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Thesis Outline

This thesis is structured in the following manner: Chapter 1 introduces many of the topics and
concepts covered in the thesis. Firstly an introduction of photonic quantum technologies is
presented. Next an overview is given on current charged particle technologies available, focusing
on modern scanning electron microscopy (SEM) and focused ion beam (FIB) systems. Finally
there is a discussion of solid state colour centres, including examples of specific colour centres

and their hosts, as well as currently utilised methods to engineer these colour centres.

Chapter 2 gives an overview of the techniques used in the experimental work undertaken in
the following chapters, with some background theory and information on typical setups utilised.
This chapter specifically focuses on the luminescence techniques, cathodoluminescence (CL)

and photoluminescence (PL) and their use in characterising solid state quantum emitters.

The remaining chapters cover the published experimental work and end with a conclusion. In
Chapter 3 a novel use of a commercially available FIB system to deterministically engineer
nitrogen vacancies in diamond is outlined. This chapter follows on work using recoil
implantation with solid state precursors and uses gas-phase precursors to simplify the overall
procedure. ' This chapter is based on my own work and includes text and figures copied verbatim
from the peer-reviewed journal article; Gale, A. et al, Recoil implantation using gas-phase

precursor molecules, Nanoscale, 2021.2

The remaining chapters focus on quantum defects in hexagonal boron nitride (hBN). In

Chapter 4 I have further explored a new class of colour centres in hBN denoted “blue emitters”



in this thesis. Creation of these blue emitters had been demonstrated in earlier works but the
work in this chapter clarifies some anomalies seen in the literature as well as outlines techniques
to engineer these emitters with a level of determinism not seen in prior literature. This chapter
is based on my own work and includes text and figures copied verbatim from the peer-reviewed
journal article; Gale, A. et al, Site-specific fabrication of blue quantum emitters in hexagonal

boron nitride, ACS Photonics, 2022.3

In Chapter 5 another class of colour centre in hBN is explored and manipulated. The boron
vacancy (Vp) is another promising emitters with optically addressable spin. At the time of
writing no work had explored the modification of charge state on these specific emitters. In order
to undertake this work an existing correlated electron and optical microscopy was modified to
allow for a scanning confocal microscopy setup to be integrated into the SEM and allow for
manipulation of the (V) during in situ optical measurements. This chapter is based on my own
work and includes text and figures copied verbatim from the peer-reviewed journal article; Gale,

A. et al, Manipulating the charge state of spin defects in hexagonal boron nitride, Nano Letters,

2023.4

Finally, a concluding chapter will summarise the work presented in this thesis with references
to the original motivations behind them. The thesis will finish with a brief overview of possible

future works and directions that may be explored.



Publications

THESIS WORKS

1. Gale, A., Froch, J., Kianinia, M., Bishop, J., Aharonovich, I. and Toth, M. 2021. Recoil

implantation using gas-phase precursor molecules. Nanoscale, 13(20), pp.9322-9327.2

2. Gale, A., Li, C., Chen, Y., Watanabe, K., Taniguchi, T., Aharonovich, I. and Toth, M.
2022. Site-specific fabrication of blue quantum emitters in hexagonal boron nitride. ACS

Photonics, 9(6), pp.2170-2177.3

3. Gale, A., Scognamiglio, D., Zhigulin, I., Whitefield, B., Kianinia, M., Aharonovich, I. and
Toth, M. 2023. Manipulating the charge state of spin defects in hexagonal boron nitride.

Nano Letters, 23(13), pp.6141-6147.4

NON-THESIS AND CONTRIBUTED WORKS

4. Horder, J., White. S.J.U., Gale. A., Li, C., Watanabe, K., Taniguchi, T., Kianinia, M.,
Aharonovic, I. and Toth, M. 2022. Coherence properties of electron-beam-activated
emitters in hexagonal boron nitride under resonant excitation. Physical Review Applied,

18(6), pp.064021°

5. Zhigulin, 1., Horder, J., Ivady, V.,White, S.J.U., Gale, A., Li, C., Lobo, C.J., Toth, M.,

Aharonovich, 1. and Kianinia, M., 2023. Stark effect of quantum blue emitters in hBN.

Physical Review Applied, 19(4), pp.0440116

7



6. Chen, Y., Gale. A., Yamamura, K., Horder, J., Condos, A., Watanabe, K., Taniguchi, T.,
Toth, M. and Aharonovich, I. 2023. Annealing of blue quantum emitters in carbon-doped

hexagonal boron nitride. Applied Physics Letters, 123(4).”

