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Résumé

Les défauts ponctuels affectent fortement les propriétés électroniques et optiques des semi-

conducteurs : une meilleure compréhension de l’impact de ces défauts sur les performances des

dispositifs basés sur ces matériaux est donc d’un grand intérêt technologique. Ces dernières an-

nées, il a été démontré que les défauts ponctuels possédaient des propriétés intéressantes pour

les applications liées à l’informatique, à la détection et à la communication quantiques. Les

défauts ponctuels dans l’AlN ont récemment attiré une attention considérable en raison de leur

capacité à agir comme qubit pour les applications quantiques. En effet, les lacunes d’azote

chargées négativement, les paires d’impuretés du groupe IV (Ge, Sn, Ti et Zr) et, plus récem-

ment, les paires ions métalliques-lacunes (Y, La, Zr et Hf) dans l’AlN, ont été théoriquement

signalées comme des candidats prometteurs pour les qubits.

Cette thèse présente le résultat de l’étude de divers nouveaux défauts ponctuels dans l’AlN

pour des applications en technologie quantique. L’objectif principal de ce projet exploratoire

est de déterminer l’influence de différentes espèces d’implantation et de différentes conditions

de recuit thermique sur la création de défauts ponctuels dans l’AlN. Deux types de films d’AlN

sont étudiés dans cette thèse, à savoir l’AlN en couche mince épitaxié sur un substrat de saphir

et une couche d’AlN mince polycristallin déposé par pulvérisation cathodique sur un substrat

de silicium hautement dopé.

Tout d’abord, nous avons étudié la formation de défauts dans les films d’AlN (sur le substrat de

saphir), soumis à l’implantation soit d’ions d’hydrogène ou soit d’ions de titane à haute énergie,

suivie d’un recuit thermique sous une sous atmosphère d’argon à différentes températures.

La diffraction des rayons X et la spectroscopie Raman montrent que les espèces d’ions et le

processus d’implantation peuvent modifier la quantité de déformation locale dans les films

d’AlN. La spectroscopie de résonance de spin électronique révèle des pics de résonance avec

une valeur de g supérieure à celle d’un électron libre (2,0023) pour les films d’AlN implantés

(H ou Ti) après un recuit de 1 heure à 1050 ◦C . L’origine de ces pics est attribuée à différents

types de défauts ponctuels. Pour le film implanté Ti-, en plus du pic central, un pic de résonance

à la demie valeur du champ magnétique a été détecté et attribué à un triplet de spin (S=1) qui

pourrait être intéressant pour des applications quantiques.

Les propriétés optiques des défauts dans les films AlN implantés en H et en Ti ont été étudiées

à l’aide d’un configuration de photoluminescence conventionnelle via une excitation à 532 nm

et à 266 nm. En raison du niveau élevé du signal de fond qui provient très probablement du

substrat de saphir, nous n’avons pas pu détecter de signal de luminescence en provenance de



défauts ponctuels isolés dans l’AlN. Nous avons donc décidé de concentrer le reste de nos études

à des films d’AlN sur un substrat de silicium fortement dopé.

Ces films substrat de silicium ont été implantés avec des ions hydrogène, titane, zirconium, et

hafnium. Afin de réparer partiellement les dommages structurels causés par le bombardement

ionique, les échantillons implantés ont été recuits à différentes températures et sous différentes

atmosphères, notamment de l’argon, l’azote et le gaz mélange (désigné forming gaz en anglais

avec l’acronyme (FG, 95 % d’azote+ 5 % d’hydrogène). Nos résultats montrent que les spectres

de photoluminescence de la plupart des échantillons recuits et du film d’AlN sont très similaires

ce qui montre qu’aucun nouveau défaut n’a été introduit dans l’AlN. La seule exception concerne

les films AlN implantés de Zr.

Pour les films d’AlN soumis à l’implantation d’ions Zr à haute énergie, des mesures de diffrac-

tion des rayons X, de spectroscopie Raman, de microscopie électronique à balayage et de mi-

croscopie à force atomique montrent que les propriétés structurelles et morphologiques des

films AlN implantés au Zr dépendent de l’environnement gazeux du recuit thermique. Le re-

cuit post-implantation sous atmosphère d’argon donne une rugosité de surface la plus faible

avec une taille de grain accrue tandis que les échantillons recuits sous atmosphère de FG ont

montré un niveau élevé de récupération des dommages et la plus faible quantité d’oxygène en

proximité de la surface. La spectroscopie de photoluminescence a révélé de multiples défauts

ponctuels et des bandes d’émission liées aux complexes de défauts dans la gamme visible. Une

série de bandes d’absorption a été observées en utilisant la spectroscopie d’excitation par photo-

luminescence. En comparaison avec le film d’AlN tel que déposé, de nouveaux pics d’émission

et d’absorption à 1.7 eV (730 nm) et 2.6 eV (466 nm), respectivement, ont été identifiés et

attribués aux complexes de défauts (Z rAl − VN )0.

Afin d’étudier l’émission de ces complexes de défauts (Z rAl − VN )0, nous avons conçu un mon-

tage micro-PL au sein de notre équipe de recherche. En utilisant ce montage, les propriétés

optiques des émetteurs dans les films d’AlN implantés en Zr ont été étudiées. Le but de cette

étude était d’examiner le potentiel de ces défauts ponctuels pour des applications aux sources

de photons uniques. Par conséquent, nous avons choisi les échantillons qui ont été recuits sous

atmosphère de gaz mélange FG en raison de leurs faibles dommages structurels et du faible

niveau d’oxygène présent en surface. Nos résultats révèlent des points brillants de taille mi-

crométrique avec une raie fine sans phonon (ZPL) à 4 K autour de 685.5 nm (1.808 eV) et

une bande latérale phononique de plus faible énergie visible autour de 700 nm. Sur la base de

nos études précédentes, ces raies sont attribuées aux complexes (Z rAl −VN )0. Nos résultats ont

montré un facteur de Debye-Waller relativement élevé autour de 18,5% à 4K, ce qui pourrait

être intéressant pour les applications quantiques à photons uniques. Cependant, pour étudier
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le potentiel de ces défauts en tant qu’émetteurs de photons uniques, une mesure d’antibunching

g(2)(τ) est fortement recommandée.

Nos recherches sur les films d’AlN implantés avec Hf et Ti n’ont pas révélé l’apparition de nou-

veaux pics de PL. De plus, aucun signal ESR n’a été détecté dans ces échantillons. Ce manque

de signal pourrait être attribué à la température de recuit relativement basse utilisée dans notre

étude, qui pourrait ne pas avoir été suffisante pour permettre une récupération complète des

films d’AlN endommagés par l’implantation. La structure cristalline différente du film d’AlN

pourrait également avoir joué un rôle dans l’absence de signal ESR. De plus, la faible concen-

tration de défauts paramagnétiques présents dans les échantillons pourrait également avoir

contribué à l’absence de signal.

Il est important de noter que notre étude n’a pas totalement exclu la possibilité d’apparition

de pics de PL ou de signaux ESR avec des températures de recuit plus élevées ou différents

paramètres d’implantation. Des investigations supplémentaires sur les effets de la variation de

ces paramètres sur les propriétés des films d’AlN implantés avec Hf et Ti pourraient fournir des

informations précieuses sur le comportement de ces matériaux dans différentes conditions.

D’un point de vue général, les résultats de la présente étude montrent que l’ingénierie des

défauts ponctuels dans l’AlN est intéressante pour les applications quantiques ainsi que pour

le développement de matériaux optoélectroniques. Des améliorations doivent encore être ap-

portées à ces procédés afin d’augmenter la densité de ces défauts ponctuels, tout en minimisant

la présence d’agrégats de défauts et l’apparition d’un fort niveau de signal de PL large-bande.
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ABSTRACT

Point defects strongly affect the electronic and optical properties of semiconductors: a better

understanding of the impact of these defects on the performance of devices based on these

materials is therefore of great technological interest. Over recent years, point defects have

been shown to possess properties of interest for applications related to quantum computing,

sensing, and communication. Point defects in AlN recently attracted considerable attention

due to their ability to act as a qubit for quantum applications. Indeed, negatively charged

nitrogen vacancies, group IV impurity (Ge, Sn, Ti, and Zr)–vacancy pairs, and, more recently,

large metal ion (Y, La, Zr, and Hf )–vacancy pairs in AlN, have been theoretically reported as

promising qubit candidates.

This thesis presents the result of the study of various new point defects in AlN for quantum

technology applications. The main goal of this exploratory project is to determine the influence

of different implantation species and different thermal annealing conditions on the creation of

point defects in AlN. Two types of AlN films were studied in this thesis, namely, single crystal

AlN on the sapphire substrate and polycrystalline AlN layer on a highly-doped silicon substrate.

First, we studied the formation of defects in AlN films (on the sapphire substrate), subjected

to high-energy hydrogen and titanium ion implantation followed by thermal annealing under

argon atmosphere at different temperatures. X-ray diffraction and Raman spectroscopy show

that ion species and the implantation process could alter the amount of local strain in AlN films.

Electron spin resonance spectroscopy reveals resonance peaks with g-value higher than that one

of a free electron (2.0023) for both H-implanted and Ti-implanted AlN films after annealing for

1h at 1050 ◦C . The origin of these peaks is attributed to different types of point defects. For the

Ti-implanted film, in addition to the central peak, a half-field resonance peak has been detected

and assigned to spin-triplet (S=1), which might be interesting for quantum applications.

The optical properties of defects in H-implanted and Ti-implanted AlN films were studied using

a conventional PL setup exciting at 532 nm and 266 nm. It should be noted that the PL studies

of the samples revealed a broad background, which could be associated with the sapphire

substrate. This broad peak could potentially mask the PL peaks originating from point defects

in AlN. Therefore, our subsequent studies will focus on the AlN films grown on highly doped Si

substrates. Consequently, we have not examined the effects of Zr and Hf implantation on these

AlN films.



AlN on the silicon substrate films were implanted with hydrogen, titanium, zirconium, and

Hafnium ions. To partially repair the structural damage caused by ion bombardment, the im-

planted samples were annealed at different temperatures and under different atmospheres in-

cluding argon, nitrogen, and forming gas (FG, 95 % nitrogen + 5 % hydrogen). Our results

show that the photoluminescence spectra of most of the annealed samples and the as-grown

AlN films are very similar, which demonstrates that no new defects were introduced in AlN.

The only exception was the Zr-implanted AlN films.

For the AlN films subjected to high-energy Zr ion implantation, the X-ray diffraction, Raman

spectroscopy, scanning electron microscopy, and atomic force microscopy measurements show

that the structural and morphological properties of the Zr-implanted AlN films depend on the

annealing gaseous environment. Post-implantation annealing under argon atmosphere yields

the lowest structured surface roughness with increased grain size while the samples annealed

under the forming gas atmosphere showed a high level of damage recovery and the lowest

amount of oxygen in close proximity to the surface. Photoluminescence spectroscopy revealed

multiple point defects and defect complexes related to emission bands in the visible range. A se-

ries of absorption bands have been observed using photoluminescence excitation spectroscopy.

Compare to as-deposited AlN film, new emission and absorption peaks at 1.7 eV (730 nm) and

2.6 eV (466 nm), respectively, have been identified and attributed to the (Z rAl − VN )0 defect

complexes.

To study the emission from (Z rAl−VN )0 defect complexes, we designed a micro-PL setup whitin

our research team. Using this setup, the optical properties of the emitters in Zr-implanted

AlN films were studied. The study aimed to investigate the potential of these point defects for

single photon emitter, applications. Hence, we chose the samples annealed under forming gas

atmosphere due to their lower structural damage and the lowest level of oxygen at the surface.

Our results reveal micrometer-sized bright spots with ZPL at 4 K at 685.5 nm (1.808 eV) and a

lower energy phonon sideband around 700 nm. Based on our previous studies these spots are

assigned to the (Z rAl−VN )0 defect complexes. Our results showed a relatively high Debye-Waller

factor of around 18.5% at 4K, which might be interesting for quantum single-photon source

applications. However, to investigate the potential of these defects as single-photon emitters

an antibunching g(2)(τ) measurement is highly recommended.

Our investigations into Hf and Ti-implanted AlN films on highly doped Si, did not reveal the

emergence of any new PL peaks. Additionally, no ESR signal was detected in these samples.

This lack of signal could be attributed to the relatively low annealing temperature employed in

our study, which may not have been sufficient to facilitate the complete recovery of the AlN films

from the damage caused by implantation. The different crystal structures of the AlN film may
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have also played a role in the absence of an ESR signal. Furthermore, the low concentration of

paramagnetic defects present in the samples could have also contributed to the lack of signal.

It is important to note that our study did not entirely rule out the possibility of PL peaks or ESR

signals appearing with higher annealing temperatures or different implantation parameters.

Further investigation into the effects of varying these parameters on the properties of Hf and

Ti-implanted AlN films could provide valuable insights into the behavior of these materials

under different conditions.

Taken as a whole, the findings of this study underscore the importance of manipulating point

defects in AlN for the purpose of advancing quantum applications and the development of op-

toelectronic materials. However, further refinements are necessary to enhance the density of

these point defects, while concurrently minimizing the incidence of defect clusters and the oc-

currence of a high broadband PL signal level. Such improvements will be vital in ensuring the

optimal performance of AlN-based devices for various applications, including sensing, photon-

ics, and quantum information processing.
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INTRODUCTION

Over the past few decades, spin defects in wide-band materials have garnered significant atten-

tion for their use in quantum technology. In materials science, a spin defect refers to a type of

defect in a crystal lattice that involves an unpaired electron with a spin. This unpaired electron

creates a localized magnetic moment that can affect the properties of the material.

One particular single-spin center that has emerged as a prime candidate for a solid-state qubit

is the charged nitrogen-vacancy (NV−) defect in diamond. This defect is formed by a nitrogen

substitutional impurity (NC) located adjacent to a carbon vacancy (VC) and has the unique

ability to be initialized, manipulated, and read out at room temperature [6–8]. However, the

challenges associated with the growth and control of diamond lattice have hindered the use

of NV centers for scalable quantum technologies. Therefore, researchers have turned to other

materials, such as I I I − V crystals, to generate and engineer similar defects. Recent studies

have shown that spin defects in silicon carbide (SiC) [1, 9–13] and hexagonal boron nitride

(h-BN) [14–17] can also be manipulated as qubits at room temperature, indicating that these

materials could potentially act as hosts for qubits. Nevertheless, it is still desirable to explore

other centers in semiconductors that can be grown with high-quality crystal growth techniques

and doping processing.

The focus of our research is to explore various point defects in AlN, which can serve as a source

for qubits. AlN possesses the necessary characteristics to function as a host for qubit centers.

Its large band gap of 6.12eV [18] effectively minimizes the coupling between defect levels

in the band gap and bulk states, while its spin-orbit splitting of only 19meV [19] increases

the lifetime of the qubit state. Moreover, AlN’s high-quality films can be grown and doped

through established techniques [20–23], which makes it a promising candidate for applications

in quantum technologies.

The presence of nitrogen vacancies (VN ) in AlN, along with their interactions with donor de-

fects, has recently garnered significant attention. This is due to their potential as qubits with

spin character, which can be manipulated through spin engineering [24], as well as their use

as room-temperature single-photon emitters [2, 4, 25]. Research has demonstrated that the

formation of (Z rAl − VN )0 and (TiAl − VN )0 is energetically favorable in AlN, and these defects

possess spin-triplet ground states similar to NV centers in diamond [26,27].

The formation of defect complexes can be achieved through post-growth ion implantation tech-
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niques. This involves either bombarding a lightly (Zr, Ti)-doped AlN film to create the vacancy

in the doped film or directly implanting Zr or Ti atoms into the AlN films. Following ion im-

plantation, a post-implantation thermal annealing treatment is necessary to eliminate most of

the implantation damage and facilitate the formation of complex defects. The first method

requires optimizing deposition conditions to obtain a film with the appropriate doping level,

which has yet to be achieved within our group, and commercially acquiring this type of film is

still challenging. The second method, which we advocate for this study, regulates the Zr or Ti

concentration through the implantation dose and depth distribution of these atoms, but results

in greater damage and defects in the AlN film. Therefore, it is crucial to study the impact of

thermal annealing conditions on the structural and optical properties of implanted AlN films.

The objective of this thesis is to investigate the effects of ion implantation and various anneal-

ing protocols on the formation of complex defects in AlN thin films. Additionally, it seeks to

establish a stronger correlation between the structural properties of AlN films, such as strain,

and their optical properties and spin character. The thesis culminates in the development of a

protocol for creating and regulating point defects in AlN thin films, along with a comprehensive

study of the optical and spin properties of these defects. These findings may prove valuable in

future quantum applications.

This study focuses on investigating the properties of defects in AlN thin films using photolu-

minescence (PL) spectroscopy and electron spin resonance (ESR) spectroscopy. Three types of

samples, namely Zr-implanted, H-implanted, and Ti-implanted AlN films, were investigated.

Chapter 1 provides an overview of quantum technologies and potential quantum platforms

for quantum applications. The electronic band structure of semiconductors and properties of

defects in semiconductor materials are also discussed.

Chapter 2 reviews the structural and optical properties of AlN and highlights recent studies on

spin defect investigations and single-photon emitters in w-AlN.

Chapter 3 reviews the experimental methods used for creating defects in AlN films and charac-

terizing the structural and optical properties of these treated films.

The main results of the study are presented in Chapters 4 to 6. Chapter 4 covers the effects of

ion implantation and thermal annealing under different gaseous atmospheres on the structural

and optical properties of the AlN films.

Chapter 5 focuses on the optical studies of (Z rAl − VN )0 complex defects and their comparison

with previous theoretical and experimental results.

Chapter 6 presents the results of investigating the spin character of defects in Ti-implanted and

H-implanted AlN films using ESR spectroscopy. A comparison between the experimental results
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and simulations from EasySpin software revealed the spin character of these defects
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CHAPTER 1 Semiconductors as Quantum Platform

This chapter provides an overview of the potential role of semiconductors in the field of quan-

tum technology. The purpose of this chapter is not to provide an exhaustive review, but rather

to introduce the most relevant concepts for the present work. The chapter begins with a brief

introduction to the three primary categories of quantum technology, namely quantum sens-

ing, quantum computing, and quantum communication. The chapter then discusses potential

platforms for these quantum technologies. Next, the electronic structure of semiconductors

and the properties of their defects are examined. Finally, the importance of point defects in

semiconductors for quantum applications is discussed.

1.1 Quantum Technology

The field of quantum technology (QT) utilizes quantum mechanics to achieve greater efficiency

than classical technologies in various techniques and functionalities [28]. Quantum bits, or

qubits, serve as the building blocks for QT and must be available in a superposition of two or

more quantum states. QT has grown rapidly in recent years, finding applications in quantum

sensing, quantum computing, and quantum communication, where the basic rules of quantum

mechanics such as entanglement and superposition are crucial. As this thesis focuses on the

formation and characterization of qubits, each of these technologies will be briefly explained,

followed by a discussion of the various possible material platforms for local physical qubits in

QT.

1.1.1 Quantum Sensing

Quantum systems are inherently unstable and easily affected by external factors, which makes

them vulnerable to decoherence. These systems are commonly found on the nanoscale and

can react to even the smallest and most localized changes in their environment. The field of

quantum sensing aims to take advantage of this sensitivity by detecting variations in physical

quantities like temperature and electromagnetic fields. This enables the development of more

precise measurement tools for use in sensing, metrology, and imaging. What sets quantum

sensors apart from their classical counterparts is that they are prepared in a specific quantum

state, and can use isolated quantum objects, coherence of quantum superposition, or quantum

entanglement to detect changes in physical quantities. The precision of a quantum sensor can

ideally increase as the number of particles in the system, N, increases, which is known as the

7



Heisenberg limit. In comparison, the precision of a classical sensor can only approach the

square root of N [29,30].

To implement quantum sensors, a system with discrete energy levels is necessary. Addition-

ally, the system should have the potential for controlled initialization and state read-out, as

well as the ability to be coherently manipulated by time-dependent fields. Finally, the system

must interact with the physical quantity to be measured through a coupling parameter. Up to

this point, the primary applications of quantum sensing that have been widely adopted include

atomic clocks, magnetic field sensing, and nanoscale imaging. However, as quantum technolo-

gies continue to advance, further advancements in quantum sensing are expected [30].

The concept of quantum sensing presents a fascinating dilemma, as it involves taking advantage

of the inherent instability in the quantum nature of the sensor system. By doing so, we can

obtain valuable and precise information about local fluctuations in the environment. However,

it is important to note that a quantum system that strongly interacts with its environment will

experience rapid decoherence. To achieve maximum sensitivity, it is crucial to select a sensor

system that is tailored to the specific application. This means picking a sensor that couples

strongly to the physical quantity being measured (such as a magnetic field) while retaining a

long coherence time [30].

1.1.2 Quantum Computing

In the 1970s, the concept of merging quantum mechanics and information theory emerged.

The idea gained popularity in 1982 when Richard Feynman pointed out that classical comput-

ing methods could not describe quantum phenomena [31]. The interest in quantum computing

surged after mathematician Peter Shor created a quantum algorithm that could efficiently find

prime factors of large numbers. While both quantum and classical computers aim to solve prob-

lems, they use different approaches. Classical computers use binary systems, whereas quantum

computing uses qubits as basic units and leverages two principles of quantum mechanics: su-

perposition and entanglement [32].

Superposition is the property of a quantum system to exist simultaneously in different states.

For example, an electron can be in a superposition of states between a lower energy level and

an upper energy level. A measurement would destroy this superposition, and the electron’s

state would collapse to either the lower or upper state. One way to understand the difference

between binary position and superposition is to consider a coin. In a classical binary system,

flipping a coin results in either heads or tails. However, in a superposition, the coin can exist

in both states and all possible states in between. The concept of superposition underpins the

8



mechanism of qubits. In classical computing, bits are the basic units, representing the on and

off states of a transistor, which correspond to 1 and 0 states. In qubits, the 0 and 1 states

represent the lower and upper energy levels of an electron, respectively. Qubits can exist in

a superposition of states with varying probabilities, and quantum operations can manipulate

these probabilities during computations [33,34]. Figure 1.1 illustrates the difference between

classical bits and qubits.

Entanglement is a state where qubits are correlated, and obtaining information about one sys-

tem immediately yields information about the other. By entangling more qubits in a system,

quantum computers can compute exponentially more information and solve more complex

problems [33].

Figure 1.1 Bits are two separate states, 0 and 1, which are shown as two points. Qubits are a
superposition of all possible states of 0 and 1, and are illustrated as a sphere (the Bloch sphere).

1.1.3 Quantum Communication

As quantum computers become more advanced, the security of transferring and storing infor-

mation is at risk, posing a threat to our information-based society. Therefore, it is essential to

develop protocols for the long-term secure management of data. Recently, quantum commu-

nication has emerged as a leading solution to this problem. Quantum communication involves

generating and transferring quantum states over a distance, using protocols based on quantum

random number generation (QRNG) and quantum key distribution (QKD).

QRNG (shown in Figure 1.2) uses a photon that enters a beam splitter and two detectors associ-

ated with bit values 0 and 1, where the randomness of the origin is clearly identified. QKD is a

secure communication method that performs a cryptographic protocol based on the uncertainty

principle [35].
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Figure 1.2 Schematics of a QRNG based on the single-photon splitting

The idea of quantum communication involves a sender (Alice) and a receiver (Bob) connected

by a quantum communication channel that allows quantum states to be transmitted, typically

using an optical fiber for photons. A third party may try to eavesdrop on the information

exchanged, so the goal of QKD is to create a shared secure secret key between Alice and Bob.

