) cm2 and 10 cm high, and covered with a square slab of 

wax 1 cm thick to ensure that no neutrons escaped to the surrounding area and to minimise 

radiation levels in accordance the radiation safety principle As Low As Reasonably Achievable 

(ALARA) [77]. This setup is shown in Figure 5.10. All irradiated samples were tested with a 

Geiger-Müller (GM) tube to check their radiation levels and the count rate was compared to that 

of the radiation background level. 

 

 

 

5.4.2 Cyclotron 
 

 As part of the preparation procedure for our samples before they sent to CNTS, the mass 

of the individual atomic species being irradiated was calculated as in Table 5.1. Table 5.2 

presents a list of stable isotopes with their abundances and total mass (masses have been rounded 

up in order to be conservative). 

Figure 5. 10: The complete setup of the irradiation with thermal neutrons. 
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Atomic species Derivation Mass Irradiated (mg) 

Zn 80.3% of total 81.1 

O 19.7% of total 19.9 

Gd 5% of Zn in two samples 3.92 

Table 5. 1: The mass of atomic species being irradiated. 
 

Isotope Abundance (%) Mass present (mg) 
64Zn 48.60 39 
66Zn 27.90 23 
67Zn 4.10 3.3. 
68Zn 18.80 16 
70Zn 0.60 0.50 

  81.8 
16O 99.80 20 
17O 0.04 0.01 
18O 0.20 0.04 

  20.05 
152Gd 0.20 0.01 
154Gd 2.20 0.09 
155Gd 14.80 0.59 
156Gd 20.50 0.82 
157Gd 15.70 0.63 
158Gd 24.80 0.99 
160Gd 21.90 0.88 

  4.01 

Table 5. 2: List of stable isotopes with their abundances and total mass present. 

 

The general layout of the cyclotron has already been discussed in the previous chapter. However, 

some details can be added; the gantry setup was isocentric (the point of the intersection of the 

collimator axis and the axis of rotation of the gantry), with a source to subject (sample) distance 
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(SSD) of 150 cm. The neutron beam was directed from the top to the samples with a beam field 

size of 10 × 10 cm2. Our samples were placed at the centre of the neutron beam.  

Before conducting the irradiation, we followed nuclear Physics protocols to predict the number 

of counts of each sample immediately following the irradiation and 24 hours after its completion. 

As our calculations indicated that these samples will be radioactive after the neutron irradiation, 

a GM tube was used to measure the level of the radiation directly after the exposure and once 

again 24 hours after the irradiation time. Based on our calculations, all samples were be secured 

within the facility overnight until the radiation counts dropped to the radiation background level. 

The predicted and measured counts per minute (cpm) values of our samples are in Table 5.3. The 

counts were measured 24 hours after the irradiation time, to confirm that our samples were able 

to be removed from the facility without any radiation risk to users.  

Table 5. 3: The radiation counts per minutes predicted and GM tube measured for each sample after the fast neutron 
irradiation and 24 hours following the irradiation. 

 

The predicted counts per minute show a close agreement with those measured by the GM tube. 

Predicted counts were fall within 3-5% more than the measured value. Predicting these counts 

was important as it gave an indication about of how long these samples required to decay and 

return to the background radiation level. Most importantly they, helped in achieving health and 

safety radiation standards and allowed us to establish safe handling protocols for the experiment.   

Sample 

material 

Time of 

irradiation 

Calculated 

counts 

after 

irradiation

GM tube 

counts 

after 

irradiation

Calculated 

counts 

after 

24hours 

GM tube 

counts 

after 

24hours 

Radiation 

background 

of 1st & 2nd 

day 

Pure ZnO 2 minutes 1620cpm 1560 cpm 23cpm 19 cpm 

18-22 cpm 

Pure ZnO 5 minutes 3320cpm 3620 cpm 21cpm 20 cpm 

Pure ZnO 10 minutes 5221cpm 4950cpm 29cpm 26cpm 

Gd:ZnO 2 minutes 2085cpm 2020 cpm 25cpm 20 cpm 

Gd:ZnO 5 minutes 5630cpm 5460 cpm 26cpm 21 cpm 
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intensity ratios. None of the Gd concentration samples show any Gd related DoX complexes. In 

addition to the reduction in PL intensity, it is obvious that the ZnO single crystal bulk exciton 

lines are still present and can be identified after the implantation. As the implanted atoms were 