7. Zhigulin, 1., Yamamura, K., Ivady, V., Gale, A., Horder, J., Lobo, C.J., Kianinia, M., Toth,
M. and Aharonovich, I. 2023. Photophysics of blue quantum emitters in hexagonal boron

nitride. Materials for Quantum Technology, 3(1), pp.0150028

8. Nonahal, M., Horder, J., Gale, A., Ding, L., Li, C., Hennessey, M., Ha, S.T., Toth, M.
and Aharonovich, I. 2023. Deterministic fabrication of a coupled cavity-emitter system

in hexagonal boron nitride. Nano Letters. 23(15), pp.6645-6650°

9. Tran, T.N., Gale, A., Whitefield, B., Dyakonov, V., Toth, M., Aharonovich, 1. and

Kianinia, M. 2023. Coupling spin defects in hexagonal boron nitride to a microwave

cavity. Applied Physics Letters, 123(3)!'°

10. Sortino, L., Gale, A., Kiihner, L., Li, C., Biechteler, J., Wendisch, F.J., Kianinia, M., Ren,

H., Toth, M., Maier, S.A., Aharonovich, I. and Tittl, A. 2024. Optically addressable spin
defects coupled to bound states in the continuum metasurfaces. Nature Communications,

15(1), pp.2008 '

CONFERENCE PROCEEDINGS

1. Gale, A., Li, C,, Chen, Y., Watanabe, K., Taniguchi, T., Aharonovich, I. and Toth,

M. 2022, December. Controllable fabrication of blue quantum emitters in hexagonal
boron nitride. Conference on Optoelectronic and Microelectronic Materials and Devices.

Australian Institude of Physics.



List of Abbreviations

2D - two dimensional

AE - Auger electron

AFM - atomic force microscope

APD - avalanche photodiode

BSE - backscattered electron

CL - cathodoluminescence

CVD - chemical vapour deposition

CW - continuous wave

E(D)BID/E - electron (ion) beam induced deposition/etching
EDS/X - energy dispersive X-ray spectroscopy

FE(I)BIP - focused electron(ion) beam induced processing
FIB - focused ion beam

FLG - few layer graphene

GFIS - gas field ion source

hBN - hexagonal boron nitride

HBT - Hanbury Brown and Twiss

HIM - helium ion microscope

IR - infra-red

IRF - instrument response function

NP - non-polynomial complexity class



NIR - near infra-red

NMR - nuclear magnetic resonance

NV - nitrogen vacancy

PE - primary electron

PFIB - plasma focused ion beam

PL - photoluminescence

PSB - phonon sideband

ODMR - optically detected magnetic resonance
QD - quantum dot

QKD - quantum key distribution

SE - secondary electron

SEM - scanning electron microscope

SPE - single photon emitter

SRIM - stopping and range of ions in matter
TEM - transmission electron microscope
TMDC - transition metal dichalcogenide
UV - ultraviolet

ZPL - zero phonon line

10



Contents

ACKNOWLEDGMENTS 3
THESIS OUTLINE 5
PUBLICATIONS 7
LIST OF ABBREVIATIONS 9
ABSTRACT 17
1 INTRODUCTION 21
1.1 Preface . . . . . . . . . . . 21

1.2 Motivations . . . . . . . . o o e e e e e e e e e e e 22

1.3 Photonic Quantum Technologies . . . . . .. . . ... ... ... ....... 23

1.4 Charged Particle Microscopy . . . . . . . v v v v v v e e e 26
1.4.1 OVerview . . . . . . . o o e e e 26

1.4.2  Scanning Electron Microscopy . . . . . . . . . . ... ... 28

1.4.3 Focused Ion Beam Microscopy . . . . . ... ... .. ... ..... 31

1.4.4  Focused Electron/lon Beam Induced Processing . . . . . ... ... .. 33

1.5 Solid State Quantum Emitters . . . . . . . .. .. .. ... ... ... .. .. 36
1.51 Diamond NV Centre . . . ... ... . ... ... ... ...... 38