In the simplest version, Alice sends qubits in certain quantum states to Bob, who observes

or measures them. If an eavesdropper tries to measure or change this qubit, it will leave a

detectable trace due to the uncertainty principle. If the qubits have been changed, Alice and

Bob both abandon the exchange and throw away the key. Otherwise, they can use the key to

exchange perfectly secure communication. Alternatively, the eavesdropper might try to copy the

flying photons and then send them to Bob. However, based on the no-cloning theorem, creating

an independent and identical copy of an arbitrary unknown quantum state is impossible, which

prevents eavesdropping on these flying qubits.

Quantum cryptography also exploits the unique correlations exhibited by entangled photons.

For example, Alice and Bob could use one pair of entangled photons passing through an optical

fiber, where Alice sends her message, and Bob can read this teleported message securely.

However, fiber-based QKD is limited by their transmission loss in optical fibers, which can func-

tion up to 100 km for commercial systems [29] and 833.8 km for academic prototypes [36]. In

classical optics, the problem of transmission loss is solved by using a simple optical amplifier.

However, conventional amplifiers are noisy and create many errors, so the photons carrying sig-

nals cannot be amplified with these systems to maintain quantum security. As a result, quantum
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communication requires quantum hardware repeaters to preserve the quantum nature and en-

tanglements of photons. These quantum repeaters could help break the transmission distance

to a shorter distance where entanglement could be prepared and stored in a quantum mem-

ory [35].

1.1.4 Potential Quantum Platforms

A wide range of systems have been utilized as hosts for two-level qubit systems. These include

single atoms confined in an optical lattice, electron spins, nuclear spins, trapped ions, super-

conducting circuits, quantum dots, and point defects in solids [28]. In the following sections,

some of these promising material platforms will be discussed.l platforms are reviewed.

1.1.4.1 Single-Photons

Photons have shown great promise as a system for quantum technology since its emergence.

These clean and decoherence-free quantum systems enable high-fidelity single-qubit opera-

tions to be easily performed [37]. Photonic qubits have various attractive characteristics such

as minimal interaction with their surroundings, resulting in a system with low noise, inherent

mobility, and the capability to transfer from one location to another without the need for low

temperatures, in contrast to solid-state equivalents. However, photon-photon entanglement

and multi-qubit control of these systems remain challenging. Despite the existing concept of

photonic-based quantum computing, it requires high-efficiency single-photon sources and de-

tectors, as well as optical quantum memories. Nonetheless, the quantum properties of light

have already been utilized in QRNG and QKD, and play a crucial role in quantum communica-

tion. Thus, any advancement in the field of photonic-based quantum computing could have a

significant impact on both quantum information processing and quantum networking.

1.1.4.2 Superconducting Josephson Junction

A Josephson junction is a quantum mechanical device composed of two superconductors that

are weakly coupled by an insulating or non-superconducting region. The unique features of

Josephson junctions stem from the underlying principles of superconductivity, a state of matter

characterized by zero electrical resistance and the exclusion of magnetic fields. Below a critical

temperature, pairs of electrons, known as Cooper pairs, bind together to enable zero-loss mo-

tion through the material [38]. Josephson junctions have emerged as promising candidates for

qubits in quantum computers due to their long coherence times and the possibility of designing

a large number of qubits using integrated-circuit processing techniques, which adds flexibility
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to device functionality [33].

Although conventional linear circuit elements can form superconducting resonators, they can-

not be used as qubits due to degeneracy in energy levels. However, Josephson junctions provide

the nonlinearity necessary to turn a superconducting circuit element into a qubit, breaking the

energy level degeneracy and limiting the system to two-qubit states. A schematic comparison

between a conventional LC-circuit and an LC-circuit with a Josephson junction is shown in

Figure 1.3.

Despite the progress made in superconducting quantum computing, several challenges and

open questions remain. Current superconducting qubits have coherence times in the μs range,

which must be increased. Additionally, higher-quality superconducting qubits must be devel-

oped and implemented by improving qubit connectivity and gate fidelity, both of which are key

challenges for the development of superconducting quantum computing [39].

Figure 1.3 Schematics diagram for comparison of energy levels in a conventional LC-circuit (a)
and a LC-circuit with a Josephson junction (b).

1.1.4.3 Trapped Atoms and Ions

Quantum computing utilizing trapped atoms or ions involves suspending a string of atoms or

ions in free space using a combination of electromagnetic fields. The qubits in this system are

stored in the energy levels of the trapped atom or ion, resulting in qubits with long T1 and T2

times [33]. These time constants are crucial for describing the coherence properties of a qubit
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in a quantum computing system. T1, also known as the "relaxation time," measures the time

it takes for a qubit to lose its quantum information due to interactions with its environment.

On the other hand, T2, also known as the "dephasing time," measures the time it takes for a

qubit’s quantum state to lose its phase coherence. Achieving longer T1 and T2 times is ideal

for quantum computing because it leads to more stable and accurate quantum computations.

However, environmental noise and other sources of decoherence pose challenges to achieving

long T1 and T2 times.

Trapped ions or atoms in a quantum computing system can be entangled by using lasers to in-

duce coupling between their qubit states and external motion states. Optical pumping and state-

dependent optical fluorescence detection can be used to initialize and measure these atomic

qubits [33]. While trapped ions meet the necessary criteria for quantum computing [40], the

implementation of such systems on a larger scale can be challenging due to the need for high-

fidelity control and elimination of decoherence caused by interactions with the external envi-

ronment.

1.1.4.4 Quantum Dots

Quantum dots (QDs) are artificial atoms that are placed within a semiconductor host. These

structures act as a type of nanostructure within the semiconductor, capturing electrons or holes

in energy levels that behave like trapped ions. Unlike other fabrication methods, they do not

require cooling and trapping. However, the nuclear spin in the semiconductor host can lead to

decoherence in QDs, which can be mitigated through isotope purification and dynamic decou-

pling of nuclear spin noise [33].

QDs can take many forms, including electrostatically defined QDs using metal grids or self-

assembled nanoparticles. The main difference between these QDs is the depth of their po-

tential. Electrostatically defined QDs are electrically controlled and operate at extremely low

temperatures (mK), similar to superconducting qubits. Self-assembled QDs, on the other hand,

operate at higher temperatures (4K) and offer an advantage over superconducting qubits [33].

Optical transitions in QDs are limited to discrete energies, making them a potential candidate

for fast voltage control combined with optical initialization and read-out. However, for electro-

statically defined QDs, the short-range exchange interaction makes large-scale entanglement

difficult. Photonic connections could solve this problem, but reliable two-qubit gates remain

a challenge. Self-assembled QDs, on the other hand, have strong coupling to photons, pro-

viding photonic connectivity. However, they form randomly, leading to a range of shapes and

sizes that can result in varying optical absorption and emission energies. To ensure greater
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optical homogeneity while retaining the beneficial properties of the artificial atom, the solution

is to reduce the system size even further while embedding the qubit into a solid-state matrix.

Bulk semiconductors and the point defects found within them offer a potential solution to this

problem [33].

1.1.4.5 Point Defects in Semiconductors

Point defects are defects that occur naturally within a crystal lattice, such as vacancies, inter-

stitials, or antisites, or impurity atoms that are incorporated into the lattice, as well as their

complexes. These defects can be isolated from one another and, to some extent, from their

environment within the semiconductor host. This results in long coherence times and optical

homogeneity of the systems, allowing them to behave like trapped atoms without the need for

complex isolation techniques. In Section 1.4, it will be explained in detail why point defects in

semiconductors are suitable building blocks for quantum technology applications.

1.2 Electronic Band Structure of Semiconductors

Solid-state The electrical conductivity of materials is commonly classified into three categories:

metals, semiconductors, and insulators. Semiconductors exhibit an intermediate electrical con-

ductivity value between conductors and insulators. In an isolated atom, each orbital has a

discrete energy level, and according to the Pauli exclusion principle for fermions, each energy

level is occupied by two electrons with opposite spins (up and down).

When N atoms come together in a crystal lattice, the adjacent orbitals overlap in a solid, causing

each energy level to split into N energy levels that are very close in energy. This can be thought

of as an energy band. At 0K , the highest energy of electrons is called the valence band (VB),

while the conduction band (CB) is the lowest energy of the vacant bands. The VB and CB,

located close to the Fermi level, are separated by a band gap, which represents a range of

energy states that are forbidden for electrons. Figure 1.4 shows a schematic diagram of VB,

CB, and the band gap as a function of interaction distance.

1.3 Defects in Semiconductors

Regardless of the growth method used, all semiconductors contain defects such as impurities,

native defects, and extended defects. These defects have a significant impact on the fundamen-

tal properties of semiconductors and can be utilized for a wide range of applications. Recent

advancements have shown that spin defects and colour centers are promising building blocks
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Figure 1.4 Schematic illustration of CB, VB, and band gap in semiconductors. With decreasing
atomic distance, the nearby orbitals interact and sharp energy levels convert into bands.

for quantum technologies. This section will examine defects in semiconductors from both elec-

trical and optical perspectives.

1.3.1 Electronic Properties of Defects

Incorporation and type of defects in semiconductors can alter their electrical properties. Hence,

identifying and managing these defects is crucial for utilizing semiconductors in device appli-

cations. To classify the various types of defects in semiconductors, we divide them into two

primary groups: shallow and deep centers.

1.3.1.1 Defects Classification

In the classification of defects in semiconductors based on their dimensionality, there are four

categories: zero-, one-, two-, and three-dimensional defects. Point defects, including vacancies

and interstitials, line defects such as dislocations, stacking faults, and grain boundaries, and

precipitate voids, which are formed when impurities or foreign atoms precipitate in the crystal

structure, all belong to these categories. [41]. Complexes, which consist of a small number of

point defects bonding together, form another type of defect [42]. Point defects can be further

classified into vacancies, interstitials, substitutional defects, antistes, and Frenkel defect pairs.

A vacancy, denoted by VA, is a missing atom (A) from a lattice site, while an interstitial, denoted

by IA, occurs when an atom (A) occupies an interstitial site. Substitutional defects occur when

a different type of atom (C) replaces an original atom (A) in a lattice, and are denoted by
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CA. Antistes are substitutional defects in which one of the original atoms of the lattice (A) is

replaced by another host atom (B), and are denoted by BA. Frenkel defect pairs, named after

their discoverer Yakov Frenkel, occur when an atom leaves its place in a crystal and becomes

interstitial in a nearby location in the lattice. These defects can be considered complexes and

are denoted by VA-IA [42]. Figure 1.5 shows a schematic illustration of different categories of

point defects in semiconductors.

Point defects in a crystal lattice can have two origins: intrinsic and extrinsic. Intrinsic defects

result from missing atoms (vacancies), displaced atoms (interstitials), or exchanged atoms (an-

tisites) in the crystal, while extrinsic point defects form due to the presence of foreign atoms in

the crystal structure. These foreign atoms can be substitutional or interstitial, with the former

being called dopants. Dopant atoms exist in two types: donor and acceptor. A donor atom

has one or more electrons in a high-energy orbital and can create an n-type semiconductor

when added to a semiconductor. In contrast, an acceptor atom has one or more vacancies in a

low-energy orbital, which can transform the semiconductor into a p-type one [43].

Figure 1.5 Illustration of different types of point defects in semiconductors.

1.3.2 Defect Levels

1.3.2.1 Shallow Levels

Shallow levels are energy levels induced by defects that exist within the bandgap of semicon-

ductors, just below the CB or above the VB. These levels are typically located at an energy
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difference of around kB T from the band edges. Here, kB represents the Boltzmann constant

with a value of 1.38× 10−23[J/K], and T denotes room temperature which is 298°K. Shallow

levels are generally responsible for controlled n-type or p-type conductivity in semiconductors.

However, unintentional dopants can also create shallow levels that compensate for dopants

and reduce doping efficiency. Unlike atoms, the ionization energy of donor- and acceptor-like

impurities is only a few meV in most semiconductors, making them generally ionized at room

temperature [44].

1.3.2.2 Deep Levels

Point defects in semiconductors can form deep levels when their energy levels are situated

far away from the VB and CB edges in the bandgap. They are called deep levels because the

energy required to transfer an electron or a hole from the defects band to the CB or VB is

significantly higher than the thermal energy kB T . These defects can result in uncontrollable

radiative and non-radiative recombination channels, which may not be desirable for electronic

and optoelectronic devices. However, they can be used constructively. For instance, deep spin

defects in wide-bandgap semiconductors show promise for quantum technology applications.

Two outstanding examples of these defects are nitrogen-vacancy (NV) centers in diamond and

defects in SiC.

1.3.3 Optical Transitions in Semiconductors

1.3.3.1 Band-to-Band Transitions

In a state of thermal equilibrium, the concentration of intrinsic electrons and holes in a semi-

conductor is equal, denoted as (pn = n2
i ). If this balance is disturbed, processes will occur

to restore it. In the case of carrier injection, the excess carriers can be recombined to restore

equilibrium. In terms of the band diagram, an electron can gain energy and make a transition

from VB to CB, leaving a hole in the VB. This is known as carrier generation, with the number

of electron-hole pairs generated per cm3 per second represented by the generation rate Gth.

When an electron returns to the VB, an electron-hole pair is annihilated, which is called recom-

bination and is represented by the recombination rate Rth. The net recombination rate is given

by [45]
U ≡ Rth − Gth (1.1)

Depending on the nature of the recombination process, it could be called radiative or

non-radiative recombination. If the released energy from recombination is emitted in form of
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photons, it is radiative recombination, otherwise, the energy is dissipated as heat to the lattice

and the mechanism is called non-radiative recombination. Recombination processes also can

be divided into two categories: direct and indirect recombination. The minimal-energy state

in the CB and the maximal-energy state in the VB are each characterized by a certain crystal

momentum (k-vector) in the Brillouin zone. If both electron and hole have the same k-vector,

the material has a direct bandgap otherwise it has an indirect bandgap. Gallium nitride (GaN)

and Si are examples of direct and indirect bandgap semiconductors, respectively.

Band-to-band recombination is another name for direct recombination and this process is gen-

erally dominant for direct band gap semiconductors. Under a low-injection regime and for

an n-type semiconductor with a direct band gap in which holes are minority carriers, the net

recombination rate can be written as follows:

U =
pn − pno

τp
(1.2)

where pn0 represents the hole densities in an n-type semiconductor at thermal equilibrium, and

τp is the lifetime of the excess minority carriers. Photocarrier lifetime corresponds to the time

of return to equilibrium after the pulsed optical excitation [45]. A similar equation for the

calculation of recombination rate applies to electrons in p-type material, where electrons are

minority carriers.

1.3.3.2 Free-to-Bound Transitions

Defects in semiconductors create localized energy states within the bandgap, which can act

as intermediate levels between the VB and CB. At higher temperatures, recombination mainly

occurs through direct band-to-band transitions. However, at lower temperatures, carriers can

become trapped in defect/impurity states, leading to recombination between a carrier from the

CB/VB and one bound to the defect/impurity level. This type of recombination is referred to

as free band to bound state transitions. If the transition is radiative, the emitted photon can be

used to determine the binding energy of the traps/impurities.

1.3.3.3 Donor–Acceptor Pair Transitions

It is common for semiconductors to contain both donor (D+) and acceptor (A−) impurities.

Generally, these donors and acceptors compensate each other, however, after optical excitation

or carrier injection at very low temperatures, electrons and holes can be trapped and form a

neutral donor (D0) and acceptor (A0) centers. In order to return to the equilibrium condition
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some of the electrons in (D0) site and holes in (A0) sites will recombine through a process

which is known as donor-acceptor pair transition (or DAP transition). The DAP transition can

be represented by

D0 + A0→ ħhω+ D+ + A− (1.3)

Where ħhω is the energy of emitted photon [42]. The emitted energy from DAP recombination

depends on Coulomb interaction between the ionized donor and acceptor and can be given

by [46]

ħhω= Eg − (ED + EA) +
e2

4πε0Rm
(1.4)

where Rm is the electron-hole separation in a DAP pair, Eg is the band gap energy and ED, and

EA are the donor and acceptor binding energies, respectively. The separation between donors

and acceptors is not a continuous variable and depends on the crystal parameters. For instance,

for an FCC lattice with randomly distributed D and A impurities, Rm is given by [47]

Rm =
�

1
2

m
� 1

2

a0 (1.5)

where a0 is the lattice constant and m is the shell number.

1.3.3.4 Free-Exciton Emission and Bound-Exciton Emission

In high-purity and high-quality semiconductors, the amount of energy required to create an

electron-hole pair is equivalent to the value of the band gap, Eg . It is anticipated that the

Coulomb interaction attracts the electron and hole to each other, resulting in the formation

of excitons. As a result, these quasi-particles are no longer autonomous, and their internal

energy is lower than the value of Eg . Excitons can be classified into three categories based on

their localization and radius: Frenkel excitons, Charge transfer excitons, and Wannier excitons

[48]. Frenkel excitons are small-radius excitons that arise in molecular crystals and are highly

localized at particular atoms or molecules.

In comparison to Frenkel excitons, charge transfer excitons have a greater radius and are pri-

marily found in ionic crystals. These excitons arise from the transfer of an anion to the nearest

cation neighbor, resulting in the formation of a region with maximum electron charge den-

sity. Another type of exciton is the Wannier exciton, which is a large radius exciton where the

electron-hole pair is separated by multiple unit cell lengths of the lattice. As the wavefunction of

these quasi-particles is completely delocalized, they can move freely within the crystal and are

referred to as free excitons. Wannier excitons are prevalent in conventional semiconductors,

and their annihilation results in characteristic luminescence peaks [48].
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Regardless of the semiconductor’s growth process, intentional (doping) and residual impurities

are typically present. These impurities create effective traps within the band gap, which can

capture excitons. As the excitons become localized in these trap states, their kinetic energy

decreases, resulting in the formation of bound excitons (BE). Typically, the luminescence effi-

ciency of bound excitons is significantly greater than that of free excitons. Emission spectra of

moderately doped or sometimes even nominally pure semiconductors are commonly dominated

by bound exciton luminescence [48].

1.4 Point Defects in Semiconductors for Quantum Technology

Different platforms have been developed to design qubits, the building blocks of quantum com-

puters. However, in order to qualify for quantum computing, qubits must meet five criteria

outlined by [40]. In addition, two more criteria (explained below) are required for transfer-

ring quantum information.

To construct quantum computers, the qubits must be scalable and include universal quantum

gates. The next three criteria pertain to the operation of quantum computers, including the

ability to initialize the qubits, maintain long coherence time for calculations, and read out the

final results [49].

In addition, secure transfer of quantum information (flying qubits) requires the ability to con-

nect flying and stationary qubits [49]. Various systems such as trapped ions, superconducting

circuits, and quantum dots have been proposed and developed to realize quantum technology,

but they face several challenges that need to be addressed. Despite having a long coherence

time, trapped ions and quantum dots struggle with entanglement. On the other hand, quantum

dots (QDs) hold the potential for spin-based quantum computing with rapid initialization and

control protocols that are much shorter than the coherence time. However, lithographically

defined QDs only operate at the mK temperature scale, while self-assembled QDs emit light

over a broader wavelength range [50].

Point defects found in semiconductors offer a promising option for qubits. For a point defect

to be suitable as a qubit, it should have a deep energy level within the semiconductor’s band

gap. This results in highly localized defect orbitals that are isolated from the environment. Ad-

ditionally, the low spin-orbit coupling of the material host would allow point defects to capture

electrons in localized, high-spin states with long coherence times. The use of point defects has

already been explored in various areas of quantum technology, including qubits for quantum

computers, single-photon emitters (SPEs) for quantum communication, and nanoscale sensors

for quantum magnetometers [6].
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The use of point defects in semiconductors is a promising approach for creating qubits. An ideal

qubit based on point defects should have a deep energy level in the semiconductor’s band gap,

which makes the defect orbitals highly localized, allowing for long coherence times by isolating

the defect states from the environment. With low spin-orbit coupling, point defects can trap

electrons in high-spin states, making them suitable for various applications, including quantum

computers, single-photon emitters, and quantum magnetometers.

The negatively charged nitrogen-vacancy (NV−) color centers in diamond are a promising sys-

tem for quantum sensing and information applications among point defects in semiconductors.

These defects have spin states that can be manipulated at room temperature on a nanosecond

time scale, while still remaining coherent for milliseconds [51, 52]. They have been demon-

strated to act like single-qubit gates [53], and the initialization [54] and readout [55] of their

electronic spin states have been achieved. Moreover, entanglement between two NV center

spins separated by 3 meters has been demonstrated [56]. However, growth and control dif-

ficulties of the diamond lattice and low zero-phonon line (ZPL) emission of NV centers pose

challenges for using them in scalable quantum technologies. Thus, it raises the question of

whether analogs to these defects can be formed in other semiconductor platforms, such as III-V

crystals. It is important to note that the zero-phonon line (ZPL) emission is a spectral line ob-

served in the luminescence spectra of certain materials, including diamond, in which there is

no energy exchange with phonons or quantized lattice vibrations. ZPL emission occurs due to

a transition between two energy states of a point defect that is not coupled to lattice vibrations,

resulting in a very narrow and well-defined spectral line. This characteristic is particularly

desirable for various applications, such as quantum computing and quantum sensing, where

coherence and spectral purity play critical roles.

Density functional theory (DFT) calculations have recently shown that point defects in wurtzite

Aluminum Nitride (w-AlN) have promising characteristics for quantum technology applications,

potentially leading to new opportunities in the field [24, 26, 27]. Chapter.2 of this thesis will

provide a detailed explanation of these results.

21



CHAPTER 2 Aluminium Nitride

AlN is not found naturally on Earth but has been synthesized since 1862 when Briegleb and

Geuther grew it by heating aluminum under a nitrogen atmosphere, following the nitridation

reaction of [57]:

Al(s) +
1
2

N2 = AlN(s) (2.1)

The first attempt at commercial production of AlN was carried out by Serpek in 1910 using the

carbothermal reduction of alumina with coal and bauxite [58]:

Al2O3(s) + 3C(s) + N2(g) = 2AlN(s) + 3CO(g) (2.2)

In 1915, Fitcher and Oesterheld successfully grew AlN crystals in an electrical furnace [59].
Since then, various techniques have been used for the growth of AlN, leading to increased

purity and a range of crystal structures.

There are four main methods for growing bulk AlN crystals:

• physical vapor deposition (PVD)

• hydride vapor phase epitaxy (HVPE)

• metalorganic chemical vapor deposition (MOCVD)

• growth from solutions

AlN has a III-V structure with three common phases: hexagonal wurtzite (w-AlN), zincblende

(zb-AlN), and rocksalt (re-AlN). Under ambient temperature and pressure, wurtzite is the most

stable phase, but under certain experimental conditions, metastable zb-AlN or high-pressure

rs-AlN can exist [60–63].

In the wurtzite structure of AlN, each Al atom is surrounded by four equivalent N atoms, forming

a tetrahedral structure with hexagonal P63mc[186] space group [64]. Each Al atom has three

half-occupied orbitals and one unoccupied orbital, while each N atom has three half-occupied

and one fully occupied orbital. Each Al atom forms three short bonds and one long bond with

N atoms located in the c-plane and along the c-axis of w-AlN, respectively [65]. The lengths

of these short and long bonds are 1.885 Å and 1.917 Å, respectively [65]. The bond angle for

the three short bonds is 110.5◦, and that of the long bond is 107.7◦ [65]. The lattice constants

of w-AlN are a = 3.110 Å and c = 4.980 Å [65]. Figure 2.1 shows a schematic illustration of

w-AlN.

The AlN wurtzite structure consists of Al and N atoms arranged in a hexagonal close-packed
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Figure 2.1 Illustration of wurtzite AlN structure showing the (a) a plane, and (b) c plane.

pattern with alternating layers of Al and N along the c-axis. AlN is a direct band gap semi-

conductor and has the widest direct band gap among III-V materials, measuring 6.12 eV [18].
Aside from its wide band gap, AlN exhibits high thermal conductivity (approximately 320 W/m
K) [66], excellent optical properties [67] and dielectric characteristics, low dielectric constant,

good mechanical strength [66], negative electron affinity [68–70], and high piezoelectric coef-

ficient [71]. As a result, it has the potential to be employed in various applications.