Gd, not Ga, the increased intensity of the I8 exciton line was unexpected. One theory to explain it 

was the size of the Gd ions: being quite large, it was hypothesized that a Gd ion incident on the 

Zn-polar face would be capable of displacing Zn atoms, forming vacancies. The fact that Ga is a 

donor and present on the Zn-polar face indicates that some in the Ga atoms mobilised to fill these 

vacancies, which showed up in the PL emission spectrum as an increase of the PL intensity of 

the Ga exciton line. After annealing under the same conditions (600oC, 90 minutes in O2 

atmosphere), the visible emission of the Gd:ZnO crystal bulk shifted to orange. The visible 

emission changed from green in the pure zinc oxide crystal to non-visible after implantation in 

both the single crystal bulk and the thin MBE film. Gd may have moved onto the vacant oxygen 

sites, quenching the green VO-related luminescence but not due to annealing in O2. This emission 

shift is related to the existence of Gd in the crystal bulk. For the MBE film, the non-visible 

emission remained, even after the O2 annealing which could be related to the Gd occupying the 

oxygen vacancies and stopping the orange shift from happening. The orange luminescence 

intensity and the Gd concentration have no correlation. Between the crystal bulk and thin MBE 

film of Gd:ZnO, the disturbance of the surface was not the same. In the crystal bulk, Gd caused 

just the expected roughness to the surface, where in the MBE film it caused significant 

disturbance by making different sized holes of various depth, all over the surface and almost to 

the substrate. 

Chapter 4 introduced thermal and fast neutrons as ionising radiation particles used to test the 

ZnO radiation hardness. The theory of the neutron irradiation was designed based on neutrons 

having no electrical charges: they are not affected by the electrical field of the atoms. This will 

allow them to penetrate through material with no interaction. With the thermal neutrons, both 

polar faces Zn and O of the raw ZnO single crystal bulk Tokyo Denpa and MTI were exposed to 

an 241Am-Be neutron source. A series of samples has been tested to build a better understanding 

of the nuclear reaction that occurs and link it with the time required to register any optical 

change. The Zn atom has six isotopes and the most interesting isotopes that link to the NBE PL 

spectra of the ZnO single crystal bulk are Zn and Zn . Both Zn and Zn  isotopes after the 

thermal neutron irradiation transmute into Ga and Ga , respectively. Ga is represented by one 
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of the excitonic lines (I8 = 3.35984 eV) in the NBE of the raw ZnO single crystal bulk. Based on 

the half-life of each of these Zn isotopes, irradiation length should play a core role in whether the 

transmutation process will occur to a sufficient degree to be recognised by PL. Therefore, 

investigating the length of radiation and the transmutation rate on Zn and O-polar faces of TD 

and MTI samples revealed a variety of results: The length of irradiation time required to register 

the first increase in the PL intensity of I8 exciton line was 12 days of continuous irradiation. This 

increase continued to rise as the sample continued to be exposed to the neutron radiation. 

However, this optical change occurred only on the Zn-polar face of the irradiated samples and 

was never noticed in the O-polar face, regardless of the irradiation time. This increase of I8 

exciton line PL intensity for the irradiated sample confirms the transmutation of 69Zn to 69Ga. 

The irradiated O-polar face shows no optical changes at any region of the ZnO PL spectrum. 

Even though we call it the O-polar face, there are still Zn atoms located in the O-face. The lack 

of change in the O-polar face continued regardless of the irradiation length. 

 

Because Gd has the advantage of being the element of highest capturing cross section for thermal 

neutrons, the ZnO bulk implanted with Gd did not require a very long irradiation time. 90 hours 

of irradiation was enough to deposit enough energy the crystal lattices due to Gd interaction with 

the slow neutrons. Unexpectedly, after irradiating the un-annealed Gd:ZnO crystal, the PL 

spectra show a significant improvement in line width nearly to the narrowness of lines in a 

reference sample and general increase in the PL intensity but mainly at DoX region. 