1.5.2  Single EmittersinhBN . . . . . . ... ... . o000, 39

Visible Emitters . . . . . . .. .. ... .. ... 40

Boron Vacancy . . . . . .. ... ... 41

41eVEmitter . . .. ... .. .. ... 42

Blue Emitter . . . . .. . .. . .. ... ... 43

1.5.3 Creation of Solid State Quantum Emitters . . . . . . ... .. ... .. 45

2 METHODS 49
2.1 Preamble . . . . . .. . . ... 49
2.2 Photoluminescence . . . . . . . . . . . . . i e e 50



2.2.1 Single Photon Measurements . . . . . . . . .. ... ... ... .. .. 52

2.2.2  Fluorescence Lifetime Measurements . . . . . . . ... ... ..... 54

2.2.3  Optically Detected Magnetic Resonance . . . . . . . ... ... .... 55

2.3 Cathodoluminescence . . . . . . . . . . . . v v v i i it e 56
3 REcoOIL IMPLANTATION OF GAS PHASE PRECURSORS 59
3.1 Preamble . . . .. . . ... e 59
3.2 Introduction . . . . . . . . ... e e e 60
33 Methods . . . . . . . e e e 61
3.3.1 Preparationofdiamond . . . . . . ... ... ... ... ... ..., 61

332 JonImplantation . . ... ... ... .. ... .. ... ... 62

333 Gaslnjection . . . .. ... ... 62

3.3.4 Photoluminescence Measurements . . . . . . . . . .. .. ... .... 63

34 Resultsand Discussion . . . . . . . ... ... ... 64
3.5 Conclusion . . . . . . ... e e e e 73

4 SITE-SPECIFIC FABRICATION OF BLUE QUANTUM EMITTERS IN HEXAGONAL BORON

NITRIDE 75
4.1 Preamble . . .. .. . . . ... 75
42 Introduction . . . . . . . . . ... e e e 76
43 Methods . . . . . . . e e e 77
43.1 Sample Preparation . . . . . ... ... ... ... ... ... 77
432 Emitter Creation . . . . . . . . . . . .. e 78
4.3.3 Cathodoluminescence Measurements . . . . . . . ... ... ..... 78
4.3.4 Photoluminescence Measurements . . . . . . . . .. ... ... .... 79
44 Resultsand Discussion . . . . . . . ... ... .. e 80
44.1 Conclusion . . . . . . . . . e e 90

5 MANIPULATING THE CHARGE STATE OF SPIN DEFECTS IN HEXAGONAL BORON NITRIDE 93

5.1 Preamble . . .. .. .. .. e 93
5.2 Introduction . . . . . . . . L e e 94

53 Methods . . . . . . 95
5.3.1 Sample Preparation . . . . . . ... ... Lo Lo 95

5.32 Jonlrradiation . . .. .. ... ... ... ... 95

5.3.3 Scanning Electron Microscope and Integrated Photoluminescence Setup 95

5.3.4 Optically Detected Magnetic Resonance . . . . . . ... ... ..... 96

54 Resultsand Discussion . . . . . .. ... Lo 97
54.1 Conclusion . . . .. .. ... 109

6 CONCLUSION AND OUTLOOK 111

12



6.1 Conclusion . . . . . . . . . e 111

6.2 Outlook . . . . . . e 112
APPENDIX A APPENDIX A 115
A.1 Spectrometer CompariSon . . . . . . . . ... e e 115
A.2 Individual correlation functions from the array in Chapter4 . . . . . . . .. .. 116
A.3 CL Mapping of Hexagonal Boron Nitride . . . .. ... ... ... ...... 117
A.4 Characterisation of the Integrated Confocal Microscopeon SEM . . . . . . .. 120
A4.1 Confocality . . . . . .. .. 120

A.4.2 Additional Testing . . . . . . . . . . ... ... 121

A43 SetupImage . ... ... ... 123
REFERENCES 124

13



14



1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

2.1

2.2
23

3.1
3.2
33
34

35
3.6
3.7

4.1
4.2
4.3

4.4

List of Figures

Representations of a classical bitand qubits . . . . . ... ... ... ..... 25
Electron-sample interactions and emission types . . . . . . . . ... ... ... 28
Ion-solid interactions and emitted particles . . . . . . ... ... ... ..... 32
Schematic of electron beam induced deposition and etching processes . . . . . 35
Various solid state defectcentres . . . . . . . ... ... ... ... .. 37
NV Centre indiamond . . . . . . .. . ... ... 38
Overview of quantum emittersinhBN . . . . . ... ... ... ... ..... 42
Overview of blue emittersinhBN . . . . .. ... ... ... ... .. .... 44