2.1 Optical Properties and Impurities

Despite the expectation that pure AlN is transparent at excitation energies lower than its band

gap (6.12 eV), high-quality AlN crystals exhibit emissions below the band gap, ranging from

blue to red, indicating various energy levels below the bandgap. These emissions are typically

attributed to transitions related to point defects in AlN, such as vacancies and substitutional

atoms. Oxygen, carbon, and silicon are the most probable substitutional atoms in AlN, and

vacancies and their complexes can form unintentionally during the growth process or inten-

tionally via ion implantation. The incorporation of impurity atoms can be attributed to their

involvement in the growth process, either as part of the source material (oxygen, silicon) or in

the crucible or reactor parts (silicon, carbon, oxygen). The defects responsible for a wide range

of energy levels within the AlN bandgap, including both shallow and deep levels, are typically

associated with VAl and oxygen-related defects.
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According to both experimental and theoretical findings, defects in AlN crystals can result in op-

tical emissions occurring below the band gap, with the emissions ranging from blue to red. Such

emissions are believed to occur due to transitions from the states associated with point defects

in AlN, including vacancies and substitutional atoms like oxygen, carbon, and silicon. These

defects can form unintentionally during the growth process or intentionally through methods

like ion implantation. The presence of impurity atoms in the growth process, such as oxygen

and silicon, or in the reactor parts, like carbon and oxygen, can explain their incorporation.

Previous studies have shown that VAl defects are responsible for optical emission ranging from

2.7 eV to 4.6 eV [72–75], while oxygen atoms substituting nitrogen atoms (ON ) result in energy

levels within the band gap ranging from 3 eV to 4.2 eV [72,73,76–84]. The complex formation

between ON and VAl leads to deeper energy states ranging from 2 eV to 4.7 eV [74–76,85–96].
Other point defects such as VAl [76, 97] ,carbon [95], and Si [85, 96] impurities also result in

shallower energy states closer to the minimum of the CB in AlN. Additionally, recent studies

have found that [27] transition-metal impurities like Ti, Zr, and Hf could form complexes with

VN , and they have potential applications as spin qubits in w-AlN. A summary of the optical

studies of these point defects is provided in Table 2.1, while sections 3.3.1 and 3.3.2 will focus

on the discussion of these complex defects in detail.

2.2 Applications

AlN, a wide-band gap semiconductor material, has attracted significant attention due to its

impressive characteristics such as stable high-temperature performance, low energy loss, and

good UV transmittance, making it an excellent material for high-frequency power applications

[98]. With its wide direct band gap of 6.12 eV, AlN can be used to design Deep-UV LED devices

that emit 210 nm deep-UV light, as demonstrated by previous studies [67,99].

Furthermore, AlN’s lattice constant is close to that of Si, sapphire, and SiC, making it a suitable

substrate for epitaxial growth of III-V materials, thus solving the issue of large lattice mismatch

and thermal mismatch common with other substrates [100,101]. Due to its piezoelectric prop-

erties that are retained at high temperatures, high acoustic wave velocity, high Q factor, and

low absorption coefficient, AlN is an ideal material for manufacturing surface acoustic wave

(SAW) resonators and bulk acoustic wave (BAW) filters [102–105].

Moreover, AlN has excellent chemical stability, a small dielectric constant of 8.9, and

a high breakdown field of over 800 kV/cm, making it an excellent material for

micro-electromechanical systems (MEMS) applications [106, 107]. In recent investigations,

AlN has also shown potential advantages in quantum technology applications, which will be
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Type of impurity Energy (eV) Transitions References

V3−/2−
Al 4.6 CB→ VAl [72,73]

(3.37± 0.11) Unknown Shallow level→V3−/2−
Al [74,75]

2.7 VAl →VB [72,73]

VN 4.2 VN→VB [76,97]

Oxygen related defects 3.3 O− DX→VB [76–78]

3.1 O-DX→V−3
Al [72,73]

(3.27± 0.3) ON →VAl −ON [77,79–84]

Complex defects with Oxygen 2.03 VAl −ON →VB [74,76,85]

2.53 VAl − 3ON →VB [86]

2.6 SD→VAl − 2ON [80,87–89]

3.1-4.6 SD→VAl − 3/4ON [90]

3.4 CB→VAl −ON [91]

3.8 SD→VAl −ON [74,75,85]

4.7 SD→VAl − 2ON [75]

Carbon 3.86 CB→CN [92–94]

4.3 CB→CN − SiAl [95]

Silicon 3.9 Si-DX→VB [85,96]

Table 2.1 Color centers typically observed in AlN bulk and nanostructure crystals.

explored in sections 3.3.1 and 3.3.2 since the focus of this thesis is on the quantum applications

of AlN.

2.2.1 Spin Defects in w-AlN

The application of optically active spin defects in wide band gap semiconductors in solid-state

quantum technology has received significant attention. Among the atomic-like defects, the

charged nitrogen-vacancy centers (NV−) have gained recognition as a solid-state qubit due to

their ability to be initialized, manipulated, and measured at room temperature. NV− centers

consist of a carbon vacancy (VC) next to a substitutional nitrogen atom (NC) [6]. However, the

challenges associated with diamond crystal growth and control pose severe limitations to the

use of NV− centers as qubits, raising the question of whether similar defects can exist or be

formed in other wide-band gap materials [24].

SiC is an alternative to diamond and has been found to possess point defects that can serve as
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room-temperature qubits, which can be initialized, manipulated, and read out [12, 108, 109].
Experimental and theoretical investigations of Si vacancies (VSi) in SiC have been carried

out. While SiC’s "NV-like" qubits may have several advantages, they also have some draw-

backs, including low optical read-out fidelity [6] and small ground-state spin-transverse strain

coupling of divacancies in SiC, which make it unsuitable for some hybrid quantum applica-

tions [110–112]. Therefore, identifying wide-band gap semiconductor materials, other than

diamond, that can serve as suitable hosts for qubits remains a highly desirable goal.

Density functional theory (DFT)-based first-principles calculations have been employed to study

w-AlN as a potential host for qubits. These calculations have suggested that quantum defects

spin in w-AlN could provide new opportunities for the development of quantum technology

[24,26,27].

AlN has been identified as a promising candidate to act as a host for qubits due to several of its

unique features. Its large band gap of 6.12 eV allows for localized point defects and suppresses

coupling between defect levels and bulk states. Additionally, AlN has a small spin-orbit cou-

pling of 19 meV, which extends the qubit-state lifetime. Furthermore, AlN offers well-developed

growth and doping techniques. As a piezoelectric material, it allows for measuring and con-

trolling the vibrational motion of the lattice, which may offer a variety of control schemes for

quantum spins. Despite these advantages, the non-zero nuclear spin of atoms in AlN can inter-

act with localized spin qubits, resulting in decoherence of qubit states. However, appropriate

pulsing and polarization techniques can control this spin-bath effect, allowing for the identifi-

cation of single-spin centers in AlN.

Levels within the band gap of a semiconductor induced by point defects can generate control-

lable quantum states when appropriately occupied by electrons. Cation and anion vacancies

among point defects can produce suitable atomic-like states. In AlN, the removal of a host

atom leads to sp3 dangling bonds (DBs), which interact and split the DB states into a sym-

metric a1 state and three t2 states. Depending on whether the vacancies are cation or anion

vacancies, the t2 states tend to be close to the valence band (VB) or conduction band (CB),

respectively [1]. However, to avoid interference between the electronic states of the host and

the optical transitions of qubits, the t2 states must be engineered to move deeper into the band

gap.

Figure 2.2 shows the position of the anion DB orbitals and the splitting between the a1 and t2

vacancy orbitals. To engineer these states, several approaches have been proposed, including

applying strain, alloying the host material with a larger bandgap material, and introducing

impurities adjacent to the vacancy [1,27].

To form and manipulate centers related to cation vacancies in AlN, the Fermi level must lie
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Figure 2.2 Defect level structure in a tetrahedrally coordinated compound semiconductors. sp3

DBs (A) interact and split in a1 and t2 levels (B). Complexes between vacancies and adjacent
impurities results in further splitting of t2 levels. Figure is taken from [1].

below mid gap, indicating p-type AlN. However, achieving p-type doping in AlN is highly chal-

lenging [113], so current research on spin defects in AlN is limited to n-type w-AlN. Seo et

al. [24] investigated the formation energy and spin of different charge states for the most likely

defects in AlN. The first group of defects studied were those related to VAl , including complexes

between VAl and ON or VN . The high formation energy of the VAl−VN divacancy makes it unlikely

that these vacancies form spontaneously. Therefore, we exclude them and focus on VAl − ON

defects.

Although some theoretical studies have suggested that the VAl − ON defects in AlN could be

similar to the NV centers in diamond, Seo et al. argued that these defects are not suitable for

most quantum applications [24,114,115]. According to their study, the spin state of VAl-related

defects in n-type AlN is zero, and spin states higher than 1
2 exist only in p-type AlN samples,

which are challenging to grow. Furthermore, the energy position of the dangling bonds left

by the presence of an Al vacancy is very close to the VB, making these defects unsuitable for

quantum applications.

Regarding the ON defects, the oxygen atoms can either donate an electron to the host or trap

an electron, leading to a filled DX state and consequently no effective spin in the ground state.
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In this discussion, we will focus on the various charge states of VN defects in AlN. According to

results obtained from DFT calculations [24], VN exhibits ground states of S = 1
2 and S = 3

2 for

charge states of q = 0 and q = −2, respectively. The researchers also discovered a metastable

state of V−N with a spin-triplet state (S=1), which can be localized by applying moderate uni-

or bi-axial strain.

The investigation also looked into the hyperfine parameters of V−N defects, which are mainly

determined by the interaction between the impurity’s electron spin and the surrounding nu-

clear spins. Such measurements are critical in identifying point-like paramagnetic impurities

in solids. The results revealed that hyperfine parameters are highly sensitive to both uni- and

bi-axial strain, but they change more significantly as a function of bi-axial strain. This phe-

nomenon is attributed to the transition in the local defect geometry of the S=1 state from C1h

to C3v for biaxial strain larger than 2% [24]. Additionally, the researchers found that V−N has a

number of spin-conserved excitation that could be used to optically address the spin, making

them excellent candidates as qubits in w-AlN.

Another group of potential qubit candidates in w-AlN are the large metal ion-vacancy

(LMI-vacancy) pairs. Seo et al. [26] investigated the effects of Hf and Zr impurity incorpo-

ration in w-AlN and suggested that they could form neutral Hf- and Zr-vacancy pairs, which

are stable defects with a spin-triplet ground state of 3A2 and an 3E excited state. The researchers

proposed that the optical zero-phonon lines (ZPLs) for these neutral pairs fall within the range

of approximately 2.3 eV to 3 eV. Furthermore, Seo et al. showed that the spin-pressure coupling

for the Hf vacancy in w-AlN is approximately twice as large as that of the NV center in diamond,

which could be advantageous for nanoscale pressure sensors. The researchers suggested that

these complex defects are promising candidates as qubits in w-AlN.

Varley et al. [27] conducted a separate study on the effects of transition-metal dopants in w-

AlN. The researchers investigated a number of group-IV impurities and their complexes with VN

and found that most of these impurities have no significant effect on the position of t2-derived

defects, with the exception of transition metals such as Zr and Ti. The researchers calculated

the formation energy of different defects in w-AlN and determined that the incorporation of

transition-metal impurities on the N site is energetically unfavorable. As a result, after intro-

ducing Ti and Zr into the w-AlN crystal, they will be incorporated into Al sites and form TiAl and

Z rAl . Varley et al. proposed that neutral Ti- and Zr-vacancy pairs are stable under a wide range

of conditions and exhibit a spin-triplet (S=1) state. Their results showed a spin-conserving ex-

citation from (TiAl − VN )0 and (Z rAl − VN )0 complexes with zero-phonon line emissions at 2.86

eV and 2.36 eV, respectively.
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2.2.2 Single-Photon Emitters in w-AlN

The recent advancement in photonic technology has led to significant interest in non-classical

light sources that produce streams of photons with controllable quantum correlations. Of par-

ticular interest in this field is the study of single-photon emitters (SPEs). An ideal on-demand

SPE emits exactly one photon at a time into a given spatiotemporal mode, and all photons

are identical, resulting in full interference when any two are sent through separate arms of a

beam-splitter (a signature of indistinguishability) [116].

SPEs are crucial building blocks for scalable quantum information technology, including lin-

ear optical quantum computing and quantum secure communication [117, 118]. Despite the

interesting features of NV− centers in diamond for various quantum technology fields, their op-

tical properties for SPEs are imperfect. The emission of the NV− center is concentrated in the

phonon-free line (ZPL) when the photon couples only to electronic states. However, if the tran-

sition involves the contribution of phonons, the resulting emission is contained in a sideband

whose width depends on the number of phonons involved. The fraction of photons emitted in

the ZPL is quantified by the Debye-Waller factor of the emitter, which is an important indicator

of the ability of the luminescent defect to emit single photons [118]. The NV− centers in dia-

mond yield a Debye-Waller factor of only 3%, which is not ideal for SPEs [119]. Therefore, it

is crucial to search for alternatives of luminescent defects.

Various wide-band gap materials, such as SiC, ZnO [120], GaN [121], and hBN [17], have

been studied for point defect-related single-photon emitters (SPEs). Recently, attention has

been given to AlN as a potential host material for defect-based SPEs, and some studies have

investigated this material [2–4]. In particular, Xue et al. [2, 3] examined SPEs in 2 μm thick

AlN films that were grown epitaxially by metal organic chemical vapor deposition (MOCVD) on

nanopatterned sapphire substrates (NPSS). Using micro-PL measurement, they observed ran-

domly distributed SPE spots on the AlN films in the spectral range from visible to near-infrared

(550-1100 nm). Although the origin of emissions at 713 nm and 867 nm were assigned to

antisite nitrogen vacancy complex (NAl VN ) and (VAl VN ) divacancy using DFT calculation, the

exact nature of these SPEs remains unclear.

The researchers observed strong zero-phonon lines (ZPLs) with weak phonon sidebands in AlN

defects, suggesting a high Debye-Waller factor for these SPEs (see Figure 2.3). At low temper-

atures, Debye-Waller factors ranging from 10% to 25% were measured, which is significantly

higher than the 3% value observed for NV centers in diamond.

To verify that the ZPL is indeed a single-photon emitter, second-order autocorrelation function

measurements (denoted as g(2)(τ)) were conducted. As shown in Figure 2.3, the g(2)(τ) values
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Figure 2.3 (a) PL spectra of AlN film at 300K and 10K. Two of the SPEs are denoted with
SPE1 and SPE2 for further investigations with g(2)(τ) measurements. (b) Histogram of the
wavelength distribution of 74 emitters with a bin width of 20 nm. (c) g(2)(τ) measurements
of SPE1 and SPE2. (d) and (e) Temperature dependence of FWHM for two different emitters
(solid red circles). Data have been fitted using a T 3 and an exponential functions for (d) and
(e) respectively. Figure was taken from [2,3]

for various bright spots were found to be below the classical threshold of 0.5, indicating the

single-photon nature of the defect emissions.

Subsequently, the researchers investigated the optical performance of a single-photon emitter

using excitation-power-dependent PL intensity measurements. The results showed that the op-

tical emission intensity (I∞) and the saturation excitation power (Psat) were 4.6×105 counts/s
and 2.23 mW, respectively. These findings indicate that the emission rate of the defect-related

single-photon emitter is lower than that of epitaxially grown quantum dots [122].

Xue et al. conducted a study on the temperature dependence of the full width at half maximum

(FWHM) of the zero-phonon line (ZPL) for different single-photon emitters (SPEs) in AlN.

They observed that a greater number of emitters exhibit an exponential behavior rather than

a T 3 dependence. They proposed two different dephasing mechanisms for these SPEs. The

T 3 dependence was attributed to field fluctuations caused by phonon-induced dislocations of

the crystal defects, similar to what has been observed for the silicon-vacancy (SiV) in diamond.

On the other hand, the exponential dependence of the FWHM may be related to piezoelectric

coupling to in-plane phonons, similar to what has been observed for SPEs in hBN. These findings
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suggest the presence of multiple species of SPEs in AlN

Figure 2.4 Spectral analysis of SPEs in AlN. (a) Quantum emitter density in a 25 μm × 25 μm
area. (b) and (c) Temperature-dependent PL spectra of type A and type B emitters respectively.
(d) and (e) Continuous wave excitation second-order autocorrelation histogram with g2(0) =
0.08± 0.06 for type A emitter,and g2(0) = 0.09± 0.08 for the type B emitter. (f) Temperature
dependence of the type B quantum emitter’s ZPL line width. Figure was taken from [4].

Lu et al. [4] investigated the SPEs in 200 nm-thick AlN films grown by plasma vapor depo-

sition of nanocolumns (PVDNC) on a sapphire substrate. They created vacancy-based SPEs

by performing He implantation followed by thermal annealing under an Ar atmosphere. Two

types of emitters, A and B, were observed. Second-order autocorrelation function g(2)(τ) mea-

surements confirmed that both types of emitters were predominantly SPEs (g2(0)< 0.5), with

g2(0) = 0.08 ± 0.06 and g2(0) = 0.09 ± 0.08 for type A and type B emitters, respectively.

The temperature dependence of the type B quantum emitter’s ZPL line width exhibited a T 3

behavior. A summary of their results is shown in Figure 2.4.
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CHAPTER 3 Methods for Generating and Characterizing

Point Defects

In this chapter, we will review the primary experimental methods used to investigate point de-

fects in this study. The initial section will focus on defect formation using ion implantation and

bombardment, followed by a discussion of techniques for structural and optical characteriza-

tion. We will conclude with a brief overview of electron spin resonance spectroscopy (ESR).

3.1 Ion Implantation

The technique of ion implantation is commonly used to intentionally introduce foreign elements

into a material for the purpose of doping or disrupting the crystal lattice. In this study, ion

implantation was utilized to create point defects in an AlN film. While some defects, such

as vacancies, naturally occur in materials to a certain extent, controlled fabrication is often

required for systematic defect identification studies. In some cases, the generation of more

complex defects may require the introduction of foreign elements such as Zr and Ti into the AlN

lattice. The ion implantation experiments carried out in this study were designed to produce

predominantly point defects rather than extended lattice damage. The impact of the implanted

species on the resulting point defects is also discussed.

3.1.1 Physical Principle

Ion implantation is a process that involves accelerating ions of an element and introducing them

into a target material, thereby altering its physical and chemical properties. The ions are first

ionized and then accelerated using an electric field towards the target material. The position

of the implanted ions, including their depth and distribution, is regulated by the acceleration

energy (voltage), the mass of the implanted species, and the angle of the ion beam with respect

to the surface normal. The amount of ions incorporated into the target material is regulated by

the implantation fluence or dose, which represents the time for which the sample is exposed

to the ion beam. The dose is carefully controlled by integrating the measured ion current. The

total charge implanted during an ion implantation process can be calculated according to [123]
using the formula:

QT =
1

q(Area)

∫
Id t (3.1)
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where QT is the total implanted charge, q is the elementary charge, Area is the irradiated area,

I is the ion current density, and t is the implantation time.

Incident ions towards the target are scattered at random angles and slow down and eventually

stop via two different mechanisms. They can be deflected by the positive nuclei of the atoms

(nuclear collision) or collide with the sea of electrons of the target lattice atoms. The stopping

power (S) is calculated by [123]:

S =
�

dE
d x

�
nuclear

+
�

dE
d x

�
electronics

= Sn + Se (3.2)

The dominance of nuclear scattering occurs for lighter elements and lower acceleration volt-

ages, while electronic scattering is more important for heavier elements and higher ion energies.

As the implanted ions experience a series of collisions, they start losing kinetic energy and even-

tually come to a stop. The collisions occur randomly, and the implanted ion distribution takes

a nearly Gaussian form around some mean projected range, which depends on the ion mass

and energy. It should be noted that the discussion on random collision events assumes that the

implanted ion follows a random trajectory through the lattice. However, in crystalline materi-

als, this is no longer true if the ion follows the open pathways between lattice sites through a

process known as channeling. To prevent channeling, the impinging ion beam is made to hit

the surface at an angle that is not parallel to the surface normal [123].

Ion implantation has several advantages, including precise control of impurity depth and dose,

the possibility of having a complex profile by multi-energy implants, low sensitivity to the sur-

face cleaning procedure, a low-temperature process which facilitates using the photoresists as

a mask, and excellent lateral uniformity (less than 1% variation across 12-inch wafer). Despite

the mentioned advantages of this method, ion implantation does have a few downsides. It is an

expensive process and often requires extremely toxic gas sources. Not all the damage caused

by ion implantation can be corrected by post-implant annealing, and it is difficult to create very

deep or very shallow profiles using this method.

In this thesis, ion implantation was utilized to introduce heavy elements into an AlN film. In

order to accurately predict the ion distribution and related damages when using ion implan-

tation to create defects in semiconductor materials, Monte Carlo simulations were employed

using the Stopping and Range of Ions in Matter (SRIM 2013) [124] code. Figure 3.1 displays

an example of the results obtained from the SRIM simulation for Ti atoms. It is important to

note that the results obtained from the SRIM simulation do not reflect the defect concentration

and distribution following thermal annealing, as they only provide information about the initial

damage events. During thermal annealing, the percentage of surviving vacancies is typically
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between 2− 5% in most semiconductors. Additionally, during this high-temperature step, the

implanted impurities will diffuse and broaden the implantation profile, resulting in some of the

implanted ions migrating towards the vicinity of vacancies and creating complex defects with

them. The formation of these complex defects is central to the study.

Figure 3.1 SRIM/TRIM simulation for 1 MeV Ti ion implantation in AlN film (a) Ion-depth
distribution (b) estimated ion trajectories.

.

3.1.2 Experimental Conditions

In this experiment, ion implantations were performed to introduce a Gaussian-like distribution

of point defects within the AlN film, with the peak located several nanometers from the sample

surface. According to DFT calculations [24, 26, 27], nitrogen-vacancies and their complexes

with group-IV impurities can create defects with spin-triplet states. Spin-triplet states are of

great interest for quantum applications because they exhibit longer coherence times compared

to spin-singlet states, making them more resistant to decoherence. In spin-triplet states, the

spins of two electrons are parallel, leading to a larger magnetic moment and a stronger interac-

tion with the environment. This stronger interaction makes it more difficult for the spin-triplet

state to decoherence, which is essential for quantum computing and other quantum technolo-

gies. Furthermore, spin-triplet states can be utilized to perform two-qubit operations, which are

necessary for scaling up quantum systems to perform larger and more complex computations.
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To induce defects in the AlN films, we employed implantation techniques with H, Ti, Zr, and

Hf atoms. The goal was to create VN and defect complexes within the AlN material. In order

to ensure a consistent defect concentration profile, we utilized different implantation energies

and fluences for each sample. To prevent channeling, all implantations were carried out at an

angle of 7◦ off the surface normal. We used two types of samples for the implantation process.

The first type was a 1 μm AlN thin film, which was deposited on a (100) oriented silicon

(Si) substrate using a reactive DC magnetron sputtering (MS) technique by Teledyne DALSA

Manufacturing company. These samples were implanted with H, Zr, Ti, and Hf atoms. The

second type of samples were 1 μm thick AlN epitaxial films grown by metal organic chemical

vapor deposition (MOCVD) on a sapphire substrate by Dowa Electronics Materials Co. These

samples were implanted with Ti and H atoms.