  

We exposed the Zn- and O-polar faces to fast neutrons generated using a cyclotron for irradiation 

times of 2, 5 and 10 minutes, under the impression that the highly energetic neutrons would be 

easily capable of reaching the other face of the crystal. The reproducibility of the same results 

from the Zn-polar face but with higher PL intensity of I8 exciton line compared to the increase 

due to the thermal neutrons due to the transmutation was a confirmation of the ability of neutrons 

to change the optical properties on the Zn-polar face of ZnO crystal bulk.  

 

Irradiating the O-polar face yielded surprising results, once again showing no changes in the 

optical properties, which also confirms the results of the slow neutron irradiation of the O-polar 

face. The lack of change in the O-polar face could be related to different factors, such as the 



Chapter 6: Conclusion 
 

133 | P a g e  
 

existence of the hydrogen layer on the surface of the O-polar face, which could cause some 

deflection of the neutrons. We could also claim that the nuclear reaction between the Zn-atoms 

and neutrons did occur, but the exciton was not binding and that is why we could not see the 

change. Additionally, it was assumed that fast neutrons would be able to penetrate the sample 

and this would help change both faces. Unexpectedly, the opposite face to the irradiated one 

showed no change either. 

  

In addition to applying the direct irradiation to both polar faces of the ZnO crystal bulk with the 

fast neutrons, an additional crystal was exposed at an angle (30o) from the horizontal positioned 

with the O-polar face up. The PL spectra of both faces confirm the transmutation of the 69Zn into 
69Ga by the increase of the PL intensity of the I8 exciton line. This experiment shows that 

avoiding irradiating the surface of the O-polar face directly helps cause the optical change in 

both faces of the ZnO crystal bulk. 

 

With the un-annealed Gd:ZnO crystal samples, the effect of fast neutron irradiation was 

completely different to the effect of slow neutrons on un-annealed Gd:ZnO crystal bulk. The PL 

spectrum of different samples, regardless of irradiation, time shows no changes compared to the 

PL spectrum after implantation. This could be the result of a few different factors: Gd is known 

to have a high capturing cross section for thermal neutrons; the irradiation time was not 

sufficient to deposit enough Q-energy into the lattices; and this could be also due to the low 

percentage of Gd (5.0%).  

 

The molecular beam epitaxy (MBE) thin films were neutron irradiated after being implanted 

with Gd. After implantation, two films were irradiated by slow neutrons for different lengths of 

time; 1 day and 7 days. The 1 day irradiated film showed no changes in the PL spectrum after 

irradiation compared to after implantation. This could be due to the low Gd concentration 

(5.0%), the short time of irradiation or could be related to the fact that our MBE films are O-

polar growth.  

The 7 days irradiated film presented a better PL spectrum signal as the intensity increased 

dramatically compared to the reference film and the 1 day irradiated film. Therefore, the longer 

irradiation time increase the chances of depositing more of the Q-energy to heal the lattices after 
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the implantation damage. The other optical change noticed after 7 days of irradiation was the 

appearance of the electron-acceptor transitions region (e, Ao) at 3.31 eV, which was registered at 

4K temperature. This could be related to the Gd implantation and the surface disruption.  

 

Overall, zinc oxide is a radiation hard material within a limit, depending on the type of ionising 

radiation being used. Changing the optical properties of the zinc oxide crystal bulk is possible 

given a few conditions are met. The correct polar face must be irradiated, a sufficient irradiation 

time must be employed for the effect of the nuclear reaction to be observed, and, optimally, the 

crystal should be placed at an angle to the incident neutron beam. 

 

 

6.1 Future Work 
 

The results we achieved from this research are interesting, but this only the tip of the 

iceberg as there is more investigation needed to be undertaken to complete the picture and 

understand the non-optical changes occurring in the ZnO crystal bulk. Future work can be 

classified based on the type of neutron irradiation we are using. 

 

 Slow neutron irradiation: 

 

 Place a ZnO crystal bulk on top of the wax in an angle to the incident neutron beam 

direction for more than 12 days. 