Schematic of a simplified photoluminescence setup and Hanbury Brown-Twiss

EXPEriment . . . . . . . .. e e e e e e e e e e 51
Electronic level structure and ODMR of a spin-1 system . . . . ... ... .. 55
Schematic of photon bunching under different electron beam currents . . . . . 58

Schematic of precursor and GIS setup used for recoil implantation experiments 63
Experimental setup used in the gas-phase recoil experiments . . . . . . . . .. 64
Photoluminescence map and spectra of implanted arrays of NV centers . . . . . 67

Comparison of photoluminescence spectra using different nitrogen-based

PIrECUISOTS. .« « & v v v v e e e e e e e e e e e e e e e e 69
ODMR spectrum and energy level diagram of the NV~ . . . . . .. .. .. .. 70
Comparison of photoluminescence spectra with differing nitrogen gas flux. . . 71

Confocal PL maps of regions generated by ion beam irradiation in the absence

of aprecursor @as . . . . . . . ... e e e 72
Schematic of the CL setup and confocal PL map of the UTSlogo . . . . . . .. 80
Optical properties of blue emitters fabricated by electron irradiation of hBN . . 82
Second-order CL autocorrelation data of an SPE ensemble measured with

varying beam Currents . . . . . . . ... ..o e e e e e e 83
Dynamics of the emitter fabrication process . . . . . ... .. ... ... ... 85

15



4.5

4.6

5.1
52
53
54

5.5
5.6

5.7

A.l
A2
A3
A4
AS

Confocal maps of a patterned array of blue emitters with g (0) and saturation

data . ... 86
CL characterisation of hBN before and after processing by and electron beam . 88
Overview of the experimental setup and Vg defectsinhBN. . . . . ... ... 98

Charge state manipulation of Vg defects by electron beam and laser irradiation. 99
Device overview and simulated depth distribution of the electron beam . . . . . 101
Electrical modulation of the V charge state during co-irradiation by a 5 keV

electronbeamandalaser. . . . . . . . ... .. ... L oL 102
Simplified electron energy diagrams. . . . . . . . .. ... ... .. ... ... 103
Simulated depth distributions of the boron vacancy generation rates in an 80 nm

flake of hBN on an SiO, substrate bombarded by 30 keV N* and N,* ions . . . 106

Electrical modulation of the V; charge state during co-irradiation by an electron

beam and a laser with biasreversed. . . . . . . ... ... ... 107
Spectrum of a 532 nm laser across different spectrometers . . . . . ... ... 116
Individual correlation functions for blue emitters in the array from Chapter4 . . 117

CL map, PL map, SEM micrograph and spectra from an irradiated hBN flake . 119
Confocal photoluminescence map and spectra from an MoS, flake and hBN emitter122
Image of the optical setuponthe SEM . . . . .. ... ... ... ....... 123

16



1.1 Overview of the emitter classesinhBN . . . . . . ...

1.2 Overview of methods used to produce luminescent defects

17

List of Tables



18



Abstract

Solid state quantum emitters are building blocks for emerging photonic based quantum
technologies. These emitters take the form of atomic scale defects that can be used as sources
to generate single photons. Many materials have been identified to host quantum emitters; in
particular, diamond and hexagonal boron nitride (hBN) are two promising platforms hosting
a number of different defect types. There are many creation methods available but in order
to realise real world applications they must be efficient, deterministic and scalable. Charged
particle microscopy systems are widespread in research and industry settings and can be utilised
to engineer, modify and characterise quantum emitters. This thesis outlines three procedures to
create, modify and characterise solid state quantum emitters using charged particle microscopy

systems.

Firstly, creation of nitrogen vacancy (NV) centres in diamond via recoil implantation of
gaseous precursors is presented. The method uses a commercially available focused ion beam
(FIB) system to expand and simplify documented methods utilising solid-thin films. Creation
of NV centres is demonstrated with three nitrogen containing precursor gases exhibiting the

robustness of the method.

The next works focus on two defects in hBN; the blue emitter and boron vacancy (VB).
Using electron irradiation in a scanning electron microscope (SEM), a technique for site-specific
fabrication of single defects is shown. The fabricated emitters demonstrate a single emission
energy of 2.8 eV (436 nm), site selectivity and controllable defect density. The ability to

fabricate emitters is linked to another existing defect type with emission at 305 nm (4.1 eV). Blue

19



emitter generation is attributed to the fragmentation of carbon clusters by electron impact. The
robustness and universality of the emitter fabrication technique is enhanced by a pre-irradiation
annealing treatment. These results provide important insights into photophysical properties
and structure of defects in hBN, outlining a framework for site-specific fabrication of quantum
emitters in hBN.