We chose these parameters to achieve a uniform distribution of vacancies throughout the AlN

film. Additionally, in the case of heavy elements, our objective was to ensure that these elements

remained within the AlN layer. We performed ion irradiation using Hydrogen, Ti, Zr, and Hf

ions, with specific parameters as follows:

• For hydrogen irradiation, we employed 250 MeV at a fluence of 5× 1015 ions/cm2 and

studied them in Chapter.6.

• Zr ions were used at different kinetic energies (250 keV, 1 MeV, 1.75 MeV, and 2.5 MeV)

with a fixed fluence of 1× 1014 ions/cm2. These samples were investigated in Chapter.4

and 5.

• We conducted ion implantation using Ti ions with implant energies of 100 keV, 500 keV,

1 MeV, and 1.5 MeV and fluences of 2 × 1011 ions/cm2, 4 × 1011 ions/cm2, 6 × 1011

ions/cm2, and 1.6 × 1012 ions/cm2, respectively. The structural properties and spin

character of defects in these samples were investigated in Chapter.6.

• Hf ions were used at different kinetic energies (1 MeV, 2.5 MeV, 4 MeV, and 5.5 MeV) with

a fixed fluence of 1× 1013 ions/cm2. However, these samples did not show any feature

related to the creation of new point defects in AlN.

In all cases, the irradiation was performed at room temperature (RT). To partially repair the

structural damage caused by ion bombardment, we annealed the implanted samples in a quartz

tube furnace. Post-implantation annealing was performed under different gaseous atmospheres

including argon, nitrogen, and forming gas (FG, 95% nitrogen + 5% hydrogen) at 1050 ◦C for

1 hour. Since AlN films can be easily oxidized when exposed to air at high temperature, we
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allowed the samples to cool down to room temperature at a rate of 5 ◦C/min in the furnace,

maintaining the same annealing gaseous atmosphere.

The effects of different annealing atmospheres were investigated in Chapter.4. We used an ion

implantation system for this study, and an image of the system and a schematic figure of the

implantation process are shown in Figure 3.2.

Figure 3.2 (a) Ion implantation system in Professor. Francois Schiettekatte’s lab at the Depart-
ment of Physics of Université de Montréal, (b) schematic image of preparation procedure of
samples

.

3.2 Structural Characterization Method

In this study, the effects of ion implantation and subsequent annealing treatments on the struc-

ture of AlN films and the level of strain in these films were monitored using structural character-

ization techniques. To fully understand the structural properties of the samples, a combination

of techniques was employed, which will be elaborated on in this section.

3.2.1 X-ray Diffraction

X-ray diffraction (XRD) is a powerful tool for analyzing the crystal structure of materials. It

works by shining a beam of X-rays onto a sample and measuring the angles at which the X-

rays are diffracted by the crystal lattice. The resulting diffraction pattern provides information

about the crystal structure, such as the orientation, grain size, and defects within the material.

When ion implantation is used to modify the properties of a thin film, it can introduce lat-

tice distortions and defects, which in turn affect the crystal structure of the material. These
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changes can be detected by XRD, which makes it a valuable tool for analyzing the effects of ion

implantation on thin films.

One of the most common changes that ion implantation can cause is lattice distortion. This

occurs when the implanted ions create stresses within the crystal lattice, causing it to deform.

The deformation can change the orientation of the crystal planes within the lattice, which in

turn changes the positions of the diffraction peaks in the XRD pattern.

Another effect of ion implantation on thin films is the creation of defects, such as vacancies or

interstitials, which can change the crystal structure. For example, defects can cause the crystal

lattice to expand or contract, which can change the diffraction pattern. Defects can also cause

the crystal planes to shift or tilt, which can affect the intensity and shape of the diffraction

peaks.

In addition to changes in the diffraction pattern, ion implantation can also affect other prop-

erties of thin films, such as the surface morphology, electrical conductivity, and optical proper-

ties. By combining XRD with other analytical techniques, such as scanning electron microscopy

(SEM) and Raman spectroscopy, it is possible to obtain a more complete picture of the effects

of ion implantation on thin films.

3.2.1.1 Fundamental Principles

X-ray diffraction (XRD) is a non-destructive technique that provides valuable information about

the crystal structure and properties of materials. In thin films, XRD can be used to study the

orientation, thickness, and interfaces between the film and substrate. Two common XRD tech-

niques used in thin film analysis are θ − 2θ and the rocking curve.

Bragg’s Law is the fundamental principle behind XRD. It states that when a beam of X-rays

is incident on a crystal at an angle θ , the X-rays will be diffracted at an angle 2θ if the path

difference between the diffracted rays is equal to an integer multiple of the X-ray wavelength.

Mathematically, this can be expressed as:

nλ= 2dsinθ (3.3)

Where n is an integer, λ is the X-ray wavelength, d is the distance between adjacent planes of

atoms in the crystal lattice, and θ is the angle of incidence. Figure 3.3 provides a schematic

illustration of Bragg’s law.

θ − 2θ XRD is a widely used technique for characterizing thin films. In this method, the X-ray

beam is incident on the sample at a fixed angle θ and the diffracted X-rays are detected at an
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angle 2θ . The diffraction peaks are then analyzed to determine the crystal structure, orienta-

tion, and other properties of the thin film. The position, intensity, and width of the diffraction

peaks provide information about the lattice spacing, crystallinity, and defects present in the

film.

Ion implantation can affect the XRD peaks by altering the crystal structure and causing lattice

distortions. This can lead to changes in the peak position, intensity, and width. For exam-

ple, in a study of ion-implanted titanium thin films, researchers found that the peak position

shifted to higher angles and the peak width increased with increasing ion fluence, indicating

the formation of a distorted lattice structure [125].

Rocking curve XRD is another technique used to study the crystal structure and properties of

thin films. In this method, the sample is rotated about a specific axis, and the intensity of the

diffracted X-rays is measured as a function of the angle of rotation. The width of the rocking

curve provides information about the thickness and crystalline quality of the film. A narrow

rocking curve indicates a thin film with good crystalline quality, while a broad rocking curve

suggests a thicker film with more defects.

XRD can be used to calculate the thickness of thin films by measuring the intensity of the diffrac-

tion peaks and comparing it to a reference sample of known thickness. By using a calibration

curve, one can determine the thickness of the thin film based on the intensity of the XRD peak.

For example, in a study of aluminum thin films deposited by ion beam sputtering, researchers

used XRD to determine the thickness of the films based on the intensity of the (111) diffraction

peak [126].

XRD can also be used to study the interfaces between the thin film and substrate. By analyz-

ing the diffraction patterns at various angles, researchers can determine the degree of lattice

matching between the film and substrate, as well as any interfacial reactions or defects. This in-

formation is critical for understanding the mechanical, electrical, and optical properties of thin

film devices. For example, in a study of sputter-deposited copper thin films on silicon substrates,

researchers used XRD to study the orientation and interfacial structure of the films [127].

3.2.1.2 Experimental Setup

X-ray diffractometers comprise three essential components: an X-ray tube, a sample holder, and

an X-ray detector. X-rays are produced in a cathode ray tube by heating a filament to release

electrons, accelerating these electrons towards a target by applying a voltage, and then bom-

barding the target material with electrons. When the energy of these electrons is high enough

to displace the inner shell electrons of the target material, characteristic X-ray spectra are pro-
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Figure 3.3 Bragg’s law: The incident beam is scattered by atoms in two successive crystal planes.
The lower beam traverses an extra length of 2dsinθ . Constructive interference occurs when
this length is equal to an integer multiple of the wavelength of the radiation.

duced, including Kα and Kβ components. Kα is composed of Kα1 and Kα2, with Kα1 having a

slightly shorter wavelength and twice the intensity of Kα2. The wavelengths are specific to the

target material (Cu, Fe, Mo, Cr), and filtering through foils or crystal monochromators is neces-

sary to generate monochromatic X-rays for diffraction. The two Kα wavelengths are sufficiently

close that their weighted average is used. Copper is commonly used as the target material for

single-crystal diffraction, with Cu Kα radiation at 1.5418 Å. These X-rays are collimated and

directed onto the sample, and as the sample and detector rotate, the intensity of the reflected

X-rays is recorded. Constructive interference occurs and an intensity peak is produced when

the incident X-ray geometry meets the Bragg Equation requirements. A detector records and

processes this X-ray signal, converting it into a count rate output that can be displayed on a

device like a printer or computer monitor. The AlN film’s crystalline structure was examined

using a Bruker (D8 Discover Model) X-ray diffractometer with high-intensity Cu Kα radiation

(λ= 1.5418 Å) via θ − 2θ scans and Rocking curve measurements.

In Chapters 4 and 6, we elaborate on the findings obtained from using X-ray diffraction (XRD)

to investigate the structure and level of strain in AlN films.

3.2.2 Raman Spectroscopy

Raman spectroscopy is commonly used to study the strain induced in a material after ion im-

plantation. The ion implantation process can introduce mechanical stress and strain in the

target material, leading to changes in its Raman spectra.

Raman spectroscopy can be used to measure the frequency shifts and line broadening of the

Raman modes, which are sensitive to the strain in the material. The shifts in the Raman spec-

tra can be analyzed to determine the magnitude and distribution of the strain in the material
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induced by the ion implantation process. By analyzing the strain induced by ion implantation,

Raman spectroscopy can help optimize the process parameters to achieve desired strain lev-

els for specific applications. This information can also be used to understand the mechanical

behavior of the material and to design new materials with desired mechanical properties.

In this study, we utilized Raman spectroscopy in addition to X-ray diffraction (XRD) to inves-

tigate the alterations in both the strain levels and structure of AlN films subsequent to ion

implantation and thermal annealing.

3.2.2.1 Fundamental Principles

Raman spectroscopy is a non-destructive and powerful technique for characterizing the chem-

ical and structural properties of a sample. It was named after the Indian physicist C.V. Raman,

who observed Raman scattering in collaboration with K.S. Krishnan in 1928 [128]. Similar to

other spectroscopy methods, Raman spectroscopy involves the interaction of light with mat-

ter. When light is scattered coherently by a molecule, it results in an instantaneous process

where the molecule passes to a virtual state. In most cases, the energy of the molecule remains

unchanged, and the energy and wavelength of the scattered photon are the same as the inci-

dent photon. This is called elastic scattering or Rayleigh scattering and is the dominant process.

However, in rare events, Raman scattering occurs through an inelastic scattering process, where

energy transfer takes place between the molecule and the scattered photon. If the molecule

undergoes a transition to a higher vibrational state than its original state, the scattered photon

loses energy, and its wavelength increases. This is known as Stokes Raman scattering. Con-

versely, if the molecule relaxes to a lower vibrational level, the scatter photon gains energy,

and its wavelength decreases, known as Anti-Stokes Raman scattering. Since the majority of

molecules are in the ground vibrational level (Boltzmann distribution), Stokes scatter is the

more statistically probable process. The energy diagram in Figure 3.4 illustrates these three

types of scattering.

The wavelength of the Raman scattered light depends on the excitation light wavelength.

Therefore, the position of a Raman peak is typically given in cm−1, corresponding to the fre-

quency shift relative to the excitation frequency:

Δν(cm−1) =
�

1
λ0(nm)

− 1
λ1(nm)

�
× 107nm
(cm)

(3.4)

40



Figure 3.4 Jablonski diagram showing the three types of scattering (Rayleigh, Stokes, and Anti-
Stokes) by a molecule excited by a photon with energy E = hν.

3.2.2.2 Experimental Setup

The Raman spectroscopy setup used in this work is illustrated in Figure 3.5. A He-Ne laser

with an emission wavelength of 632.8 nm and a constant power of 1.3 mW was used as the

excitation source. A 50X microscope objective was employed to focus the laser beam to a spot

diameter of 3 μm on the sample surface. The light beam was directed towards the sample at

a right angle by a dichroic mirror, and the resulting Raman scattering was focused back to the

dichroic filter. This filter acted as a band-stop filter, attenuating the incident light from the light

source nearly completely. Only light with a different wavelength, i.e. Raman scattered light,

could pass the filter unaltered. The measured light was then directed by mirrors to a Labram-

800 Raman spectrometer, which used a grating to diffract the beam into a narrow band of

wavelengths. The number of photons at each wavelength was measured by a nitrogen-cooled

CCD detector (charged-coupled device), which measured a certain number of photoelectrons

contained in a pixel. Finally, the measured data could be saved and evaluated on a computer

using appropriate software.

In Chapter4 and 6, we discuss the results of Raman spectroscopy for studying the structure and
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amount of strain in AlN films.

Figure 3.5 Experimental setup for Raman spectroscopy in the Department of Physics at the
University of Sherbrooke

.

3.2.3 Scanning Electron Microscopy

A scanning electron microscope (SEM) utilizes a beam of electrons to create high-resolution

images of a sample by scanning its surface. This differs from optical microscopes, which use

light to produce images. Both optical microscopy (OM) and scanning electron microscopy

(SEM) are essential techniques for investigating the surface and structure of materials. Electron

microscopes offer higher resolution compared to light microscopes because the wavelength of

electrons is much smaller than that of visible light. Therefore, electron microscopes can resolve

down to approximately 0.1 nm, while light microscopes can only resolve down to about 200

nm.

3.2.3.1 Fundamental Principles

Electron microscopy involves using electrons to scan the surface of a sample. There are three

common sources of electrons: tungsten filament, solid-state crystal, and field emission gun.

These electrons are accelerated to a voltage of 1-40 kV by a positively-charged anode and
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condensed into a narrow beam that is used for imaging and analysis. The electromagnetic

lenses, including the condenser and objective, are used to focus the electron beam onto the

sample surface to achieve a high resolution of a few nm (for a field emission gun). The SEM

system also has a scanning coil, which is used to move the beam across the sample in a raster

pattern. All components of the electron microscope must be placed under a high vacuum to

protect the electron source from contamination, acquire high-resolution images, and increase

the collection efficiency of electrons by the detectors in the column.

Figure 3.6 A schematic diagram of a scanning electron microscope.

When an electron beam interacts with a sample, different types of interactions can occur, such

as the production of secondary electrons, backscattered electrons, Auger electrons, visible pho-

tons, or X-rays (shown in Figure 3.7). In scanning electron microscopy, backscattered (BSE)

and secondary electrons (SE) are commonly used for imaging. Each detection channel provides

different types of contrast and complementary information about the sample’s local chemical

composition and surface topography.
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Figure 3.7 Electron Beam Interactions

.

3.2.3.2 Experimental Setup

All scanning electron microscopy (SEM) images presented in this thesis were obtained at the

Interdisciplinary Institute for Technological Innovation (3it) at Université de Sherbrooke, using

a Zeiss 1540 XB SEM. Prior to SEM imaging, the surfaces of the thin films were cleaned in

a Plasmaline system and then coated with a thin metallic layer deposited by sputtering. The

coating layer is an ultra-thin (5 nm) layer of gold/palladium (Au/Pd). As AlN is a poorly

conducting material, this metallic layer serves to prevent charge accumulation on the sample

surface. To evacuate these charges, a contact wire is connected between the metallic surface

and the sample holder. The SEM was operated with a beam voltage of 20 kV, a spot size of

approximately 1 nm, and a dwell time of tD = 104 s. The image array size was 1024× 884. It

should be noted that these SEM working parameters remained constant for all measurements.

3.2.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a scanning probe method that was first introduced by Bin-

nig, Quate, and Gerber in 1985 [129]. This precise and non-invasive technique is used to

analyze the surface morphology and material properties of samples at the nanoscale in vari-

ous environments, such as air, liquids, or ultrahigh vacuum. The basic principle of scanning

probe microscopy is used, where a physical probe is employed to measure the surface charac-

teristics of the samples, providing atomic resolution measurements for both lateral and vertical

dimensions.
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3.2.4.1 Fundamental Principles

The AFM (Atomic Force Microscope) utilizes a feedback loop to regulate the parameters re-

quired for surface imaging while a sharp tip is scanned over it. Unlike relying on the quantum

mechanical phenomenon of tunneling, the AFM can utilize atomic forces to map the tip-sample

interaction. Furthermore, the AFM is capable of imaging non-conducting samples. To accom-

modate varying surface types, different operating modes such as contact, non-contact, and

tapping are available.

Figure 3.8 Schematic illustrations showing the basic principles of AFM.

The AFM operates based on the concept that a nanoscale tip is mounted on a small cantilever,

which acts as a spring. When the tip makes contact with the surface, the cantilever deflects, and

this deflection is detected with a laser diode and a split photodetector. The degree of deflection

indicates the force of interaction between the tip and the sample. In contact mode, the tip is

pressed onto the surface, and an electronic feedback loop maintains a constant deflection while

scanning the surface.

Tapping mode is used to minimize damage to both the sample and tip by limiting the contact

between them. In this mode, the cantilever is vibrated at or near its resonance frequency. The

tip moves up and down in a sinusoidal pattern, which is attenuated by attractive or repulsive

forces as it approaches the sample. A feedback loop is employed in a similar manner to contact
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mode, but it maintains a constant amplitude of tapping motion rather than the quasi-static

deflection. This method traces the topography of the sample line by line. Additionally, an AFM

system can record force-distance curves point by point on the sample surface, which can be

used to obtain quantitative measurements of the force between the tip and the sample.

3.2.4.2 Experimental Setup

To analyze the surface topography and root-mean-square (RMS) roughness of AlN thin films,

the researchers utilized atomic force microscopy (AFM) in a non-contact mode, employing a

Dimension Icon Bruker system. To determine the surface roughness parameters, the researchers

used the statistical tools available in Gwyddion software [130].

3.2.5 Elastic Recoil Detection by Time-Of-Flight analysis

Elastic Recoil Detection by Time-Of-Flight (ERD-TOF) analysis is a technique used to determine

the elemental composition and depth profile of materials. In ERD-TOF, a high-energy ion beam

is directed at a sample, and the resulting elastic recoil atoms are measured by their time-of-flight

(TOF) using a detector. The TOF provides information about the energy of the recoiled atoms,

which is proportional to their mass. By measuring the TOF spectrum of the recoiled atoms,

the elemental composition of the sample can be determined. Additionally, the depth profile of

the sample can be obtained by varying the energy of the incident ion beam and measuring the

corresponding changes in the TOF spectra. ERD-TOF is a powerful technique used in a variety

of fields, including materials science, surface analysis, and nuclear physics. [131].

Elastic Recoil Detection by Time-Of-Flight (ERD-TOF) analysis is often used after thermal an-

nealing to characterize the changes in the elemental composition and depth profiles of mate-

rials. Thermal annealing is a process that involves heating a material to high temperatures,

which can result in changes to the surface and subsurface properties. ERD-TOF analysis can

be used to determine how the annealing process has affected the elemental composition and

depth profile of the material.

For example, in semiconductor device fabrication, thermal annealing is often used to activate

dopants and repair crystal damage. ERD-TOF analysis can be used to determine the depth pro-

file and concentration of dopants in the material before and after annealing. This information

can be used to optimize the annealing process and improve device performance.

Our study utilized ERD-TOF analysis to investigate the impact of varying annealing atmospheres

on the surface morphology and oxygen content of AlN films.
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3.2.5.1 Fundamental Principles

Elastic Recoil Detection by Time-Of-Flight analysis (ERD-TOF) is a technique used for the anal-

ysis of the elemental composition of thin films and surfaces. It involves bombarding a sample

with high-energy ions, which in turn cause elastic collisions with atoms in the sample. This re-

sults in the emission of recoiling atoms or ions from the sample surface. The recoiling particles

are then detected and analyzed based on their energy and time-of-flight (TOF) using a detector

system.

The basic principle of ERD-TOF analysis is that different elements have different masses, which

results in different energies and TOF for their recoiling particles. The time-of-flight between a

pair of timing detectors in a start-stop configuration is measured, as well as the energy of the

recoils with an energy detector. The recoils originating from deeper in the sample will have less

energy, or correspondingly longer time-of-flight, than those originating from the surface. This

allows the recoiling particles to be separated and analyzed according to their mass and energy,

providing information on the elemental composition of the sample [131].

Two key parameters in Elastic Recoil Detection by Time-Of-Flight (ERD-TOF) analysis are the

overall time resolution of the detectors and the solid angle subtended by the detector telescope.

The time resolution of the detectors is determined by Δt =
�
Δt2

1 +Δt2
2 +Δt2

geom, where Δt1

and Δt2 are the resolutions of the first and second time detectors, respectively, and Δt geom is

related to geometric spreading, including multiple scattering, between the two detectors [132].
The solid angle can be optimized by shortening the distance between the time detectors (L)

while maintaining mass resolution by improving the detector resolution. A schematic diagram

of an ERD-TOF system is depicted in Figure 3.9. .

Figure 3.9 Schematic diagram of ERD-TOF setup. θ is the scattering angle and L is the distance
between the first and second timing detector.

.
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3.2.5.2 Experimental Setup

In this study, the Elastic Recoil Detection by Time-Of-Flight (ERD-TOF) technique was utilized

at Université de Montréal. The time-of-flight unit includes two detectors with thin carbon

membranes and microchannel plates (MCP) to generate start and stop signals, with a near-

surface resolution of 4 nm. The AlN samples’ O, H, and C content were measured using a Co

40 MeV ion beam, which was incident at 15◦ angle to the surface. Recoils were detected at 30◦

from the beam axis, except for H, which was detected at 46◦ through a beam-absorbing foil.

The energy spectra were transformed into elemental depth profiles using the Allegria software

[133]. The findings obtained from the ERD-TOF methodology are presented in Chapter 4.

3.3 Optical Characterization

3.3.1 Luminescence Processes in Semiconductors

Semiconductors are materials that have a conductivity between that of a conductor and an

insulator. When semiconductors are excited by energy sources such as light or heat, they can

emit light through a process called luminescence. There are two main types of luminescence

processes in semiconductors: photoluminescence and electroluminescence.

Photoluminescence (PL) is the emission of light by a material that has been excited by photons,

usually from a laser or other light source. In semiconductors, photoluminescence occurs when

electrons in the material absorb photons and move to higher energy levels. As these electrons

return to their lower energy levels, they release energy in the form of photons. The energy

of the emitted photons is related to the bandgap of the semiconductor material, which is the

energy difference between the valence band and the conduction band.

Electroluminescence (EL) is the emission of light by a material that is under the influence of

an electric field. This process occurs in materials such as light-emitting diodes (LEDs) and is

based on the injection of minority carriers (electrons or holes) into the semiconductor. When

the minority carriers recombine with the majority carriers (holes or electrons, respectively),

energy is released in the form of photons.

In both types of luminescence processes, the emitted light carries information about the mate-

rial’s properties, including the bandgap energy, the density of defects, and the distribution of

carrier concentrations. Therefore, luminescence spectroscopy can be used as a powerful tool

for studying the electronic properties of semiconductors, including their doping levels, purity,

and crystal structure.
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After ion implantation, the properties of a material can change significantly, which can lead to

the introduction of new defects or changes in existing defects within the material. One way

to detect these changes is by using PL spectroscopy, a non-destructive technique that measures

the amount and type of light emitted from a material when excited by a laser. This technique is

particularly useful because it allows for the detection of defects on a microscopic level, which

cannot be seen with the naked eye.

PL spectroscopy works by exciting electrons within a material to a higher energy level, caus-

ing them to emit photons when they return to their original energy state. By analyzing the

wavelengths and intensities of the emitted light, researchers can identify the types of defects

present within the material. For example, changes in the intensity and wavelength of the emit-

ted light can indicate the presence of new defects, while shifts in the energy levels can provide

information about the location and type of defects within the material.

3.3.1.1 Fundamental Principles of Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a widely used technique to study the electronic and op-

tical properties of materials, particularly semiconductors. The technique measures the emission

of light from a material after it has been excited by photons, which leads to the recombination

of excited charge carriers.