 

 To investigate the effect of the hydrogen layer on the interaction between the Zn-atoms 

located on the O-polar face and neutron beam, use a modified O-polar face surface ZnO 

crystal bulk with no hydrogen and expose it to the neutron beam in two positions: 

perpendicular and an angle to the incident neutron beam.  

 

 Use a different semiconductor material, such as GaN because it has similar crystal 

structure to ZnO and find what changes could neutron irradiation cause to the PL 

spectrum. 
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 Fast neutron irradiation: 

 

 Place a group of ZnO crystal bulk at different angles to the neutron irradiation beam, for 

example 20o, 40o and 60o, to study the relationship of the PL intensity change of each 

polar face of ZnO to the angle. 

 

  To investigate the effect of the hydrogen layer induced by interactions between the Zn-

atoms located on the O-polar face and neutron beam, use a modified O-polar face surface 

ZnO crystal bulk with no hydrogen and expose it to the neutron beam in two positions: 

perpendicular and an angle to the incident neutron beam.  

 

 Use different semiconductor material, such as GaN because it has similar crystal structure 

to ZnO and find what changes could neutron irradiation cause to the PL spectrum. 

 
 Use different ZnO crystal bulk growth in a different technique, such as Cermet. 
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A.1 Background 
 

In 1985, Rontgen discovered a new invisible and penetrating radiation, named x-rays. 

Researchers immediately started searching for a material that was able to convert x-rays to 

visible light. CaWO4 powder was introduced as phosphor material employed for converting the 

x-rays into visible light in order to observe their effects [75, 121, 122, 124]. Also, CaWO4 

consider to be the first scintillator to be discovered 1900 [126]. One year after the discovery of x-

rays, natural radiation (spontaneously released high-energy radiation) of uranium was discovered 

by Becquerel and was followed by Curie’s work in the same field. This type of radiation, known 

as gamma rays, was found to have an energy higher than that of x-rays [122]. 

 

Among the various methods of detecting gamma radiation, scintillator based detectors have been 

widely employed. Scintillators are one of the oldest types of radiation detector because 

measurements could be made with a photographic film. Figures could be collected or intensity 

measurements could be made. Nowadays the light output is converted into voltage pulses that are 

processed in the same way as pulses from devices like proportional counters and semiconductor 

detectors. 

The whole point of scintillation detectors is to produce a large light output in the visible range 

[123]. The history of single crystal scintillators begins near the end of the 1940s with NaI:Tl and 

CsI:Tl scintillators. Also, in the literature, the use of the ionised lanthanide Ln3+ doped materials 

has been explored due to the fast decay time or the fast response of the 5d-4f radiative transition 

of Ln3+ centres  [122, 123].  

 

A.1.1 Fundamentals 
 

The scintillation mechanism depends on the structure of the crystal lattice. In a pure 

inorganic crystal lattice such as ZnO, electrons are only allowed to occupy selected energy 

bands. The forbidden band or band gap is the range of energies in which electrons can never be 

found in a pure crystal. In the pure crystal, absorption of energy can elevate electrons from the 

valence band to the conduction band leaving a hole in the valence band. However, the return of 

an electron to the valence band with an emission of a photon is an efficient process. Small 
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A.2 ZnO Base Scintillator for Detecting Ionising Radiation 
 

Radiation resistance of materials considers mainly the performance changes and 

instabilities due to the induced energy absorption resulting from material irradiation and creation 

of colour centres. In some applications, such as manufacturing components for use in space, it is 

important to have a radiation resistant material. ZnO based devices maybe much more resistant 

to radiation damage than devices based on other common semiconductor materials such as GaAs 

and GaN. This resistance to radiation, in addition to the well-known optical properties mentioned 

in chapter 2, make ZnO a strong candidate for such applications. 

 
A.2.1 Detecting Gamma Rays 

 Gamma rays, denoted by the Greek letter γ, refers to electromagnetic radiation with a 

high frequency, and therefore high energy per photon. Gamma rays are classified as ionising 

radiation. They are classically produced in the disintegration of radioactive atomic nuclei and in 

the decay of certain subatomic particles [107]. Rutherford also noted that gamma rays are not 

deflected by either electric or magnetic fields, another property making them unlike alpha and 

beta rays. Gamma rays were first thought to be particles with a mass, like alpha and beta rays. 