Finally, charge state control of the VB defect is shown using a customised SEM setup with
in-situ scanning confocal photoluminescence (PL) microscopy. Charge state switching between
the 0 and -1 states is demonstrated under concurrent electron and laser excitation. The switching
is shown to be deterministic and reversible. Further control over the charge states is shown
using a heterostructure device to adjust the rates of electrons and holes injected into the hBN,

stabilising the system to the spin-active -1 charge state.
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Introduction

1.1 PREFACE

THE ROLE OF SCIENCE in the advancement of modern society cannot be understated. Research
and development of semiconductor based technologies are one of the leading drivers in this
progress. Integrated circuits have enabled the miniaturisation of electronics such that a modern
smartphone has many billions of transistors. However, with current systems based on classical
mechanics hitting the miniaturisation limits, new methods and technologies are required. !> One
of the most radical ideas of the early 20th century was that of quantum mechanics. Now, in
the 21st century, quantum mechanics is ubiquitous and research on quantum based technologies

ever increasing. Such technologies were once only the realm of theory, offering glimpses of
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technologies possessing exceptional speed, efficiency and sensitivity when compared to their
classical counterparts. Quantum technologies have now moved beyond the world of theory and
are being realised as functional systems. While currently many of the technologies are in their
infancy and/or still in early development phases, the market for quantum computing alone is
forecast to grow to a size of 4.4 billion USD by 2028 with the market for all quantum technologies

possibly reaching a size of 50 billion by 2033. '3

In order to realise these quantum technologies, many different platforms have been explored.
These include superconducting systems, trapped ions, cold atoms and silicon based technologies.
The use of isolated solid state defects and systems based on photons are another promising
avenue in order to realise such technologies. The applications are broad and whether sources of
single photons, or defects with optically addressable spin are utilised, this research space is vast

and will require even more focus in the coming years.

1.2 MOTIVATIONS

In order to realise practical and scalable photonic based quantum technologies, there is a
requirement for integrated components like sources, circuits and detectors. ' The basis of these
technologies is the source itself. Solid state quantum emitters are one emerging source type,
offering on-demand single photon generation and convenience and scalability compared to
alternative sources. Host materials like diamond and hBN are well studied and have shown

the ability to be integrated into devices for use in such applications.

While quantum emitters possess many positive attributes, deterministic creation is still a
great hurdle that must be overcome if such devices are to become a reality. With these solid
state systems in their relative infancy, much work is still undergoing on efficient creation and
characterisation methods. Charged particle microscopy is a field that is particularly well suited
to the creation and modification of these colour centres. With modern dual-beam instruments
capable of focusing electron and ion beams with nanometre resolutions and a plethora of
characterisation techniques available, they can be used to engineer, characterise and modify solid

state emitters. Dual-beam instruments are also widespread across both universities and industry
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settings, and the combination of tools in a single unit allows for a highly versatile instrument.

In order to achieve such lofty ideals promised by quantum technologies, the methods and
mechanisms behind the creation and modification of solid state SPEs must first be studied
and understood so that they may be integrated into next generation devices. Charged particle
microscopy is highly suited to this task and it is at this point that the motivations behind the
work undertaken in this thesis are clear. Utilising charged particle microscopy systems to create,

modify and characterise solid state quantum emitters.

1.3 PHOTONIC QUANTUM TECHNOLOGIES

Novel technologies based on the fundamentals of quantum mechanics are a highly researched
topic, with many different platforms are being developed at the present time. This section
focuses on one particular platform utilising photons to realise computing, sensing and encrypted

communication.

Photons are the quanta of the electromagnetic field and are well suited to carry information due
to their weak environmental coupling and lack of decoherence that have proved challenging for
other types of solid-state quantum systems. ' It is especially fitting that the history of quantum
mechanics was sparked around the idea of quantised light particles, with work by Max Plank
describing the theory of black body radiation '® and Albert Einstein’s revolutionary work in 1905
on the photoelectric effect.!” A translated excerpt from Einstein’s work succinctly summarises

the idea of the photon.