The process of PL can be explained by the recombination of excited charge carriers in a semi-

conductor. When a semiconductor is excited by light, electrons in the valence band (VB) absorb

energy and are excited to the conduction band (CB), leaving holes behind in the VB. The ex-

cited electrons and holes then migrate to the respective energy minima in the CB and VB and

form bound excitons. These excitons can recombine either radiatively or non-radiatively. Ra-

diative recombination occurs when the excited electron and hole recombine and emit a photon

of light, which is detected by the PL spectrometer. Non-radiative recombination occurs when

the excited electron and hole recombine without emitting a photon, resulting in energy loss as

heat. Non-radiative recombination can occur through a variety of mechanisms, such as trapping

of carriers by defects or impurities, Auger recombination, or surface recombination [134].

The efficiency of radiative recombination depends on the material’s band structure, which is

characterized by the energy bandgap between the CB and VB. In direct bandgap semiconduc-

tors, such as GaAs and InP, the energy difference between the CB and VB is such that the recom-

bination of an electron and hole can directly emit a photon, resulting in a high PL efficiency. On

the other hand, in indirect bandgap semiconductors, such as Si and Ge, the momentum conser-

vation rule requires the involvement of a phonon to conserve momentum in the recombination
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process, leading to a low PL efficiency [134].

Defects in semiconductors can have a significant impact on the efficiency and characteristics

of PL emission. Intrinsic defects, such as vacancies, interstitials, or antisite defects, and ex-

trinsic defects, such as impurities or dopants, can act as recombination centers, leading to

non-radiative recombination and reducing PL intensity. Non-radiative recombination can oc-

cur when an excited electron or hole relaxes to a defect level within the bandgap instead of re-

combining with its counterpart. The excited electron or hole can then undergo a non-radiative

relaxation process, releasing its energy as heat instead of emitting a photon. The presence

of impurities in a semiconductor can introduce energy levels within the bandgap, leading to

an energy transfer from the excited electron to the impurity center, causing non-radiative re-

combination. Additionally, structural defects, such as dislocations or stacking faults, can act as

non-radiative recombination centers, reducing the PL intensity.

In contrast to non-radiative recombination centers, certain defects can act as radiative recom-

bination centers, enhancing PL emission. Radiative recombination occurs when an excited

electron and hole recombine and emit a photon. For example, quantum dots or nanocrystals

can act as radiative recombination centers, leading to bright and sharp emission peaks. These

nanocrystals have a confined size and shape, which leads to the quantization of energy levels

and results in discrete energy levels that act as radiative recombination centers. The discrete

energy levels within the quantum dots or nanocrystals are separated by energy gaps, resulting

in sharp emission peaks [134].

The type of semiconductor also affects the radiative and non-radiative recombination processes.

Direct bandgap semiconductors have a small energy difference between the conduction and

valence bands, allowing electrons and holes to recombine radiatively with a high probability.

Indirect bandgap semiconductors, on the other hand, have a large energy difference between

the conduction and valence bands, leading to a low probability of radiative recombination.

The electrons and holes in indirect bandgap semiconductors typically undergo non-radiative

recombination via phonon emission, which results in heat dissipation rather than light emission.

Furthermore, the shape and position of the PL spectrum can provide valuable information about

the material’s properties. The position of the PL peak is related to the bandgap energy of the

semiconductor, while the width of the peak is related to the broadening of the energy levels

due to various mechanisms such as exciton-phonon coupling or impurity-related recombination.

The PL spectrum can also provide information about the material’s defects, such as their type,

concentration, and distribution. By analyzing the PL spectrum, one can obtain information

on the material’s quality, doping level, carrier lifetime, and other important properties [134].
Figure(3.10) shows a schematic illustration of the radiative and non-radiative recombination
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processes in both direct and indirect bandgap semiconductors.

Figure 3.10 Schematic illustration of radiative and non-radiative recombination processes in
both direct and indirect bandgap semiconductors. The radiative recombination process results
in the emission of a photon, while non-radiative recombination results in the loss of energy as
phonons. [5]

3.3.1.2 Experimental Setup

In this thesis, the study of photoluminescence (PL) spectroscopy involves exciting an AlN sample

with laser light and measuring the resulting emission spectrum. The conventional PL setup

was used for the measurements presented in Chapter.4. The PL spectra were acquired at room

temperature using a 1 m-spectrometer (SPEX model) equipped with a cooled photomultiplier

tube (Hamamatsu R2658 model). An 8 mW pulsed UV laser source emitting at 266 nm was

used as the excitation source, and the laser beam was focused onto the sample surface with

a spot diameter of approximately 200 μm. The laser beam was almost perpendicular to the

c-plane surface of the AlN films, and the PL signals were recorded using a conventional lock-in

technique. Figure.3.11 shows a schematic of the PL setup used in the study.

Chapter 5 utilized a laser source emitting photon pulses at a wavelength centered at 532 nm

with a duration of approximately 80 ps for micro-photoluminescence (μPL) and time-resolved

photoluminescence (TRPL) measurements. The experimental setup for μPL measurements is
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illustrated in Figure 3.12. The photoluminescence (PL) spectroscopy measurements were car-

ried out by placing the samples on a continuous flow liquid helium cryostat’s cold finger, where

the temperature could be varied

Figure 3.11 Schematic diagram of the conventional photoluminescence setup

.

Figure 3.12 Schematic diagram of the micro-photoluminescence setup.
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from 4 K to 290 K. A 60X microscope objective was used to focus the laser beam onto the

sample surface at normal incidence. The same objective was used to collect the μPL emission

from the sample, which can be imaged using a removable lens and flip mirror in conjunction

with a CMOS camera. The μPL was then collected by a monochromator (Horiba Triax 320) and

a Symphony Jobin-Yvon liquid nitrogen-cooled CCD camera. For TRPL, an avalanche photo-

diode (APD) was used with a time-correlated single photon counting (TCSPC) unit (MultiHarp

150 from PicoQuant).

3.3.2 Photoluminescence Excitation Spectroscopy

Photoluminescence Excitation Spectroscopy (PLE) is a technique used to investigate the elec-

tronic transitions in a material. It involves illuminating the sample with light of various wave-

lengths, while monitoring the resulting photoluminescence emission. By measuring the spec-

trum of the emitted light as a function of the excitation wavelength, one can obtain information

about the electronic states and energy levels of the material.

In PLE, a monochromatic light source is used to excite the sample, typically a semiconductor

or a luminescent material. The emitted light is then analyzed using a spectrometer, allowing

the measurement of the photoluminescence spectrum. By varying the excitation wavelength

and measuring the corresponding photoluminescence spectrum, one can map out the electronic

transitions and energy levels of the sample.

PLE is particularly useful for investigating the energy band structure of semiconductors, which

is important for understanding their electronic and optical properties. It is also used to study

luminescent materials such as organic dyes and quantum dots, as well as defects and impurities

in semiconductors [135–137].

3.3.2.1 Experimental Setup

The Photoluminescence Excitation (PLE) spectra were acquired in this study using an FLS980

Phosphorimeter manufactured by Edinburgh Instruments. The instrument is equipped with a

200-Watt Xenon lamp that is coupled to a monochromator (Princeton Instrument SP-2300i),

which facilitates the selection of an excitation wavelength. The emission monochromator is

connected to two detectors: an R928 PMT and an R3809U-50 (MCP-PMT), as shown in Fig-

ure.3.13.

The use of these detectors allows for the collection of emitted light intensity as a function of

excitation wavelength at a fixed emission wavelength. This technique enables the characteri-

zation of a sample’s optical properties by monitoring the excitation energy required to promote
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electrons to higher energy states. By measuring the PLE spectrum of a material, one can deter-

mine the absorption and emission energies of the sample.

Figure 3.13 Schematic diagram of the FLS980 Phosphorimeter by Edinburgh Instruments used
for obtaining photoluminescence excitation (PLE) spectra in this study

3.4 Electron Spin Resonance Spectroscopy

The phenomena of electron spin resonance (ESR), also called as electron paramagnetic reso-

nance (EPR) was discovered by the soviet physicist Zavoisky [138], one year before the discov-

ery of the nuclear magnetic resonance (NMR) technique. ESR and NMR are both based on the

same physical principle of resonance, which is the absorption of electromagnetic radiation by a

sample when the frequency of the radiation matches the energy difference between two energy

states of the sample. However, the frequency range used for these techniques is different due to

the difference in the magnetic moments and gyromagnetic ratios of the particles being studied.

In NMR, the sample is composed of nuclei that have a non-zero spin, such as hydrogen-1,

carbon-13, or nitrogen-15. These nuclei have a small magnetic moment and a gyromagnetic

ratio that is on the order of 107 Hz/T. To excite the nuclear spin states and observe resonance,

radiofrequency (RF) radiation is used, typically in the range of 10-1000 MHz. This frequency

range corresponds to the energy difference between the nuclear spin states, which is on the

order of micro-electron volts (μeV).
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In ESR, the sample is composed of unpaired electrons, which have a larger magnetic moment

and a gyromagnetic ratio that is on the order of 1010 Hz/T. To excite the electron spin states

and observe resonance, microwave (MW) radiation is used, typically in the range of 1-100

GHz. This frequency range corresponds to the energy difference between the electron spin

states, which is on the order of milli-electron volts (meV).

Therefore, the choice of frequency range for NMR and ESR is based on the magnetic properties

of the particles being studied and the energy difference between their spin states.

ESR spectroscopy is a highly sensitive technique that is primarily used for studying systems

with unpaired electrons. These systems include organic or inorganic free radicals, triplet states,

transition metal ions, their complexes, and metalloproteins with unpaired d-or f-electrons. The

technique is based on the measurement of the energy difference between the two possible spin

states of an unpaired electron in a magnetic field. However, the application of ESR spectroscopy

is limited to such systems, where unpaired electrons are present.

ESR spectroscopy finds its applications in a wide range of fields such as material science, chem-

istry, biology, and physics. It is used for studying chemical reactions, characterizing free radi-

cals, determining the structure of metal complexes, analyzing paramagnetic centers in biolog-

ical systems, and investigating magnetic properties of materials. Despite its limitations, the

high sensitivity of ESR spectroscopy makes it an important tool for the analysis of a variety of

systems that have unpaired electrons [139,140].

3.4.1 Fundamental Principles

3.4.1.1 Spin Hamiltonian of Electron Spin Resonance

The Spin Hamiltonian H0 is a mathematical equation used for determining the energy levels of

a spin system. In the case of a spin system consisting of nuclear spins and a single electron (or

multiple strongly-coupled electrons within a single paramagnetic center), H0 can be expressed

as given by [141]:
H0 = HEZ + HN Z + HHF + HNQ + HNN + HZ FS (3.5)

H0 = βeB0 gS/ħh− βn

I∑
k=1

gn,kB0Ik/ħh+
I∑

k=1

SAkIk +
∑
k> 1

2

IkQkIk +
∑
i �=k

Iidik Ik + SDS (3.6)

The six energy terms in the Spin Hamiltonian (given in angular frequency units) represent

the electron Zeeman, nuclear Zeeman, hyperfine, nuclear quadrupole, nuclear-nuclear, and

zero-field splitting interactions. The Bohr magneton (βe) and nuclear magneton (βn) are also
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included in the equation. The electron spin operator, S, has an electron-spin quantum number

S = n/2, where n is the number of unpaired electrons, while the nuclear spin operator, I, has

a nuclear-spin quantum I that depends on the nucleus in NMR. If multiple non-interacting

paramagnetic centers are present, each center has its own spin Hamiltonian. For interacting

paramagnets, additional coupling terms need to be added [141].

The terms HN Z and HNQ are usually used in pulsed ESR measurements, but since this study

utilized CW-ESR, these terms were not included. Additionally, HNN is related to NMR mea-

surements and therefore not included in the final Hamiltonian of this study. Thus, the final

Hamiltonian for the unpaired electrons in AlN films is:

H0 = HEZ + HHF + HZ FS (3.7)

3.4.1.2 The Electron Zeeman Interaction (HEZ)

Even in the absence of external forces, an isolated electron possesses intrinsic angular momen-

tum referred to as "spin", denoted by S. Being charged, the spinning motion of this charged

particle creates a magnetic field. This means that the electron acts like a tiny bar magnet or

magnetic dipole, with a magnetic moment denoted by μ. The difference in energy observed in

ESR is due to the interaction between the magnetic moment of the unpaired electron and an ex-

ternal magnetic field B0, known as the Zeeman Effect. The external magnetic field creates two

energy states for the electron’s magnetic moment. The unpaired electron occupies the lowest

energy state when its spin projection is aligned with the magnetic field, while it occupies the

highest energy state when the μ is aligned in the opposite direction of the magnetic field. Since

an electron is a spin 1/2 particle, these two spin projections are referred to as the parallel state

(ms = −1/2) and antiparallel state (ms = 1/2). The energy of each orientation is determined

by μ and B0. For an electron, μ= ms geβ , where ms is the electron spin, ge is the spectroscopic

g-factor (2.0023192778 for a free electron), and β is the conversion constant called the Bohr

magneton. Therefore, the energy difference between the two energy states is equal to geβB0.

Figure.3.14 illustrates the energy states of the unpaired electron.
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Figure 3.14 The variation of spin state energies with respect to the magnetic field B0.

3.4.1.3 The Electron–Nuclear Hyperfine Interaction (HHF)

The magnetic moment of an electron behaves like a bar magnet and aligns itself with an exter-

nal magnetic field. Similarly, it can interact with neighboring magnetic nuclei. The interaction

between an unpaired electron and a nuclear magnetic moment is known as nuclear hyperfine

interaction. When the hyperfine interaction results from the nucleus where the unpaired elec-

tron originates, it is referred to as hyperfine, and when it is from a neighboring nucleus, it is

known as super hyperfine.

The Zeeman splitting is much larger than the hyperfine interaction because the Zeeman interac-

tion arises from the interaction between the magnetic moment of the electron and the external

magnetic field, which can be very strong. On the other hand, the hyperfine interaction arises

from the interaction between the magnetic moment of the electron and the magnetic moments

of the surrounding nuclei, which are typically much weaker than the external magnetic field.

As a result, the Zeeman interaction dominates over the hyperfine interaction and can be treated

as the primary interaction governing the energy levels of the spin system. The hyperfine inter-

action can then be treated as a perturbation to the Zeeman interaction. This can be shown with

the expression S.A.I, where A is the anisotropic hyperfine tensor. The hyperfine interaction

terms split the Zeeman transition into 2I+1 lines of equal intensity. For instance, if an electron

interacts with a nucleus with I = 1/2, an ESR spectrum with two lines will be produced. The

local field of the nucleus either adds or subtracts from the applied magnetic field, resulting in

the splitting of the ground-state and excited-state energy levels into two levels. Consequently,
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we observe two lines instead of one in the EPR experiment. However, not all transitions are al-

lowed due to selection rules (Figure.3.15). The selection rule for hyperfine transitions is given

by Δms = ±1;ΔmI = 0 [141].

Figure 3.15 Splitting of electron spin energy levels hydrogen atom by magnetic field and due
to effects of nuclear spin on these levels.

3.4.1.4 Spin- Orbit Interaction

Spin-orbit coupling is an interaction between the spin of an electron and its motion around

a nucleus that can affect the energy levels and spectral properties of atoms and molecules.

The coupling arises from the interaction between the magnetic field produced by the electron’s

motion and the intrinsic magnetic moment associated with its spin.

In the presence of spin-orbit coupling, the energy levels of an atom are split into sub-levels

that have slightly different energies. This splitting can be observed in atomic spectra as fine

structure, where spectral lines that would otherwise appear as single lines are split into multiple

lines with slightly different energies.

μ∝ geS + spin- orbit coupling contribution (3.8)

The strength of spin-orbit coupling depends on several factors, including the atomic number

of the nucleus, the size and shape of the electron’s orbit, and the strength of the electron’s

magnetic moment. Elements with heavier nuclei tend to exhibit stronger spin-orbit coupling

because the larger electric field generated by the nucleus affects the motion of the electron

more strongly.
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Spin-orbit coupling also plays a role in the behavior of electrons in magnetic materials and

in the interaction between spin and orbital motion in electronic devices such as spintronic

devices [141].

A different way to conceptualize spin-orbit coupling is to imagine an electron as if it were

a tiny observer, experiencing the motion of the positively charged nucleus (or nuclei) as an

orbiting charge. This creates a secondary magnetic field, denoted as δB, which interacts with

the electron’s intrinsic magnetic moment, causing the energy levels to split into fine structure.

hν= geβ(Be +δB) (3.9)

or

hν= (ge +δge)βB = gβB (3.10)

The parameter ’g’, which is defined as ’ge +δge’, encodes valuable chemical information about

the electronic structure and bonding in a molecule. Specifically, it reflects the nature of the

bond between the electrons and the molecule, offering insights into the electronic properties

of the molecule [142].

3.4.1.5 Strongly-Coupled Electrons: the Zero-Field Splitting Interaction (HZ FS)

Zero-Field Splitting (ZFS) is a type of interaction between the magnetic field created by an

unpaired electron and its surrounding environment. This interaction can result in a splitting of

the energy levels of the electron when it is in a zero magnetic field. The ZFS can be characterized

by a tensor, known as the D tensor, which has both magnitude and direction. The D tensor

represents the zero-field splitting of the electron spin energy levels in a magnetic field-free

environment.

The D tensor can be represented as a symmetric matrix with three eigenvalues (Dx, Dy, and

Dz) and associated eigenvectors (ex, ey, and ez). The eigenvalues of the D tensor correspond

to the energy differences between the spin states of the electron in the absence of an external

magnetic field. The eigenvectors represent the orientation of the principal axes of the tensor.

In some cases, a second-order contribution to the ZFS arises from an additional term, known

as the E tensor. The E tensor is also a symmetric matrix with three eigenvalues (Exx, Eyy, and

Ezz) and associated eigenvectors (exx, eyy, and ezz). The E tensor describes the deviation from

spherical symmetry of the environment around the electron, which can cause a slight splitting
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of the energy levels.

The D and E tensors can be combined to give the complete ZFS tensor, which can be written

as [142]:

D=

⎛
⎜⎝

Dx 0 0

0 Dy 0

0 0 Dz

⎞
⎟⎠ (3.11)

E=

⎛
⎜⎝

Ex x 0 0

0 Ey y 0

0 0 Ezz

⎞
⎟⎠ (3.12)

,and

ZFS= D+
1
2

E (3.13)

where ZFS represents the complete zero-field splitting tensor, which is the sum of the D tensor

and half of the E tensor. The ZFS tensor provides information about the electronic and geomet-

ric structure of a molecule or a solid-state material, and it can be determined experimentally

using various spectroscopic techniques, such as electron paramagnetic resonance (EPR) spec-

troscopy or magnetic circular dichroism (MCD) spectroscopy [142].

3.4.1.6 Presentation of Electron Spin Resonance Spectra

In ESR spectroscopy, a paramagnetic sample is subjected to a uniform magnetic field B0. This

magnetic field causes the spin energy levels of the ground state to split, with the energy dif-

ference between the levels given by ΔE = hν = gβB0, where g is the g-factor. The g-factor

determines the magnetic field position at which ESR transition occurs, and is obtained from

the energy difference of spin energy (ΔE). The g-value can be determined by either sweep-

ing the magnetic field while keeping the microwave (MW) frequency fixed or by scanning the

MW frequency with a constant magnetic field. In our study, we used a JOEL FA-200, X-band

spectrometer operating at 9.45 GHz, and fixed the MW frequency while sweeping the magnetic

field until the energy of MW photons matched the energy difference between the field-induced

energy levels. At this point, an absorption peak occurs when the condition of the equation

ΔE = hν= gβB0 is satisfied. Direct detection of the absorption signal is only possible for sam-

ples with high concentrations of unpaired electrons, as noise components over a wide range of

frequencies make signal detection difficult. To overcome this, field modulation using a phase-

sensitive detector technique is used to yield a signal proportional to the first derivative, as shown
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in Figure. 3.16 (a). Due to the short relaxation time of the paramagnetic system, absorption

signals are typically broad, and hyperfine splittings are often buried and not seen (Figure. 3.16

(b)). However, using field modulation, the derivative signal exhibits well-resolved hyperfine

features.

Figure 3.16 Absorption and first derivative electron paramagnetic resonance spectra for single
line (a) and multiple lines (b) systems.

3.4.2 Experimental Setup

The ESR measurements presented in this work were carried out using a JOEL FA-200 ESR

spectrometer located in the Chemistry department of Western University in London, Ontario

(Figure. 3.17 (a)). The ESR setup, depicted in Figure. 3.17 (b), consists of a Gunn diode

that generates a monochromatic X-band MW radiation at a frequency of 9.45 GHz. The MW

radiation travels through a waveguide to the sample, which is held in a MW cavity positioned

in a uniform magnetic field generated and controlled by an electromagnet inside the magnet

system. The impedance of the cavity can be adjusted mechanically and electrically. The absorp-

tion of the MW radiation by the sample is monitored, amplified, and recorded by the detector

and modulation system. To obtain spectra, the absorption of the MW radiation is measured

while scanning the magnetic field strength. However, direct detection of the absorption signal

is difficult for samples with low unpaired electron concentration due to noise components oc-

curring over a wide range of frequencies. This difficulty is overcome using a phase-sensitive
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detector technique with small-amplitude magnetic field modulation at a frequency of 100 kHz.

The recorded signal corresponds to the first derivative of the absorption band, as shown in

Figure. 3.16.

Figure 3.17 (a) Schematic diagram of electron spin resonance (ESR) spectrometer and (b)
Photograph of ESR spectrometer.
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CHAPTER 4 Engineering Visible Light Emitting Point

Defects in Zr-implanted Polycrystalline AlN Films

4.1 Foreword

Abstract We studied the influence of thermal annealing under different gaseous atmospheres,

namely argon, nitrogen, and forming gas, on the structural and optical properties of thin

polycrystalline Aluminum nitride (AlN) films that underwent high-energy Zirconium ions

implantation. Our analysis, based on X-ray diffraction, Raman spectroscopy, scanning electron

microscopy (SEM), and atomic force microscopy (AFM) measurements, indicate that the struc-

tural and morphological features of the Zr-implanted AlN films are significantly affected by the

annealing gaseous environment. Specifically, annealing the films under an argon atmosphere

yields the lowest surface roughness with increased grain size. We used Photoluminescence

spectroscopy (PL) to identify multiple emission bands in the visible range, originating from

various point defects and defect complexes theoretically reported for AlN. Photoluminescence

excitation spectroscopy reveals several absorption bands, and we attributed the new peaks at

1.7 eV and 2.6 eV to the (Z rAl − VN )0 defect complexes. Our findings could potentially lead to

the development of novel point defects in AlN, which could be promising for optoelectronics

and quantum applications.
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4.2 Introduction

During the last decades wide-bandgap materials like III-Nitride semiconductors and diamond

attract considerable attention for their potential applications in the field of high-power elec-

tronics, photonics, sensing, and quantum information processing [6,30,92,143–146]. Among

the III-Nitrides materials, AlN has the widest direct bandgap of (6.12 eV) [66], high thermal

conductivity (about 320 W/mK) [66], excellent optical [67] and dielectric properties, low di-

electric constant and good mechanical strength [66], negative electron affinity [68–70] and

high piezoelectric co-efficient [71]. These unique properties make AlN a potential candidate

for optoelectronics devices [67,147,148], microelectromechanical systems (MEMS) [149], sur-

face acoustic wave sensors (SAWs) [150] and electro-optic modulators [151].