Rutherford initially believed that they might be extremely fast beta particles, but their failure to 

be deflected by a magnetic field indicated they had no charge [130]. Gamma rays typically have 

frequencies above 10 exahertz (or >1019 Hz) and therefore have energies above 100 keV and 

wavelengths less than 10 picometers (less than the diameter of an atom) [77, 78, 107].  

The idea of using a ZnO single crystal bulk based scintillator for detecting γ-rays is investigated 

by studying the optical changes of the ZnO PL spectrum after irradiating the scintillator with a γ-

source. Existing knowledge of PL spectrum of ZnO single crystals, in addition to knowledge of 

the actual elements involved in the growth process of the ZnO, were used as an advantage to 

identify any optical changes to the scintillator after irradiation. For this work the γ-source used 

was Cesium-137 (137Cs). It was provided by the Nuclear Medicine Department, Christchurch 

Hospital, New Zealand. In 1983 (the year of manufacture) was 0.22 mCi which means by 

following the activity calculations, this source had 0.21mCi activity on the date that it was used 

(August 2013).   
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A =Ao  
 

A is the activity and it is expressed as the number of disintegrations per unit time, 

Ao is the initial activity, 

λ is transformation or decay constant, 

t  time (in days) since the initial activity was measured, and 

T1/2 is the half-life of the radioactive source (137Cs = 30.17 years). 
 

137Cs emits γ-rays of energy 0.662MeV. Figure A.5 presents the decay scheme of 137Cs 

transmuting to 137Ba β- emission, where 93.5% of the disintegrations are followed by γ-ray 

emission from the 137Ba metastable state. The β particles and the low-energy x-rays will be 

absorbed by the stainless steel container which contains the process. Thus, the clinical source is a 

pure γ-ray emitter [78].  

 

Figure A. 5: The decay scheme of the 137Cs isotope [142]. 
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It is important to state our handling procedure of the gamma-source. We followed the health and 

safety procedure of the Nuclear Medicine Department at Christchurch Hospital, where a Medical 

Physics and Bioengineering (MPBE) staff member who holds the licenses that cover radioactive 

material are permitted to use sealed sources. For this thesis, the exposure with the gamma-ray 

source occurred at the hospital. 

 

In this study, two samples (pure ZnO single crystal bulk and Gd:ZnO crystal bulk with 5.0% Gd 

concentration) were exposed to gamma-rays from the 137Cs source. The surface of both samples 

was oriented perpendicular to the crystalline c-axis; thus the irradiating gamma-rays could be 

directed onto the Zn-polar face. The irradiation was performed at room temperature with the 

samples being placed 5cm away from the gamma-source for an irradiation time of 2 hours. 

Normally, when a gamma-ray enters the crystal it will interact with the atoms of the material 

with a high chance of generating one or more secondary electrons because of the high kinetic 

energy. These secondary electrons, which could be generated due to the scattering of the ejected 

electron, can excite other electrons with lower energy as they move through the material. The 

theory behind implanting Gd into the ZnO was that the Gd will work as an activator, creating 

electron orbitals between the conduction band (CB) and the valance band (VB) of the ZnO. An 

external factor such as ionising radiation is required to generate enough energy for the electrons 

in the VB and the ground state level of the activation centre to move and fill the CB and the 

excited energy levels of the activation centre. Such energy could be provided by gamma rays. 

 

After the gamma ray irradiation of the two samples, both were placed inside the cryostat to 

investigate their PL spectra. The result was compared with spectra taken prior to the gamma-ray 

irradiation to find if there was any optical change in the PL spectrum related to the gamma-ray 

irradiation. Figure A.5 and A.6 shows the PL spectra of the pure ZnO single crystal and the 

Gd:ZnO crystal bulk respectively, before and after gamma-ray exposure. 
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A. Pure ZnO single crystal bulk 

 

Figure A. 6: The PL spectra at 4K of pure ZnO single crystal bulk before and after the gamma-ray irradiation. 

 

The PL spectra in Figure A.6 make it very clear that the gamma-rays have not resulted in an 

optical change of the pure ZnO single crystal bulk. The two PL spectra of the pure ZnO crystal 

reference sample and the pure ZnO crystal irradiated sample are exactly the same as it the sample 

was never exposed to any ionising radiation. The above spectra show absolutely that gamma rays 

have no effect on ZnO under the conditions of the first gamma radiation. The time of irradiation 

was potentially not long enough (2 hours) for the gamma-rays to interact with the ZnO atoms and 

cause any observable changes. Additionally, it could be that the gamma-source activity of 

0.021mCi was not sufficient. To test the time factor and the activity of the ionising radiation 

source, the experiment was repeated with an irradiation time of 48 hours and, a more active 

gamma-source (241Am with 1-1.6 GBq activity). The PL spectrum after the longer gamma-ray 

irradiation shows no changes compared to the reference sample. This reinforces initial 

hypothesis that ZnO is very resistant to ionising radiation. However, to be sure the defect band 

(DB) of the irradiated ZnO crystal bulk (as shown in Figure A.7) was examined to check whether 
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any PL changes in the visible region were induced by the gamma irradiation. It was clear that 

there was no change at any energy level for the DB region. 

 

 

Figure A. 7: The defect band of the ZnO crystal bulk before and after gamma irradiation. 

 

From a health and radiation safety perspective the sample was tested with a Geiger-Müller 

counter to check that the atoms of the sample had not been activated to an unsafe degree by the 

energy imparted by the gamma rays. To this end, the activity of the sample was compared to 

background radiation levels. These tests always indicated that irradiated sample radiation levels 

were below the background level, indicating that no activation had occurred, and the samples 

were safe to transport. 

 

B. ZnO implanted with Gd (Gd:ZnO) 

Figure A.8 illustrates the results of irradiating Gd:ZnO with gamma-rays following the same 

procedure as for the pure ZnO single crystal, and collecting the same PL spectra of the Gd:ZnO 

after increasing the irradiation time and changing the gamma-source. The PL spectrum of 
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Gd:ZnO after irradiation was unchanged from the reference spectrum. This was true for both 

irradiation trials: short irradiation with a low activity source and long irradiation with a high 

activity source shows no change compared to the PL spectra before the gamma-irradiation. 

 

 

Figure A. 8: The PL spectra at 4K of Gd:ZnO crystal bulk before and after the γ- ray irradiation compared to the 
pure ZnO single crystal reference. 

 

This result reinforces the idea of the ZnO being a radiation hard material. Also, it appears that 

the presence of Gd does not increase the probability of gamma-rays interacting with the material, 

indicating that it is not working as an activator. The same health and radiation safety protocol 

was followed with the Gd:ZnO crystal after the gamma irradiation, and the crystal radiation level 

was consistently found to be below the background radiation level. 
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A.2.2 Detecting Beams of Electrons 

High energy electrons are commonly used for different purposes such as radiation 

therapy treatment or irradiating materials, such as ZnO and Gd:ZnO to study the changes that 

occur in the material due to the electron irradiation. For example, one can study changes in the 

defect band or the near band edge (NBE). Generally, and in this study, electrons beams are 

extracted from linear accelerators (Linacs), which produce electrons of energies from 

approximately 4MeV up to 20MeV. Some other studies use Van de Graaf generators with 

0.2MeV up to 2MeV. 

In the literature, different techniques were described for the irradiation of ZnO single crystal bulk 

with an electron beam. For example different studies have applied Van de Graaf generators and 

Linacs with different electrons beams energies to study the relation between the PL intensity and 

the dose delivered or to produce a shallow donor in the ZnO [19, 43, 131-134]. Our group is 

interested in investigating the ability of an electron beam to cause optical changes in the PL 

spectrum of ZnO single crystal bulk or Gd:ZnO crystals. The summary of the different trials with 

the electron beam irradiation is shown in Table A.1. 

 

Energy Source to Surface 

Distance (SSD) 

Electrons field size Time of irradiation 

9, 12, 15 MeV 100 cm 3×3 cm2 10-20 minutes 

Table A. 1: The variety of the electron beam energies from the linac used to irradiate the ZnO single crystal and the 
Gd:ZnO crystal. 