Furthermore, point defects and defect complexes in AlN have recently received considerable

attention due to their ability to act as qubits, with a spin character that can be tuned by strain

engineering [24, 26, 27], and their application as room-temperature quantum emitters [25].
Indeed, negatively charged nitro-gen vacancies, group IV impurity (Ge, Sn, Ti) -vacancy pairs,

and more recently large metal ion (Y, La, Zr, Hf) -vacancy pairs in AlN, have been theoreti-
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cally reported as promising qubit candidates [24,26,27]. These studies have shown, in partic-

ular, that the formation of Zr-vacancy pairs is energetically favorable in AlN while such de-

fects have spin-triplet ground states with an electronic configuration similar to that of the

nitrogen-vacancy centers in diamond. It is possible to generate this type of defects using a

post-growth ion-implantation technique. This can be achieved firstly by bombarding a lightly

Zr-doped AlN film with low-energy protons (necessary to create vacancies in the doped film)

or secondly by directly implanting heavy Zr ions into an unintentionally doped film. In both

cases, it is necessary to perform a post-implantation thermal annealing treatment to remove

most of the implantation damage and to promote the formation of Zr-vacancy pairs. The first

method requires an optimization of the deposition conditions to obtain a film with the right

doping level, which has not yet been done within our group. Moreover, it is still difficult to

obtain this type of film commercially. The second method, which we have advocated for this

study, controls the Zr concentration via the implantation dose and the depth distribution of

these atoms through the choice of implantation energies. How-ever, the damage and defects

caused by the implantation of heavy ions in the AlN film are more important. It is therefore

essential to study the influence of thermal annealing conditions on the structural and optical

properties of the implanted AlN films.

So far, the impact of different ion species (Si, Cd, Ag, Hf and Ti) on the structural properties

of ion-implanted AlN thin films have been reported [152–158] but further studies are needed

to better under-stand the influence of thermal annealing conditions on these properties .In this

work, we report on the impact of high energy implantation of Zr ions and subsequent annealing

in various gaseous atmosphere on the structural and optical properties of polycrystalline AlN

thin films. Ti and Hf ions can also create defect complexes of interest for quantum technologies,

but we chose Zr ions for their intermediate atomic number and because, to our best knowledge,

Zr-implanted AlN films have never been studied before. A special attention has been devoted

to the generation and identification of optically active point defects and defect complexes. This

study paves the way to future studies exploiting these luminescent defects for single-photon

source technologies.

4.3 Experimental Details

AlN thin films were deposited by a reactive DC magnetron sputtering (MS) technique on (100)

oriented silicon (Si) substrate. Prior to the deposition process, the substrates were cleaned

ex-situ using a standard RCA cleaning process carried out in two steps, called SC1 and SC2.

The substrates were then rinsed with deionized water and dried under Nitrogen (N2) gas flow,

prior to loading them in the sputtering chamber for the deposition. A commercial high purity
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Aluminum (Al) disc with a diameter of 33 cm was used as a target, sputtered at 10 kW operating

power. The sputtering process was carried out in an atmosphere composed of a mixture of

high purity Argon (Ar) and Nitrogen (N2) gases. The flow rates of gases were regulated by

two mass flow controllers and the total gas flow rate (Ar+N2) was kept constant at 70 sccm.

The gas flow rates were monitored to maintain a constant pressure of 3 mTorr in the chamber

during the sputter-deposition process. The substrates were radiatively heated to an on-substrate

temperature of 350 ◦C and the holder was biased negatively to -37 V. The film thickness was

measured using ellipsometry (Optiprime-TF system) and was found to be of 1 μm.

AlN samples of 5 × 5mm2 were cut out of an 8-inch wafer. Before implantation, the samples

were carefully cleaned with acetone, IPA and water. Ion implantation was performed at room

temperature, using Zr ions at different kinetic energies (250 keV, 1 MeV, 1.75 MeV, and 2.5 MeV).

The fluence is fixed at 1 × 1014cm−2 for each energy. The depth distribution of displacement

damages and Zr atoms in the host material is estimated using SRIM [159] simulations (Figure

4.1).

Figure 4.1 Depth profile of (a) displacement damage and (b) implanted ions concentration for
different ion implantation energies, according to SRIM simulations. The implantation fluence
was 1× 1014ion/cm2

To partially repair the structural damage caused by ion bombardment, the implanted samples

were annealed in a quartz tube furnace. Post-implantation annealing was performed under

different atmospheres including argon, nitrogen, and forming gas (FG, 95 % nitrogen + 5 %

hydrogen) at 1050 ◦C for 1 h. Since the AlN films can be easily oxidized when they are exposed

to air at high temperature, we allow the samples to cool down to room temperature at a rate

of 5 ◦C/min, in the furnace, keeping the same annealing gaseous atmosphere.
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The samples’ structural properties were characterized using a combination of techniques. The

film surface morphology was assessed using a Zeiss 1540 XB scanning electron microscope

(SEM) operated at 20 kV. The surface topography and root-meansquare (RMS) roughness of

the films were characterized by atomic force microscopy (AFM) measurements using a Dimen-

sion Icon Bruker system in a non-contact mode. The crystalline structure of the AlN films

was investigated through for θ − 2θ scans and rocking curve measurements using a Bruker

(D8 Discover Model) x-ray diffractometer with high-intensity Cu− Kα radiation (λ = 1.5406

Å). Micro-Raman measurements were carried out at room temperature using a backscattering

configuration. A Labram-800 Raman spectrometer equipped with a nitrogen-cooled charge-

coupled device (CCD) was used to record the Raman spectra. A He–Ne laser of wavelength

632.8 was used at a constant power of 1.3mW as the excitation source and a 50× microscope

objective was used to focus the laser beam to a spot diameter of about 3μm on the sample

surface.

The quantities of O, H, and C present in the AlN samples were depth-profiled by elastic recoil

detection by time-of-flight (ERD-TOF) analysis [131] using a Co 40 MeV ion beam incident at

15◦ from the surface. The recoils are detected at 30◦ with respect to the beam axis, except

H where it is at 46◦ through a beam-absorbing foil. The energy spectra were converted to

elemental depth profiles using Allegria software [133].

The photoluminescence (PL) spectra were obtained at room temperature using a 1 m-

spectrometer (SPEX model) equipped with a cooled photomultiplier tube (Hamamatsu R2658

model). A 266 nm pulsed UV laser source providing 8mW was used as an excitation source

where the excitation beam was focused onto the sample surface on a spot diameter of about

200μm. The laser beam was nearly perpendicular to the c-plane surface of the AlN films, and

the PL signals were recorded using a conventional lock-in technique. Photoluminescent exci-

tation (PLE) spectra were obtained using a 200-W Xenon lamp connected to a monochromator

(Princeton Instrument SP-2300i). A second monochromator and a silicon photodiode were

used for the detection of photons reemitted by the samples at specific wavelengths.

4.4 Results and Discussions

4.4.1 Structural Characterization

Figure. 4.2 shows the XRD spectra θ −2θ of the as-deposited AlN films Zr-implanted and after

their annealing under different gaseous atmosphere at 1050 ◦C for 1 h. The as-deposited film

presents features at 36◦ and 76.3◦ corresponding to the (0002) and (0004) AlN diffraction peaks

[160] For the Zr-implanted film (Zr/AlN), these peaks are shifted to lower diffraction angles
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while they return almost to their original positions after annealing. The shift in the diffraction

peaks is attributed to a change in the strain amount in the AlN layer as a result of implantation

and decreases significantly upon thermal annealing. The c-lattice parameter’s values can be

determined from the Bragg’s law and the relationship between the distance separating the

(000l) atomic planes and parameter c. The strain amount in the AlN films can be determined

using the expression Δc
c =

c−cBulk
cBulk

, where cbulk = 4.980 Å [161] is the c-lattice parameter of the

bulk AlN material. The values of the c-lattice parameters and the strain amount in the different

AlN layers, extracted from the diffraction patterns of Figure.4.2 are given in Table.6.1.

Figure 4.2 θ −2θ XRD patterns of the AlN films before and after Zr implantation and annealing
under various atmospheres. The dashed line shows the position of the (0002) peak for the
as-deposited AlN film. A peak related to the Si substrate is also shown.

For the as-deposited film, since no other peaks are observed in the XRD pattern, we conclude

that the AlN polycrystalline film is purely c-axis oriented. For the sputtered films, the intrinsic

defects, lattice or domain mismatch, and different thermal expansion coefficients are the three

main sources of residual stress. However, as reported by Zhang et al., the large lattice mismatch

(42.7%) between AlN films and the Si (001) substrate is the main contribution for the internal

stress in the formed film [162]. Partial strain relaxation in the AlN layer is usually realized by the

generation of interface steps and dislocations at the AlN/Si interface [163]. XRD measurements
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Sample c (A◦) Strain(%)
Raman E2(high)
peak position (cm−1)

Raman E2(high)
peak width (cm−1)

Annealing
atmosphere

As-dep AlN 4.984 0.08 659.5 16 ...
Zr/AlN (as-implant) 5.024 0.88 662.0 40 ...

Zr:AlN/ Ar 4.992 0.24 661.9 17 Argon
Zr:AlN/ N 4.992 0.24 661.5 17 Nitrogen
Zr:AlN/ FG 4.985 0.10 661.0 16 Forming gas

Table 4.1 Lattice parameter, c-axis strain and, Raman E2(high) peak position, and peak width
for different AlN films.

show that the residual amount of strain along the c-axis of this film is about 0.08%.

For the as-implanted film (Zr/AlN), the amount of strain induced in the c-axis direction reaches

a value of 0.88%. A similar behavior, resulting from implantation induced damage, has been

observed for ion-implanted GaN films [164]. The low intensity peaks observed at 36◦ and 76.3◦,
corresponding to the diffraction peaks of the as-deposited film, indicate that a small fraction

of the film retains its structural properties even after ion implantation. For post-implantation

annealed samples, the strain along the c-axis slightly depends on the thermal annealing con-

ditions with values ranging from 0.10% to 0.24%. The (0002) and (0004) diffraction peaks

are narrower than those of the Zr-implanted sample but wider than those of the as-deposited

films. This behavior indicates that the crystalline quality of the film is partially restored after

the thermal annealing treatment. The influence of the annealing gas atmosphere on the width

(FWHM) of the XRD peaks is best illustrated using ω− scans.
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Figure 4.3 (0002) XRD rocking curves of the annealed AlN films using different gas atmospheres
(Ar, N2, and FG). The rocking curve of the as-deposited film is shown for comparison.

The XRD rocking curves of the AlN films annealed under Ar, N2, and FG are shown in Figure.4.3

for a detector position centered on the AlN (0002) peak. The rocking curve of the as-deposited

film is also shown for comparison. The values of the full width at half maximum (FWHM)

of these peaks are also indicated in Figure.4.3 The broadening of the XRD peaks results from

both size and strain fluctuations in the various AlN crystallites forming the film and amorphous

zones in the as-implanted sample. The results show that thermal annealing performed under a

forming gas atmosphere is the most effective treatment to restore the crystalline quality of the

implanted film.

Figure. 4.4 illustrates the Raman spectra of the annealed AlN films using different gas atmo-

sphere (FG, N2, and Ar). The Raman spectra of the as-deposited and the as-implanted AlN films

are shown for comparison. The laser excitation power of 1.3mW is low enough to avoid sample

heating. The spectra can be reproduced by a sum of the three broadened peaks, correspond-

ing to the active Raman vibration modes of the wurtzite structure of the AlN crystal: namely,

the A1(TO), E2(high), and E1(TO) modes [91]. There are different broadening mechanisms

already observed for crystalline AlN and the thin film of AlN nanocrystallites. These include (i)

inhomogeneous broadening mechanisms due to strain fluctuations in the layer, [165] (ii) asym-

metric line shape features caused by crystallite size effects on the q �= 0 allowed modes and on

the phonon dispersion relation, [166,167] and (iii) homogeneous broadening mechanisms
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Figure 4.4 Raman spectra of the annealed AlN films using different gas atmospheres (Ar, N2,
and FG). The Raman spectra of the as-deposited and the as-implanted AlN films are shown
for comparison. The dashed line shows the position of the E2(high) vibrational mode for the
as-deposited film.

related to the finite phonon lifetime related to the phonon interaction with the crystallite bound-

aries [168, 169] Different fit functions (Gaussian, Lorentzian, or Voigt) have been used in the

literature, [162,164,165,170] but since we are interested in the effect of the fabrication process

(ion implantation + annealing) on the position of different allowed Raman modes and their

related peak linewidths, we have simplified the analysis by using a sum of Lorentzian func-

tions for each sample’s spectrum, except for the Zr/ AlN sample that shows a clear Gaussian

spectral line shape. The positions of these peaks are compatible with reported values for the

w-AlN crystal [171–173]. For the as-implanted sample, heavy ion implantation in covalently

bond materials usually results in the formation of amorphous zones featuring wider distribu-

tion of bond angle and interatomic distances than in the crystal that lifts the selection rules

and results in much broader Raman peaks [174] as observed in Figure. 4.4 ,and Table. 6.1.
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For the annealed samples, the width of the main Raman peak, associated with the E2(high)
mode, comes back to its initial value in the as-deposited film. This is consistent with restored

crystalline quality for the samples annealed in Ar, N, and FG atmosphere. This peak is also

slightly shifted toward higher frequencies, compared to that of the as-deposited sample. The

observed shifts are about 2.4, 1.9, and 2cm1 for samples annealed under an atmosphere of Ar,

N2, and FG, respectively. These Raman shifts are consistent with the amount of residual strain

values in these films, deduced from the XRD measurements.

Figure.4.5 shows the ERD-TOF depth profiles of O, H, and C elemental species for the different

AlN films. According to the lattice parameters we found by XRD and knowing their composi-

tion, the density of our films is 9.5 × 1022atom/cm3. Hence, the depth scale in these graphs

corresponds approximately to nanometers. It is worth pointing out that the depth profiles cover

only about 1/10 of the film thickness near the surface. The C content is below 0.4% in all films

and extends through the layer. It remains about the same for all samples. These are indications

that it was introduced during the deposition process, probably as a result of low levels of or-

ganic molecules contamination in the deposition chamber. However, there is no excess C peak

on the surface of the films, so post-treatments do not introduce additional C contamination.

The H content is below 0.6% for all films, except for the film annealed under FG atmosphere,

where a constant value of ∼ 0.9% is reached. Hydrogen typically favors the passivation of

dangling bonds.

Figure 4.5 ERD-TOF depth profiles of O, H, and C elemental species for the different AlN films.

All films present an O content near the surface, which extends about 20 × 1016atom/cm2 in
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depth, which corresponds to 20 nm. For the as-deposited film, the O content reaches about

13% at this free surface. Given the nanostructure of the films (see below), the incident ions

hit the surface at various angles during the ERD-TOF measurement, resulting in a broadening

of surface peaks. This depth profile is, therefore, compatible with the formation of a native

aluminum oxide Al2O3 on the surface of the film, which is typically up to 10 nm thick for pure Al.

Despite the low oxygen content in the furnace, thermal annealing under Ar or N2 atmosphere

promotes the incorporation of oxygen at the surface and in the AlN film, in which case it is

detectable at ∼ 1% levels at depth of up to 150–200 nm in these films. While inherently

quantitative, ERD-TOF sensitivity is limited to ∼ 0.1%. Some O contamination is probably

present deeper in the sample given its high reactivity to Al. It is interesting to note that the O

profile for the annealed film under FG atmosphere is almost identical to that of the as-deposited

and as-implanted films. It, thus, seems that the H passivation of the dangling bonds limits

the incorporation or diffusion of O in the film. According to our interpretation, this surface

passivation phenomenon can also influence the residual strain in the film. Indeed, limiting the

oxygen content in the AlN film during thermal annealing should promote the transfer of Zr

interstitials into substitutional sites (Z rAl) and thus reduce the internal strain, consistent with

the micro-Raman and XRD results. Otherwise, the formation of (VAl − ON ) defect complexes

is favored over substitutional (Z rAl) defects as predicted by density functional theory (DFT)

calculations [24,26,27].

Figure. 4.6 shows the SEM and AFM topographical images of the different AlN films. The

morphology of the as-deposited film was quite uniform and dense with a mean surface grain

diameter of 41 nm and an RMS surface roughness of 1.5 nm. The ion implantation process

alone does not noticeably alter the film morphology. Larger and relatively flat polycrystalline

flakes (grain size > 59 nm and RMS surface roughness of ∼ 0.91 nm) are found on the surface

of the films annealed under an atmosphere of Ar and N.

Figure 4.6 SEM micrographs (top) and AFM images (bottom) of the different AlN films.
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Figure 4.7 Summary of the statistical values of surface roughness and grain size extracted from
the analysis of the SEM and AFM images of Figure.4.6

A summary of the statistical values of RMS surface roughness and grain size is given in Fig-

ure.4.7 for all samples. The reorganization of atoms on the film surface is governed by the

thermal activation process. Higher number of dangling bonds help diffusion and reorganiza-

tion of the atoms on the surface of these films, resulting in larger grains. For the film annealed

under the FG atmosphere, the H-passivation of these bonds hampers these mechanisms and

helps preserve the as-deposited structure.

4.4.2 Optical Characterization

The influence of ion implantation and thermal annealing process on the optical properties of

AlN thin films was investigated using PL and PLE spectroscopies. Figure.4.8 shows the PL

spectra of the different AlN films, except for the as-implanted film that shows a very weak PL

signal due to amorphization and the presence of a large density of non-radiative recombination

centers. Spectra of Figure.4.8 show the presence of several emission bands in the visible range

between 420 nm and 770 nm. The different spectra can be reproduced using a sum of up to

five Gaussian-like emission bands centered around 1.7 eV, 2 eV, 2.2 eV, 2.5 eV, and 2.8 eV. The

inset in Figure.4.8 shows the best fitting curve of the Zr/AlN:Ar PL spectrum, obtained using a

sum of five Gaussian-like emission bands.
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Figure 4.8 room-temperature PL spectra of the different AlN thin films. The inset shows the best
fitting curve of the PL spectrum of the Zr/AlN:Ar film, obtained using a sum of five Gaussian-
like emission bands.

Further discussion of the influence of the fabrication process on the different defects that may

exist in our AlN films has to be given before interpreting the different PL features. Heavy ion

bombardment creates a high density of amorphous zones and point defect clusters. Upon an-

nealing, this usually results in a zoo of point defect complexes with complicated annealing

dynamics [175]. In addition to the point defects, the O impurities incorporated during the de-

position process mainly exist in the form of substitutional atom on N sites ON . ERD-TOF results

indicate non-negligible amount of C through the layers. However, according to the literatures,

the C-related levels are in the 4–6 eV range, which is far from the area of our PL study [93–95].
Therefore, we do not study the C-related defects in this paper. Also, as a result of implanta-

tion, Zr atoms can substitute other atoms of the lattice structure Z rAl , acting as point defects

and/or defect complexes such as vacancy-interstitial aggregates. The non-homogeneous dis-

tribution of these defect complexes may result in a large fluctuation of the internal strain in

the implanted layer. Thermal annealing promotes the displacement of vacancies and atoms to

reduce the overall strain in the film. This can be accomplished in several ways: (i) annihilation

of vacancies with Al and N interstitials, (ii) annihilation of vacancies by the transformation of O

and Zr interstitials into substitutional defects, (iii) formation of complex vacancy-substitutional

impurity such as VAl−ON complexes, and (iv) dissociation of vacancies–interstitials aggregates.
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Up to date, the energies of formation and dissociation of these point defects and defect com-

plexes are still poorly known in AlN. Meanwhile, ab initio calculations using the DFT method

can nevertheless be used to predict the existence of the defects most likely to form. These the-

oretical studies [24,26,27] notably predict a lower formation energy for the VAl −ON complex

compared to that of the Z rAl substitutional defect. This may help understand the influence of

the annealing conditions on the relative intensity of different emission bands, as will be seen

later.

Theoretical and experimental results showed that VN and VAl point defects have shallow en-

ergy levels below the conduction band and above the valence band extrema, respectively

[96,176].Oxygen substitutional defect ON and their related defect complexes, such as VAl −ON ,

have also been reported as an important defect in AlN [90,91,177–179]. Based on these stud-

ies and other DFT calculations [24,26,27,180], the suggested origin of the different emission

bands is given in Table.6.2 showing also the optical transition schemes involving these most

common defects. The experimental evidence and identification of most of the absorption en-

ergy levels and some of the emission energy levels have not been yet experimentally presented.

The emission band appearing around 2.8 eV can be attributed to transitions from the VAl levels

to the valence band (VB) [74,180]. The AlN bandgap energy is sensitive to the internal strain,

as reported by Seo et al. [24]. This is most likely the origin of the slight shift of the emission

band at 2.8 eV, observed from one sample to the other in accordance with the strain variation

revealed by XRD and Raman measurements. The second higher energy emission band, cen-

tered at ∼ 2.5 eV, is associated with transitions from the VAl −ON levels to the VB [86]. There

is also a slight shift in this band, from one sample to another, which can still be associated with

changes in the internal strain in the films. The emission bands at 2.2 eV and around 2.0 eV can

be associated to the VN → (V 3−
Al − 3ON ) transitions [181] and to emission related to VAl − ON

energy levels [182] respectively. These four emission bands, between 1.9 eV and 2.9 eV, are

present in the spectra of all samples, except the 2.8 eV band that seems to quench upon anneal-

ing under a forming gas atmosphere. Indeed, annealing under a forming gas might promote

the incorporation of Zr atoms into substitutional sites Z rAl that reduce the number of VAl sites

resulting in a significant decrease in corresponding emission intensity in the Zr/AlN :FG sam-

ple.

The most striking results are the increase in the intensity of the emission band peaked at 2 eV

and the appearance of a new emission band at 1.7 eV after the post-implantation annealing

treatment. The enhancement of the PL intensity at 2 eV is explained by an increase in the

density of the VAl − ON defect complexes, while the appearance of a new emission band at
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Suggested transitions Absorption/
Emission

Energy (eV)
(previous works) Reference

Energy (eV) Expt.
(this works)

V B→ VAl Absorption 3.4 [180] 3.2
(VAl −ON )2− + V+N → (VAl −ON )− + V 0

N Absorption 3.03 [180] 3.0
(V 3−

Al − V+N )→ (V 2−
Al − V 0

N ) Absorption 2.49 [180] 2.7
(Z rAl − VN )0 Absorption 2.83 [27] 2.6
VAl → V B Emission 2.77 , 2.78 [74,180] 2.8
(VAl −ON )→ V B Emission 2.53 [86] 2.5
VN → (VAl −ON ) Emission 2.16 [181] 2.2
(VAl −ON ) Emission 2.05 [182] 2.0
(Z rAl − VN )0 Emission 1.91 [27] 1.7

Table 4.2 Suggested transitions for absorption and emission bands seen between 1.7 and 3.25
eV.

1.7 eV would be due to the formation of Z rAl − VN defect complexes. However, the transition

energy associated with later defect complexes in strain-free AlN has been predicted by Varley

et al [27] around 1.9 eV. The position of our emission band at 1.7 eV seems to be redshifted by

the residual strain in the AlN film. Optical experiments in the presence of external stress will be

required to confirm this interpretation. In comparison with other samples, Zr/AlN:Ar shows the

most intense and resolved emission peaks. Therefore, we will focus on this sample for a deeper

analysis on the origin of transition energy bymPLE. Absorption spectroscopy measurements are

very useful for confronting experimental results with theoretical predictions. Figure.4.9 shows

the PLE spectra of the Zr/AlN:Ar film, detected at the energy position of the main emission

bands at 1.7 eV, 2 eV, 2.2 eV, and 2.5 eV.
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Figure 4.9 Photoluminescence spectrum (shaded surface) and photoluminescence excitation
spectra (colored solid lines) of the Zr-implanted and Ar-annealed AlN film. The PL spectrum is
obtained using a laser source at 266 nm and the PLE spectra are obtained using a wavelength
tunable source and detection at specific energies, indicated by colored arrows on the PL spec-
trum.