Table A.1 shows the different energies used to bombard the crystals. Also, the irradiation time 

was varied to allow more time for electrons to interact with the atoms and to deliver a greater 

dose to the crystals. The smallest available filed size was chosen in order to narrow the electron 

beam and to focus the electrons on the crystals. After each electron exposure, both crystals were 

checked to see if there is any change from the known PL spectrum of the ZnO single crystal 
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bulk. Unfortunately, the PL spectra of both crystals show no change, as if the crystal was never 

exposed to any radiation. The PL spectra for both crystals were similar to the PL spectra in 

Figure A.6 and A.8 for the pure ZnO single crystal and the Gd:ZnO crystal, respectively. The 

defect band (DB) region was also studied to check whether the electron irradiation caused a shift 

in emission colour which was not visibly noticeable. Figure A.8 illustrates the defect band of 

both the irradiated crystal and the reference sample for comparison. The DB spectrum of the 

ZnO single crystal after irradiation shows no shift in energy compared with the DB spectrum 

before any irradiation (the reference sample).  The broad emission in the 2.2-2.4 eV region 

shows green visible light which is the colour visible in the emission of the pure ZnO crystal 

before and after the gamma-ray/electron beam irradiation. The same region in the Gd:ZnO 

crystal shifted to an orange colour which is the normal colour of the Gd:ZnO crystal after 

annealing as discussed in Chapter 2, but there was no colour change after exposure to the 

gamma-ray/electron beam.   

The result once again shows that the ZnO single crystal bulk is a radiation hard material. We 

contacted one of the authors of reference [62] “Defect studies in electron-irradiated ZnO and 

GaN” F. Tuomisto and been asked about the reason for choosing the Van de Graaf accelerator as 

the electron beam source, which is well known as a source of low-energy electron beam ≤ 

2MeV, and what could happen if higher energy been used? Tuomisto is answer was “Going 

above 2 MeV will only bring you about 30% higher defect production rate for Zn sublattice 

damage (it saturates at about 4.5 MeV), for O sublattice damage it saturates already at around 

1.5 MeV.”  

From the answer, the decision was to try the measurement but to instead use the 4MeV electron 

beam from the Linacs as it is the lowest energy that can be produced. Both crystals were exposed 

to the electron beam for 20 minutes on the; the Zn-polar face. The irradiation was followed with 

an examination of the PL emission spectra of both the NBE and the DB regions acquired at 4K. 

The PL emission of both crystals showed no difference from Figure A.9 after exposure to 

15MeV.  
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Using different electron energies to irradiate the crystals with different a irradiation time did not 

show the expected change mentioned in the literature. This study results could be different due to 

the experimental procedure that was followed such as: the electron source, the irradiation was 

done at room temperature, not in vacuuming or water to cool the sample as the literature states. 

The other reason that can be considered is that the main treatment application of Linacs is for 

superficial tumours. Penetration depths are based on tissue-equivalent materials, and as neither 

one of the two crystals, ZnO or Gd:ZnO, are tissue equivalent materials, electrons may not be 

interacting sufficiently with the crystals. 
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Figure A. 9: The PL spectra of the DB of the 15 MeV electron irradiation sample, compared with the pure ZnO 
crystal and Gd:ZnO crystal. 
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A.3 CONCLUSION 
 

Beside irradiating the ZnO and Gd:ZnO crystal bulk by slow and fast neutrons, gamma 

ray sources of activities 0.21mCi and 0.027Ci and electrons beams from 4-15MeV were used to 

irradiate these types of crystal bulk samples to investigate the effect of different types of ionising 

radiation on crystal bulk optical properties. The irradiation procedure was conducted at room 

temperature, but the irradiation time was varying between 2 hours and 2days for gamma ray and 

from 10 to 20 minutes for the electron beam. 

The results from this section did not match those from neutron irradiation experiments. Neither 

gamma nor electron beams produced any optical effect on either pure ZnO or Gd:ZnO crystal 

bulk, regardless of irradiation time. The Gd:ZnO trial indicated that Gd did not function as an 

activator inside the bandgap of ZnO. Finally, no interactions between the ionising radiation and 

any of the constituent atoms (Zn, O or Gd) were observed. 
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