The three emission bands at higher energy appear to be correlated with three main absorp-

tion bands peaked at 2.7 eV, 3.0 eV, and 3.2 eV. Hybrid functional calculation59 predicted that

the isolated aluminum vacancies are responsible for the absorption band around 3.4 eV. The

observed absorption band at 3.2 eV might be related to this V B → VAl optical transition. For

the 3 eV absorption band, it might originate from the charge transfer between a (V 3−
Al −ON )2−

complex defect and V+N in its vicinity, as predicted by DFT calculations.59 The absorption band

at 2.5 eV is most likely related to optical transitions involving VAl in a 3 charge state and VN in

a + charge state (V 3−
Al + V+N → V 2−

Al + V 0
N ) [180]. The slight shift of ∼ 200 meV observed be-

tween experimental and theoretical predictions might originate from the residual strain in the

AlN films. Finally, the PLE spectrum detected at the 1.7 eV emission band shows an additional

narrow absorption band at 2.6 eV. This narrow band is very likely related to (Z rAl − VN )0 de-

fects [27], which has been theoretically expected to have a S = 1 spin character. There has not

been a previous experimental report for Zr-related defects in AlN. However, further experiment

is necessary to investigate the spin character of these defects.
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4.5 Conclusion

In summary, we have investigated the effect of Zr implantation and thermal annealing under

different gas atmospheres on the structural and optical properties of polycrystalline AlN films.

Results show that, after annealing under Ar and N atmosphere, samples show a higher amount

of strain in comparison with the as-deposited AlN. These results could be interesting for strain

engineering of AlN. Moreover, after annealing in the forming gas atmosphere, the results repre-

sent the nearly full implantation damage recovery of sample. Different emission and absorption

bands related to the complex defects are identified by PL and PLE. The results reveal that the

Zr implantation followed by thermal annealing results in formation of a new defect in AlN with

emission and absorption energy at 1.7 eV and 2.6 eV respectively. Comparing with the re-

sults from first-principles calculations based on density functional theory (DFT), these energies

could be assigned to (Z rAl−VN )0 defect levels. Proton implantation in Zr-doped AlN films could

also be considered in our future work as an alternative method to generate optically active Zr-

vacancy pairs while minimizing the density of non-radiative recombination centers in the host

crystal. This technique and such defects are potentially interesting for quantum technology

applications.
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CHAPTER 5 Optical Characterization of (Z rAl − VN)0 Point

Defects in Zr-implanted Polycrystalline AlN Films

This chapter provides a summary of the comprehensive optical studies conducted on (Z rAl−VN )0

point defects in AlN films. The results of first-principles calculations based on density functional

theory (DFT) have already indicated that these defects can be used as qubit defects for quantum

applications [24, 26, 27]. However, to effectively leverage the potential of these defects, it is

essential to gain control over their formation and fully investigate their structural and optical

properties.

Chapter.4 presents the effect of implantation/annealing treatment on the strain in AlN films and

establishes suitable protocols for creating (Z rAl − VN )0 point defects. This chapter is dedicated

to exploring the optical properties of these defects and comparing the findings with theoretical

calculations. By understanding the optical properties of these defects, we can further advance

their application in quantum technologies.

5.1 Experimental Details

The thin film samples used in this study were 1 μm thick, wurtzite-phase AlN films grown

via reactive DC magnetron sputtering on highly-doped silicon substrates oriented along the

c-axis, as described in Chapter.4. To introduce (Z rAl−VN )0 point defects, the samples were ion-

implanted with Zr atoms at a fluence of 1014 ions/cm2 and then annealed in a FG environment

to prevent surface oxidation. Different annealing treatments were tested with temperatures

ranging from 500◦C to 1050◦C and annealing times from 30 minutes to 1 hour. Previous results

showed almost full damage recovery for samples annealed at 1050◦C in FG environment.

To characterize the samples, a home-made PL imaging setup with a 532 nm laser and a 60X mi-

croscope objective was used. The PL spectrum was filtered using a 560 nm long-pass filter and

detected with a monochromator (Horiba Triax 320) equipped with a nitrogen-cooled CCD cam-

era. Time-resolved photoluminescence measurements were also conducted using an avalanche

photodiode for signal detection and a time-correlated single-photon counting unit coupled to

a pulsed laser diode source at 532 nm. PL measurements showed that AlN samples annealed

at temperatures above 900◦C had a uniform PL background but no detectable isolated emit-

ters. However, increasing the annealing temperature to 1050◦C reduced the PL background

and allowed for the detection of isolated emitters, which were optically investigated in this
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chapter.

5.2 Spectral Analysis of (Z rAl − VN)0 Point Defect

Initially, we directed the laser beam onto the sample’s surface and collected the PL spectra at

different locations on the sample to identify bright spots displaying a strong ZPL intensity. The

low-temperature PL spectra of the emitters at 4 K are depicted in Figure.5.1. Our investigations

uncovered a prominent ZPL peak at 685.6 nm (1.808 eV) accompanied by a phonon side band

shifted towards the red, centered around 700 nm (1.77 eV). A Gaussian function was used

to fit the ZPL, and the resulting FWHM was approximately 1.7 nm, which is wider than that

observed previously for AlN emitters [4]. This broadening may be attributed to a group of

emitters clustered in the bright spots.

Figure 5.1 The figure displays the temperature-dependent photoluminescence (PL) spectra of
a bright spot, with the red curve representing measurements at 4 K and the blue curve repre-
senting measurements at 290 K. At room temperature, a second peak at a shorter wavelength
is observed in addition to the zero-phonon line (ZPL) peak.

Accordingly, the detection wavelength was set to the central wavelength of the ZPL (685 nm),

and a PL map of the sample was generated by scanning at different positions on the sample.

Figure 5.2 shows the low-temperature (4 K) PL scans of the AlN samples after annealing at

1050◦C, taken at various positions. Initially, large-scale PL maps were acquired over areas of
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100 × 100 μm2 (Figure 5.2(a)) and 1000 × 1000 μm2 (Figure 5.2(b)). Our results revealed

a dark background with micro-sized bright spots, which we attribute to point defects in the

AlN film. The background counts were likely due to substrate fluorescence, laser reflections,

and detector dark counts. These bright spots were distributed throughout the AlN film, with

varying emission intensities that may be related to the position of emitters in the AlN layer.

To investigate these bright spots more closely, we focused on the mapping area around the

emitters. Figure 5.2(d-f) shows zoomed-in maps of Figures 5.2(a-c), respectively. The ratio of

the PL intensity of emitters to the background intensity at the emitter’s wavelength varied from

12 to 150, depending on the emitter’s PL intensity. The diameter of the bright spots ranged from

5 μm to 30 μm, much larger than what has been observed for single AlN emitters [4]. These

results are consistent with the broadening of the ZPL and suggest the presence of a cluster of

defects in the bright spots.

Figure 5.2 Rewritten: The figure shows the mapping of point-like emitters in AlN for two dif-
ferent areas: 100×100 μm2 (a) and 1000×1000 μm2 (b and c). Figures (d-f) provide a closer
view of the PL map around the bright spots.

Previous research [183] has attributed the 700 nm peak to emission from states related to the

(Z rAl−VN )0 defect complexes. This suggests that the ZPL peak at 685.6 nm could also be related

to the same point defects. However, predictions by Varley et al. [27] for the ZPL and phonon

sideband associated with the (Z rAl − VN )0 complex defects in strain-free AlN are at 2.3 eV and

1.9 eV, respectively. In contrast, the observed ZPL and phonon sideband in our study are at

1.85 eV and 1.77 eV, respectively, indicating a redshift. DFT calculations have demonstrated
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that uniaxial and biaxial strain in AlN can affect the band gap and position of defect energy

levels [24], and thus the redshift in the position of the ZPL and phonon sidebands may be

attributed to the residual strain in the Zr-implanted AlN film.

Figure 5.1 presents the optical emission spectra of the (Z rAl − VN )0 complex defects at room

temperature, denoted by the curve labeled as 290 K. The spectra show two weak peaks at 684

nm and 687 nm, and a broad emission band ranging from approximately 680 to 740 nm.

PL spectra were acquired at various temperatures ranging from 4 K to 295 K to investigate the

recombination mechanism of the luminescent defect states, as per our experimental method-

ology. The resulting PL spectra, depicted in Figure.5.3, illustrate that the intensity of the ZPL

declines as the temperature rises, while the maximum shifts towards higher wavelengths. More-

over, a new emission peak arises at shorter wavelengths for temperatures exceeding 30 K. Peak

A and peak B denote the ZPL and second peak, respectively. Peak B’s intensity gradually rises

with temperature, reaching a maximum before dramatically declining above 130 K. In contrast,

Peak A’s intensity only diminishes with temperature. Furthermore, these peaks undergo redshift

and broadening with increasing temperature, as demonstrated in Figure.5.3(b) and (c).

The temperature dependence of the linewidth of the luminescent defect in AlN has been ob-

served and compared to that of SPEs in h-BN [16]. The broadening of linewidth with tem-

perature has been attributed to the mixing of vibrational states of the localized defect due to

electron-acoustic phonon coupling. While the model used in [16] was not applicable to defects

in AlN due to unknown parameters, it was observed that the linewidth broadening of our de-

fect complexes in AlN was about 0.9 nm and 0.58 nm for peak A and peak B, respectively, from

4K to 290 K, while for SPEs in hBN, this value was about 1.7 nm over the same temperature

range. As AlN is a piezoelectric material, it is likely that electron-phonon coupling is responsi-

ble for the observed linewidth broadening, but our results indicate that the coupling strength

is less significant than that observed for hBN, which is a 2D material known to have strong

electron-phonon coupling.
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Figure 5.3 (a) Photoluminescence spectra of AlN:Zr/FG film obtained at various temperatures.
(b-c) Temperature-dependent variations in the position and linewidth of peak A and peak B.

The photoluminescence of defects in semiconductors typically decreases with increasing tem-

perature due to the opening of non-radiative channels, which is known as positive thermal

quenching (PTQ) in PL [184, 185]. We observe PTQ in the PL evolution of peak A, but the PL

spectra of peak B behave differently, as shown in Figure.5.3. Anomalous behavior where the PL

intensity increases with increasing temperature, known as negative thermal quenching (NTQ),

has been observed in various semiconductors [184,186–190].

To better understand the underlying dynamics responsible for the evolution of the PL peaks,

we fit the PL spectra in this wavelength region using a Gaussian function. We extract the PL

intensities of these two peaks and plot them as a function of 1/T in Figure.5.4. The multi-level

model developed by Shibata [191], which describes both PTQ and NTQ, is often used to analyze

PL temperature dependence. This model is given by:

I P L(T ) = I P L
0

1+
∑n

q=1 Cqex p(−E′q/kB T )

1+
∑m

j=1 Djex p(−Ej/kB T )
(5.1)

where I P L
0 represents the PL intensity at low temperatures, kB is the Boltzmann’s constant, n

is the number of intermediate states with an activation energy of E′q, and m is the number

of nonradiative processes with activation energy Ej. Cq and Dj are the coefficients for the

84



intermediate and nonradiative processes, respectively. The exponential term in the numerator

describes the NTQ process, while the denominator term corresponds to the PTQ process.

For peak A, since there were no indications of the NTQ process, the experimental data were

fitted using Eq.5.1 with two nonradiative channels (m=2) and Cq = 0, as shown in Figure.5.4.

The experimental data for peak B are also shown in Figure.5.4, and the fitting curve corresponds

to the model of Eq.5.1 with only one nonradiative channel (m=1) for the PTQ and only one

intermediate state (n=1) for the NTQ. The characteristic energies extracted from the fitting

procedure are E1 ≈ 7.9meV and E2 ≈ 71.3meV for peak A, and E′1≈ 76meV and E1≈ 85meV

for peak B.

We propose a possible explanation for our findings based on the recombination dynamics of a

discrete set of energy levels. Upon green laser excitation at 532 nm, photogenerated carriers are

elevated to the excited states of defects (ES), after which they rapidly relax to the minimum

energy of ES. At low temperatures, carriers in ES primarily recombine via photon emission

(ZPL) or photon emission with one or more phonons (phonon replica or side-band). As the

temperature increases, the phonon side-band becomes more significant.

Peak A exhibits an activation energy of 7.9 meV, equivalent to the energy difference between

Peak A (1.808 eV) and Peak B (1.817 eV). Therefore, thermal quenching of Peak A is likely

due to carriers depopulating to energy states of Peak B (EB) and an increase in the number of

non-radiative (phonon-assisted) transfers. One other intermediate state in the bandgap of AlN

occupies the excited state of Peak B, in addition to the excited state of Peak A. Therefore, as

Peak A’s intensity diminishes, Peak B’s intensity begins to increase (NTQ) with a characteristic

activation energy of around 76 meV.

However, at higher temperatures (above 140 K), Peak B undergoes PTQ, which may be associ-

ated with an increase in non-radiative (phonon-assisted) transfers at those temperatures. As a

result, the intensity of Peak B decreases.
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Figure 5.4 PL intensity of peak A and peak B as a function of 1/T. Solid lines are fits to the
experimental data using the Eq.5.1

The ability of defects to function as good single-photon emitters is determined by the fraction of

photons emitted in the zero-phonon line (ZPL), which is quantified by the Debye-Waller factor

(DWF). The DWF is calculated as the ratio of the ZPL PL emission (IZ P L) to the total PL emission

(ITOT ), which is the sum of the ZPL and phonon-broadened PL (IPSB). We obtain the DWF by

separately fitting the ZPL and PSB peaks with Lorentzian functions. At low temperatures (4

K), the DWF is estimated to be 18.5± 2%. This high DWF at cryogenic temperatures suggests

that these defects could be promising single-photon emitters. However, further measurements

of the second-order autocorrelation photon statistics of the defects are necessary to fully assess

their potential for quantum emitting applications.

5.3 Photophysical Characterization

The time-resolved PL (TRPL) results of AlN:Zr/FG film are presented in Figure 5.5(a), where

the decay lifetime of the TRPL spectra was fitted using a bi-exponential function in the following

form [192]:
I(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2) (5.2)

86



where τ1 and τ2 are fast and slow decay times, and A1 and A2 are the weighting of the fast

and slow components. The fitting results reveal a decay time of τ1 = 0.37 ± 0.006 ns and

τ2 = 1.37± 0.04 ns. The slow decay relaxation time is similar to what has been calculated for

single emitters in AlN films [2,4,25].

Figure 5.5 Excited state lifetime measurements of ZPL for (Z rAl − VN )0 defects, fitted with a bi-
exponential decay function, showing the fast and slow lifetimes of 0.37±0.006 and 1.37±0.04
ns, respectively.

The emission intensity of (Z rAl − VN )0 defects is shown in Figure.5.6 as a function of excitation

power from a 532 nm cw laser. The data was fitted using the following equation:

I = I∞× P/(P + Psat) (5.3)

where I∞ and Psat represent the emission rate and excitation power at saturation, respectively.

The fitting results indicate that I∞ is approximately 2.8×104cps, and Psat is approximately 2.5

mW. These values suggest that the emission rate of these defects is lower than that observed

for other single emitters in AlN film [2, 4, 25], which could pose a challenge for their use as a

source for single-photon emission. Nevertheless, if future studies reveal strong antibunching

emission from these defects, methods such as passivation, integration of single-photon emitters

in cavities or plasmonic structures, and more [193] could potentially enhance the extraction

efficiency of photons from these defects.
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Figure 5.6 PL intensity saturation response of defects reached 2.8× 104 counts per second at
saturation, with a saturation power of 2.5 mW.

5.4 Conclusion

The aim of this study was to investigate the optical properties of AlN:Zr/ FG defects using

photoluminescence (PL) spectroscopy. Low-temperature PL mapping with aμP L setup revealed

the presence of micro-sized bright spots against a dark background. At cryogenic temperatures,

PL measurements showed a zero-phonon line (ZPL) at 685.5 nm, along with a lower energy

sideband at around 700 nm. We attribute these peaks to (Z rAl − VN )0 defects in AlN.

Further investigation using temperature-dependent PL measurements indicated the emergence

of a second peak at higher energies at temperatures above 30K. By combining the results from

temperature-dependent PL and time-resolved PL (TRPL), we proposed a possible recombination

mechanism for (Z rAl − VN )0 complex defects. Additionally, our results showed a relatively high

Debye-Waller factor of around 18.5

However, to fully assess the potential of these defects as single-photon emitters, we recommend

conducting an Second-order photon correlation measurement (g(2)(τ)). Overall, this study

provides important insights into the optical properties of (Z rAl − VN )0 defects in AlN and their

potential applications in quantum photonics.
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CHAPTER 6 Experimental evidence for spin-triplet states in

Titanium implanted AlN film: an electron spin resonance

study

6.1 Foreword

The previous two chapters have presented the optical results obtained from the AlN films grown

on Si substrates. In addition to these optical studies, we also attempted to measure ESR signals

in these films in order to study the spin characteristics of defects present in these films. Unfortu-

nately, our results indicate that no ESR signals were detected in these AlN samples, suggesting

that the concentration of paramagnetic centers in these films is too low or that the main defects

are not paramagnetic.

During our investigations of the various samples processed in this thesis it turned out that

ESR signals could be detected on AlN films grown on sapphire and processed by our implan-

tation/annealing process. This chapter presents and discusses the results of this study. Unfor-

tunately, only Ti and H ions were used for the bombardment of these films on sapphire, which

limits the scope of this study. It seems that the initial crystalline quality of these films and the

amount of inner strain after implantation/annealing are responsible for the generation of these

paramagnetic defects in sufficient quantity to be measurable via the ESR spectrometer at our

disposal. Further structural characterization is still needed to unravel the mystery related to

the absence of ESR signals on our AlN films grown on Si. It would also be interesting to try

other more sensitive spin resonance measurement systems in order to carry out further in-depth

studies of these AlN films.

Concerning the studies of the optical properties of the AlN films grown on sapphire, we made

the choice not to present them in this thesis because the photoluminescence spectra of these

samples (excited with a laser beam in the green, at 532 nm) are totally dominated by the

emission of the colored centers in sapphire: we do not see any significant difference between

the luminescence of the pristine sapphire substrate and that of the AlN films on sapphire.

Abstract Spin-carrying defects found in wide-bandgap semiconductors are promising candi-

dates for the advancement of quantum sensing and quantum information technology. This

study presents experimental evidence demonstrating the formation of paramagnetic defects in

AlN films after subjecting them to high-energy hydrogen and titanium ion implantation. The

amount of local strain in the AlN films was found to be affected by the ion species and implan-
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tation process, as revealed by X-ray diffraction and Raman spectroscopy. Furthermore, electron

spin resonance spectroscopy identified resonance peaks with g-values higher than that of a free

electron (2.0023) for both H-implanted and Ti-implanted AlN films. The origin of these peaks

was identified as different types of point defects. In the case of the Ti-implanted film, a half-

field resonance peak was also detected and attributed to spin-triplet (S=1). These findings

shed light on the electronic spin state of point defects in AlN and offer exciting prospects for

their application in quantum devices.
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6.2 Introduction

Spin-defects embedded in a wide-bandgap semiconductor host are promising systems for a

range of quantum technologies. Recently defects in diamond known as nitrogen-vacancy

(NV−1) attracted considerable attention as potential candidates for quantum technology appli-

cations [6–8]. The ground state of this colored center in diamond is spin-triplet (S=1) which

consists of three sublevels with spin projections of ms = 0, −1, and +1, where the ms = ±1

sublevels are separated from ms = 0 , by the crystal field. The superposition of ms = 0 and

ms = ±1 sublevels can be utilized as qubit states | 0 > and | 1 >, which are the fundamental

building blocks for quantum computers. Moreover, the separation between these sublevels and

their dependence on external parameters such as electric and magnetic fields, temperature, and

pressure, are the basis for the operation of new quantum sensors.

However, due to difficulties in growing and controlling the lattice of diamond, it is still desir-

able to identify other wide-bandgap materials as a host for qubits. Among these materials, AlN

with one of the widest bandgap (6.12 eV) [66], small spin-orbit splitting (19 meV) [194] and

mature high-quality crystal growth and doping techniques [195] is an interesting candidate

for deployment of scalable quantum technologies. Additionally, AlN has piezoelectric proper-

ties [195, 196] which makes it a favorable host for a variety of control schemes for quantum

spins. Recently, some theoretical studies revealed that point defects and defect complexes in

AlN could act as qubits for quantum technologies [24,26,27,197]. Results from density func-

tional theory (DFT) calculations suggest that the spin character of nitrogen vacancies (VN ) in

AlN could be altered by complexing with an adjacent impurity (such as Ti, Zr, or Hf) [26,27] or

by applying strain to the host material [24]. It is theoretically predicted that (TiAl − VN ) com-

plex or V−N defects under realistic strain conditions, exhibit a spin-triplet ground state which

represents promising qubit candidates. However, to our knowledge, the spin character of these

defects, has not been examined experimentally. In this letter, using electron spin resonance

(ESR) spectroscopy, we provide experimental evidence, confirming the formation of paramag-

netic centers with spin-triplet (S=1) characteristics.
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Figure 6.1 Depth profile of displacement damages for (a) 250 keV H atom implantation in AlN
with a fluence of 5×1015H/cm2 and, (b) Ti implanted AlN films with different ion energy and
implantation fluence and (c) Ti atom concentration for different ion implantation energies,
according to SRIM simulations.

6.3 Material and Methods

In our study, we used AlN epitaxial films with a thickness of 1 micron on 450 microns sapphire

single-crystal substrate (Dowa Electronics Materials Co.). These samples were grown by metal-

organic chemical vapor deposition (MOCVD) and the crystal orientation is along the < 0001>
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c-axis, as we see below. To create vacancy-based defects, we used ion implantation with a

variety of atoms including hydrogen and titanium. The first group of samples was ion-implanted

using hydrogen atoms at the fluence of 5×1015 H/cm2 with an acceleration voltage of 250 keV.

For the other samples, ion implantation was performed using Ti atoms with implant energies of

100 keV, 500 keV, 1MeV, and 1.5 MeV, and fluences of 2×1011 Ti/cm2, 4×1011 Ti/cm2, 6×1011

Ti/cm2 and 1.6× 1012 Ti/cm2, respectively. The ion implantation was carried out on a 1.7 MV

tandem accelerator at room temperature and at an angle of 7◦ from the surface normal to avoid

channeling. The depth distribution of displacement damage and Ti concentration in the host

material is estimated using SRIM 2013 [198] simulations. We see from Figure.6.1 that the single

H implantation produces a nearly uniform damage profile reaching 0.03% displacements per

atom (dpa), while the Ti implantations produce a relatively uniform damage profile at a level

of 0.1% dpa. We note that SRIM does not take into account effects such as dynamic annealing

or the effects of damage concentration on its stability, so the actual damage level might be

different. To partially remove the lattice damages caused by implantation, ion implantation

was followed by thermal annealing at 1050◦C for 1h in an Ar atmosphere.

The crystalline structure of the AlN films was investigated through (θ−2θ ) scans using a Bruker

(D8 Discover Model) X-ray diffractometer with high-intensity Cu-Kα radiation (λ = 1.5406 Å

).

Micro-Raman measurements were carried out at room temperature using a backscatter-

ing configuration. A Labram-800 Raman spectrometer equipped with a nitrogen-cooled

charge-coupled device (CCD) was used to record the Raman spectra. A He-Ne laser emitting

at 632.8 nm was used at a constant power of 1.3 mW as the excitation source and a 50× mi-

croscope objective was used to focus the laser beam to a spot diameter of about 3 μm on the

sample surface.

Electron spin resonance (ESR) measurements were recorded at room temperature, using a JEOL

FA-200, X-band spectrometer operating at 9.45 GHz, and sweeping the magnetic field from 0

to 1000 mT. The ESR spectra of all samples were recorded with the magnetic field directed

both parallel (B ‖ C) and perpendicular (B ⊥ C) to the c-axis of AlN crystal, to determine any

spin anisotropy of the defects. ESR spectra were recorded in dark and under illumination with

a solar simulator lamp, in order to determine if the paramagnetic states associated with these

defects are optically active. All ESR simulations discussed in this work were performed using

the EasySpin software based on an anisotropic spin Hamiltonian. [199].
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6.4 Results and Discussion

In order to study the effects of implantation and thermal annealing on the structure of AlN films,

XRD and Raman spectroscopy has been done. Figure.6.2 shows the XRD (θ − 2θ ) patterns

of as-grown AlN film, H-implanted , and Ti-implanted AlN films after heat treatment under

Ar atmosphere at 1050◦C for 1h. The as-grown film show features at 36◦ and 76.4◦, which

correspond to (0002) and (0004) AlN diffraction peaks [160]. The absence of other diffraction

peaks reveals that the AlN film is purely c-axis oriented. For the H-implanted and Ti-implanted

films after thermal annealing, the position of the diffraction peaks are shifted to the lower

diffraction angles. This shift is associated with a change in the local strain in the AlN film as

a result of the ion implantation and heat treatment. Using Bragg’s law, we have calculated

the c parameter of the different samples. The strain value can be determined by means of the

expressionΔc = (c−cbulk)/cbulk, where cbulk = 4.980 Åis the c-lattice parameter of the bulk AlN

[161]. The value of the c parameter and strain for the different samples is shown in Table 6.1.

The XRD results reveal that the amount of local strain along the c-axis of the as-grown AlN film is

0.08%. Such a residual strain in this film is due to the large mismatch in the lattice and thermal

expansion coefficient of sapphire and AlN layer [200]. For the post-implantation annealed

samples, the amount of strain along the c-axis depends on the implanted ion species, with values

of 0.14% and 0.24% for the AlN:H/ Ar and AlN:Ti/ Ar samples, respectively. The (0002) and

(0004) diffraction peaks of the H-implanted and Ti-implanted samples are wider than those

of the as-grown films, however, no other XRD peaks were observed in these samples. This

behavior indicates that the crystal quality of the films is partially changed after implantation

and thermal annealing, but the films are still purely c-axis oriented.
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Figure 6.2 Diffractograms of Ti-implanted (top) and H-implanted (middle) AlN films after an-
nealing. The bottom panel shows the diffractogram of the as-grown AlN film for reference. The
dashed line represents the position of the (0002) diffraction peak for the as-grown AlN film.

To analyze the crystal quality and substantiate the observed strain in AlN films, Raman spec-

troscopy was performed. Typical Raman spectra of our samples are shown in Figure.6.3. To

avoid sample heating, we used a low laser excitation power of 1.3 mW. The Raman spectra

exhibits characteristic E2(high) and A1(TO)modes at 656.9 cm−1 and 632.5 cm−1 respectively,

where the E2(high) mode is the strongest allowed mode in c-textured wurtzite AlN film [173].
There is no evidence of Raman scattering or local vibrational modes associated with the disor-

der, which is a signature of the good quality of our AlN films. The full-width at half-maximum

of the E2(high) band measured on all samples varies between 4 and 5 cm−1. These values are

close to the value of 3 cm−1 reported for high-quality AlN bulk single crystals [165]. The inset

of Figure.6.3 shows the central frequency of the E2(high) mode for the different samples. The

observed shift was 1.9 cm−1 and 2.7 cm−1 for the AlN:H/ Ar and AlN:Ti/ Ar respectively. This

mode has been shown to be dependent on the biaxial strain in the AlN film [201]. The inset of

Figure.6.3 revealed that the Raman shifts are compatible with the calculated strain values from

XRD measurements and demonstrate that, compared to the as-grown AlN film, the AlN:H/ Ar
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Sample c (A◦) Strain(%) Raman E2(high) (cm−1)

as-grown AlN 4.984 0.08 656.9
AlN:H/ Ar 4.987 0.14 655.1
AlN:Ti/ Ar 4.992 0.24 654.0

Table 6.1 Lattice parameter, c-axis strain and, position of the E2(high) vibrational peak for the
different AlN films.

and AlN:Ti/ Ar films have a higher amount of residual strain.

Figure 6.3 Raman spectra measured at room temperature from the ion-implanted and as-grown
AlN films. The implanted samples are annealed under an Ar atmosphere. The dashed line shows
the position of the E2(high) vibrational mode for the as-grown AlN film. The inset shows the
Raman shift of the E2(high) vibrational mode, as a function of the strain for the different
samples.

To study the spin character of the intrinsic and extrinsic defects in our AlN films, we used

ESR spectroscopy. Precautions must be taken when analyzing the ESR spectra of our samples

because the contribution of the sapphire substrate to the ESR signal is not negligible. Since the

irradiation and thermal annealing procedure might affect the substrate, we recorded the ESR

spectra of the AlN:H/ Ar and AlN:Ti/ Ar samples after removing the AlN layer in a KOH solution.

The wet chemical etching was performed in a KOH-based solution with a concentration of 15%

at the temperature of 60 ◦C . Such concentration is known not to etch or to add defects in

sapphire. Our results show that the ESR spectra of samples with removed AlN layer (sapphire

substrate) and the as-grown AlN film are very similar. This indicates that the sapphire is not

responsible for the broad ESR peaks observed at ∼ 295 mT in the treated AlN films, which will
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be described later in the text.

Room-temperature ESR spectra of the as-grown AlN films and sapphire substrates for both B-

field parallel to the c-axis (B ‖ C) and B-field perpendicular to the c-axis (B ⊥ C) are shown

in Figure.6.4 (a-f). The sharp spectral features observed in these spectra are assigned to color

centers in the sapphire substrate. The ESR spectra of the films processed by ion implantation

and annealing are shown in Figure.6.4 (g) to Figure.6.4 (k), respectively. On each of these

spectra, we notice the appearance of an additional broad ESR feature, characteristic of the

derivative of an absorption band. The ESR spectra of the AlN:H/ Ar film, shown in Figure.6.4

(g) and (h), display a broadband, characteristic for this type of signals and composed of a series

of unresolved hyperfine lines, which are sensitive to the orientation of the B-field. The central

resonance feature broadened and shifted to a higher resonance magnetic field value when the

B-field orientation changed from parallel to perpendicular to the c-axis of the film. Note that

two sharp features, seen at about 250 mT and 480 mT, are likely related to the paramagnetic

defects in sapphire substrate. The spectra of AlN:Ti/ Ar film is shown in Figure.6.4 (i) and

(k). Comparison between the spectra for B ‖ C and B ⊥ C orientations demonstrates that

the location of the main resonance peak (around 295 mT) is mostly orientation independent,

however, the resonance line profiles are slightly different for the two orientations. The intensity

of this central feature is also lower than the one observed for the AlN:H/ Ar film, which could

indicate a lower concentration of the paramagnetic defects in this sample. Spectra recorded

for B ⊥ C (Figure.6.4(k)) featured an extra distinct half-field signal around 140 mT, which can

be assigned to spin-triplet paramagnetic defects.

Further discussion of the influence of the fabrication process on the different defects that may

exist in our AlN films must be given before interpreting the different ESR features. Heavy

ion implantation followed by thermal annealing creates a variety of point defects (vacancies,

interstitial, and substitutional atoms) and defect complexes (vacancy-impurity pairs, aggre-

gates, etc.) in AlN film. In addition to the point defects, O and C impurities were incorpo-

rated during the growth process and existed in form of substitutional atoms at the N site (ON

and CN ). Furthermore, the implanted Ti atoms can replace Al atoms (TiAl) and act as point

defects and/or defect complexes such as vacancy-interstitial aggregates. Based on the previ-

ous studies [197,202–204] the most likely candidates for the paramagnetic defects in AlN are

nitrogen-vacancy (VN ), substitutional oxygen atoms in nitrogen site (ON ), substitutional car-

bon atoms in nitrogen site (CN ), and nitrogen-vacancy complexes. Previously, it was reported

that [202], ON and CN defects form a shallow donor (SD) in AlN which are activated under

illumination. However, after a thorough investigation using a solar simulator, we observed

no distinction between ESR measured in dark vs, under illumination. Therefore, we exclude
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Figure 6.4 RT X-band ESR spectra of as-grown AlN (a,b), sapphire substrate from etched AlN:H/
Ar sample (c,d), sapphire substrate from etched AlN:Ti/ Ar sample (e,f), H-implanted AlN (g,h),
and Ti-implanted AlN (i,k) films for the magnetic field parallel and perpendicular to the c-axis
of AlN film. Simulation results from EasySpin are shown using dash lines.
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Sample gx gy gz spin lwx(MHz) lwy(MHz) lwz(MHz) D(MHz) E(MHz)
AlN:H/ Ar 2.36 2.36 2.49 1/2 616 616 840 - -
AlN:Ti/ Ar 2.15 2.15 2.73 1 1900 1900 2400 2900 580

Table 6.2 ESR parameters of AlN:H/ Ar and AlN:Ti/ Ar films, calculated using the fit of experi-
mental data to the EasySpin simulation, including the g-value, spin, ESR line width due to an
anisotropic field-strain broadening (lwx , lwy , and lwz), and zero-field splitting parameters.

ON and CN as a possible source of defects. This leaves nitrogen-vacancies and their associate

complexes as the most likely source of the paramagnetic defects measured by ESR in our

AlN:H/ Ar sample. It is worth mentioning that previous ESR studies on the nitrogen-vacancies

in AlN revealed resolved hyperfine structures originating from the interaction of electron spin

with the magnetic nuclear lattice of 27Al and 14N [?]. However, these resolved hyperfine lines

were not observed in our ESR spectra. In our study, we start from thin epitaxial AlN films with

very low defect concentration: ESR spectra did not reveal the presence of a significant number

of paramagnetic defects in the volume measured. However, after implantation and annealing,

our results revealed the presence of a sufficiently large number of paramagnetic defects mea-

surable by ESR. Since our implanted AlN films exhibit significant stress as reveled by XRD and

Raman measurements, local fields at the site of defects will have a broad distribution compared

to pristine single crystal AlN with zero or low stress. Consequently, this leads to broadening of

the ESR lines leading to unresolved hyperfine and fine structure features. Furthermore, since

we have a large number of defects in a small volume in our films, it would be expected that

dipole-dipole interaction would play a role in broadening of the lines. ESR line broadening

caused by the dipole-dipole interaction is well documented, for example in the case of param-

agnetic defects in ZnO ( [205]). This would explain why our ESR lines are so broad compared

to previous studies of intrinsic defects in AlN. To the best of our knowledge implanted and

annealed AlN films have not yet been studied by ESR.

Despite the unresolved fine and hyperfine features discussed above; we do still see clear fea-

tures associated with anisotropy of the local crystal environment. The most notable anisotropic

feature observed, when comparing the ESR spectra measured for the static field parallel and

perpendicular to the c-axis of the crystal, is a resonance peak at half field of the main reso-

nance for the perpendicular orientation of the static field. This is consistent with a D-tensor

that has a specific orientation with respect to the crystal axes. The line shape profile of the

main resonance peak is also different for the two field orientations as well, suggesting that the

spin Hamiltonian parameters, such as the g-tensor and hyperfine tensor are anisotropic.

Furthermore, our results show that the implanted ion species has an impact on the type of
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defects and the density of extrinsic defects resulting from the implantation/annealing process.

Recently it was theoretically predicted that substitutional Ti dopant at an Al site can bind to a

nitrogen-vacancy to form a (TiAl-VN ) complex in AlN [26,27,197]. Based on this recent work,

these complexes were found to be energetically favorable and possess spin triplet ground state.

As a result, (TiAl-VN ) complexes could be one of the major sources of paramagnetic defects in

the AlN:Ti/ Ar sample.

To better understand the origin of the ESR features, we have used the EasySpin software. We

have simplified the spin Hamiltonian by not adding the hyperfine interaction term since the

nature of the observed broad lines does not allow us to determine the hyperfine interaction

parameters concisely. Instead, we have introduced an anisotropic field-strain broadening for

simulating our spectra. This anisotropic broadening is likely due to unresolved hyperfine broad-

ening, dipole-dipole interaction, and g-strain broadening, which is expected since the AlN film

is highly strained after implantation and annealing as discussed previously. The spin Hamilto-

nian used to simulate our spectra is given by:

HZeeman = μB(gxSx Bx + gySy By + gzSzBz) (6.1)

Here gx , gy , and gz are the components of the g-tensor in the principal axes. For the

nitrogen-vacancies, which are the most likely candidate for the observed ESR spectra, the wave-

function of an unpaired electron localized at a nitrogen-vacancy site. As a result, the hyperfine

interaction would arise from the interaction of the electron spin at the defect site with surround-

ing 27Al nuclei spins. Simulation of our spectra for (V 0
N ) in both B‖ and B⊥ orientations, using

Eq.6.1 are shown in Figure.6.4 (g) and (h). The values obtained from the simulation are listed

in Table.6.2. The components of the g tensor extracted from our fit are 2.36, 2.36, and 2.49 for

the gx , gy , and gz respectively. These values are larger than the free-electron g-value, which

indicates significant spin-orbit mixing of the paramagnetic defects observed in the AlN:H/ Ar

samples [206].

For the AlN:Ti/ Ar film, since there is a notable ESR resonance peak at half the field of the

primarily resonance peak which is likely associated with a "half-field" transition, we have added

a zero-field splitting (ZFS) term to the spin Hamiltonian, given by:

HZ FS = DxS2
x + DyS2

y + DzS
2
z (6.2)
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The above Hamiltonian is defined in the frame of the principal axes of the zero-field interaction.

Since the zero-field interaction has no isotropic contribution, it is typically defined by a uniaxial

and a rhombic parameter that is related to the diagonal matrix elements of the D-tensor by

D = 3
2 Dz and E =

Dx−Dy

2 , respectively.

The wurtzite crystal structure of AlN belongs to the C6v space group, therefore we have used the

C6v space group to simulate our ESR. The uniaxial symmetry of the wurtzite crystal is expected

to give rise to highly anisotropic ESR signals. We find that our simulations best fit our spectra

when both the D-tensor and g-tensor principal axes are rotated perpendicular to the c-axis of the

crystal. Our ESR spectra for the static field parallel and perpendicular to the c-axis of the crystal

are shown in Figure.6.4 (i) and (k) of the paper. The simulated spectra were produced using

the spin Hamiltonian in Eq.6.1 and 6.2 with the addition of an anisotropic strain to account for

the line broadening. We have used HStrain function in Easyspin for this line broadening. The

simulation parameters are provided in the Table.6.2, where the lwx , lwy , and lwz are the ESR

line broadening due to an anisotropic field-strain broadening.

Note several key points in our procedure for adjusting the parameters of our model. The first

important point is related to the fact that a resonance peak is observed at about 120 mT only

when the static magnetic field is oriented perpendicular to the c-axis of the crystal. This signa-

ture corresponds to the normally forbidden transitionΔms = ±2, which becomes visible at half

the field of the main resonance peakΔms = ±1, for a defect with S > 1/2. For the specified ori-

entations of the g- and D-tensors with respect to the crystal axes, the resonance peakΔms = ±2

is enhanced due to the mixing of the ms orbitals for the static field oriented perpendicular to

the c-axis. For defects with spin S=1, our simulation results reproduce well the experimental

spectra. When considering defects with a value of S > 1, a larger number of transitions become

allowed, resulting in new or broadened peaks that do not match the shape of the observed ESR

spectra.

Alternatively, we may attempt to simulate the ESR spectra by using a strongly anisotropic g

tensor with a component g|| = 5 in order to generate a resonance peak at ∼ 120 mT for the

perpendicular direction of the field. However, to the best of our knowledge, defects with such

large g values have not been reported or predicted theoretically in AlN. On the other hand, re-

sults of recent DFT calculations have shown that AlN with Ti adatoms supports nitrogen-vacancy

defects or complexes with a triplet ground state. Furthermore, it would be highly coincidental

to observe a signal at half the field of the primary signal that is not associated with the primary

defect center. For these reasons, we believe that our interpretation of the ESR spectra is more

plausible than alternative interpretations. Also, given the observed line broadening that blurs

the signatures of hyperfine structures, we do not believe that further angular-dependent ESR
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measurements will be useful to validate our interpretation of the results. Instead, further stud-

ies using double electron nuclear resonance and high field ESR measurements would help to

resolve the hyperfine structures of this defect, which would allow to determine its spin Hamil-

tonian parameters with reduced ambiguity. Although these studies are of interest to better

understand the nature of this defect and the spin Hamiltonian parameters associated with it,

the extent of these studies is far beyond the scope of our exploratory work presented here and

will be produced in future work.

6.5 Conclusions

ESR was used to investigate the nature of the spin defects in AlN. Two types of films were stud-

ied: H-implanted AlN film and Ti-implanted film, and both samples are annealed under an Ar

atmosphere. By comparing of quantum-mechanical ESR simulations and experimental results

we conclude that ESR spectra of the AlN:H/ Ar film can be described by a spin Hamiltonian

with S = 1
2 and anisotropic g-values. These results are consistent with the presence of spin

defects associated with neutral nitrogen-vacancies. For the AlN:Ti/ Ar sample, in addition to

the central ESR signal, a lower intensity signal was observed at the half-field value of the main

transition. These ESR spectra, for both B ‖ C and B ⊥ C orientations, can be reproduced by

considering defects with a triplet spin character and anisotropic g-factor and a zero-field split-

ting of 2900 MHz. DFT calculations indicate that the point defects, such as V−N and (TiAl − VN )
complexes could be candidates for these paramagnetic centers. However, the exact origin is still

unknown and needs further investigation. This work provides a new insight into the electron

spin properties of defects in AlN which might find applications for quantum information and

quantum sensing technology.
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CHAPTER 7 Concluding Remarks

This work has made significant strides in various areas pertaining to point defects found in

AlN films. Specifically, we have delved into the development of protocols aimed at creating,

managing, identifying, and forecasting properties of defects. The research has concentrated on

exploring the impact of group IV impurities and their interactions with VN on the properties of

the defects.

The main focus of this study has been on investigating two types of defects, (Z rAl − VN )0 and

(TiAl − VN )0. We have carefully scrutinized their characteristics to understand their properties,

formation, and impact on AlN films. The findings of this study have the potential to contribute

significantly to the field of materials science and advance our knowledge of defect engineering

in AlN films.

The initial phase of this thesis focused on the creation and analysis of (Z rAl − VN )0 defects in

AlN films. To achieve this, we utilized the Zr ion implantation technique and carried out ther-

mal annealing using various protocols. This resulted in the successful formation of (Z rAl−VN )0

point defects in the AlN films. We used a combination of structural characterization techniques

and photoluminescence spectroscopy to identify the defects and analyze the impact of the im-

plantation and annealing processes on the amount of strain in the AlN films. The results of

these studies have enabled us to gain a better understanding of the properties and behavior of

(Z rAl − VN )0 defects in AlN films.

Furthermore, we conducted first-principles calculations based on density functional theory

(DFT) to explore the impact of strain on the spin character of point defects in AlN films. The

findings suggest that strain engineering of AlN films could be an effective method for control-

ling the spin character of defects. These results are expected to be valuable for future studies on

defect engineering in AlN films and could have implications for the development of advanced

electronic and optoelectronic devices.

In addition, a custom μP L spectroscopy setup was designed to investigate the properties of

(Z rAl − VN )0 complex defects in AlN films. Using this technique, bright micro-size spots with

dark backgrounds on the AlN:Zr/FG film were detected. A sharp and narrow zero-phonon line

(ZPL) at 685.5 nm with a phonon sideband around 700 nm was observed, which was attributed

to the (Z rAl − VN )0 complex defects.

Furthermore, the temperature-dependence behavior and time-resolved photoluminescence

spectra of these defects were studied, and a scenario for the optical decay mechanism of the
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(Z rAl − VN )0 complex defects was proposed based on the results. The (Z rAl − VN )0 complex de-

fects also showed a relatively high Debye-Waller factor up to 18.5%, suggesting their potential

as single-photon emitters in AlN films.

However, the excitation-power-dependent behavior of the (Z rAl − VN )0 defects displayed a sat-

uration count rate of approximately 2.8 × 104, which is lower than what has been observed

for other defect-related single-photon emitters. Therefore, further investigation, such as a

second-order autocorrelation measurement, is necessary to explore the possibility of using these

defects as single-photon emitters. These findings contribute to the growing understanding of

the properties and potential applications of defect complexes in AlN films.

In the final section of this research, we utilized electron spin resonance (ESR) spectroscopy to

investigate the nature of spin defects in H-implanted and Ti-implanted AlN films. By combining

experimental results with quantum mechanical ESR simulations, we were able to gain insights

into the properties of these defects.

For the AlN:H/Ar sample, we observed ESR spectra that could be explained with a spin Hamil-

tonian with S = 1
2 and anisotropic g-value. Through our simulations, we were able to confirm

that the spin character of the defects was consistent with the spin Hamiltonian. Our findings

suggest that the defects in the AlN:H/Ar sample are likely related to hydrogen point defects.

In the AlN:Ti/Ar sample, in addition to the central resonance peak, a low-intensity signal was

observed at a half-field value of the main transition. By using simulations, we determined that

the spin character of these defects was consistent with a triplet spin system with S = 1, an

isotropic g-factor of 2.22, and a zero-field splitting of 2800 MHz. Our DFT calculations suggest

that the origin of these paramagnetic centers might be related to (TiAl − VN )0 or (VN )− point

defects in AlN. These results provide important insights into the nature of spin defects in AlN

films, and our combined experimental and theoretical approach has proven to be a powerful

tool for studying these defects. These findings have potential implications for the development

of new materials and devices that rely on the properties of spin defects.

In summary, this thesis has shed new light on the optical properties and spin characteristics of

defects in aluminum nitride (AlN), offering fresh perspectives that could prove instrumental in

a range of quantum technologies. This research has the potential to pave the way for a host

of innovative applications, such as quantum sensing and the development of single-photon

emitters. By delving deeper into the fundamental properties of defects in AlN, this study could

have far-reaching implications for the future of quantum research and technology. As such,

the findings presented in this thesis represent a significant contribution to the field and may

inspire further investigations and breakthroughs in the exciting and rapidly-evolving realm of

quantum science.
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7.1 Suggestions for Further Works

This thesis has made significant strides in uncovering crucial correlations and introducing

methodologies that offer valuable insights into the field. However, there is still much more

to be discovered, and the techniques presented here can be further developed to yield even

more impactful results. As such, the following suggestions are proposed for further work:

Firstly, based on the optical characterization results, it appears that the (Z rAl − VN )0 defects in

AlN may have the potential to serve as an exciting source of single-photon emitters. However,

to confirm this possibility, a thorough investigation using excitation-power-dependent g(2)(τ)
measurement is required. By conducting such experiments, we can gain a deeper understanding

of the quantum properties of these defects and potentially unlock their full potential as a source

of single-photon emitters.

Secondly, the spin character of the (Z rAl −VN )0 defects in AlN could be further examined using

electron spin resonance (ESR) techniques. Such investigations could shed light on the spin

dynamics of these defects, and help to develop a more comprehensive understanding of their

behavior and potential applications.

Lastly, given that AlN is a piezoelectric material, one interesting idea for future work would be

to design a surface acoustic wave resonator (SAW) on top of an AlN film. This approach could

potentially be used to achieve strain-driven spin control of defects in AlN, leading to exciting

new possibilities for quantum sensing and other applications.

In conclusion, the present thesis has laid a solid foundation for future investigations into the

properties and applications of defects in AlN. By pursuing the suggested avenues of further

work, researchers can continue to build on this foundation and unlock new and exciting possi-

bilities in the rapidly evolving field of quantum science.
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