According to the assumption to be contemplated here, when a light ray is spreading
from a point, the energy is not distributed continuously over ever-increasing spaces,
but consists of a finite number of “energy quanta” that are localized in points in

space, move without dividing, and can be absorbed or generated only as a whole.

A photon is a massless particle without charge and moves at the speed of light ¢ in vacuum.

The energy E of a photon is one of the fundamental attributes that can dictate the use cases.
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It can be described by the frequency, v or wavelength, A as seen in Equation 1.1 where h is

Planck’s constant.

E=h=— 1.1
v= (1.1)

Two underlying principles that are key to enabling quantum technologies are superposition
and entanglement. For any quantum system a particle can be encoded with information and
for photonic quantum technologies this entails encoding information onto a photon. Classical
technologies such as computing, use a classical bit which is binary and can be fully represented
as one or another state (usually designated as O or 1). For quantum technologies, a single bit of
information is referred to as a quantum bit, or qubit and utilises the principle of superposition.
For photons, information can be encoded by controlling polarisation, spatial and temporal modes
among others. '* The state of a qubit |¢)) however, can be represented as a superposition of the

two states |0) and |1) as seen in Equation 1.2.

) = a|0) + B]1) (1.2)

The coefficients o and § give the probability amplitudes of each state. They are complex
numbers constrained by the fact that the state of the qubit 1) must be normalised as seen in

Equation 1.3.

lal?+ 181> =1 (1.3)

The states of a classical bit and qubit can be visualised as seen in Figure 1.1. The qubit can
be represented on the Bloch sphere with the poles corresponding to the classical O and 1 states.
The rest of the sphere’s surface can describe any combination of states possible, fully describing

the qubit |7)).
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In terms of photonic quantum technologies, the basis states of |0) and |1) can be represented
by the horizontal |H) and vertical |V') polarisation of a photon. Linear combinations of these
polarisations lead to the well defined polarisation states of diagonal |D), antidiagonal | A), left

circular | L) and right circular | R). In optics this is commonly known as the Poincaré sphere.

bit qubit photonic qubit

Oo

O1

Figure 1.1: Representations of a classical bit with only 0 and 1 states, a quantum bit (gbit) with
all possible states represented by the surface of the Bloch sphere. An example of a photonic qubit
is also shown on the Poincaré sphere in terms of linear combinations of the horizontal |H) and
vertical |V') polarisation states. The positions of some well defined combinations of polarisation

states, diagonal | D), antidiagonal | A), left circular |L) and right circular |R) are also labelled.

At the present time, the most advanced quantum technology is quantum cryptography and
more specifically, quantum key distribution (QKD). This technology uses single photon states to
communicate and is fundamentally secure. '®!° There are a currently number of QKD protocols
that can be used to achieve secure communication between two parties. >’ The original protocol
known as BB84, uses photons with 4 polarisation basis states as presented in Figure 1.1.%!
These photons are then used to generate and share a key that can be used for encryption.
In this protocol, security is achieved due to the Heisenberg Uncertainty principle, where the
quantum state of the system cannot be measured without altering the initial state.?” If there is
any attempt by an additional party to interfere or eavesdrop, this can be detected by a change
in the error rate. Some protocols utilise quantum entanglement properties whereby a pair of
entangled photons can be generated and distributed to two parties.”* Due to their entanglement

any polarisation component is correlated between each photon, which gives certainty that the
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measured polarisation component is identical for both parties. For all QKD protocols, photons
are especially suitable as they only have a weak environmental interaction, with experimental

demonstrations now spanning hundreds of kilometres.?*

Of all the present technologies currently discussed and researched, quantum computing
is at the forefront, promising huge technological leaps in terms of computing power and
efficiencies. Quantum computing was originally proposed by Richard Feynman in 1982 and
then outlined in by David Deutsch in the theoretical paper introducing a ”Universal Quantum
Computer”.?’ These ideas were groundbreaking and aimed to solve non-polynomial complexity
class (NP) computational problems that are difficult with classical computing. While quantum
computing has extremely lofty goals, the realisation of quantum computers that can outperform
their classical counterparts are still many years away.’® Regarding photonic based quantum
computers, there have only been early demonstrations but the concepts behind computing with

photons are viable. 413

For solid state photonic systems, another promising avenue concerns the use of spin based
defects like the nitrogen vacancy (NV) centre in diamond. These qubits are based on the
electronic spin state of the defect, with photons used for control and readout.?’-?® Spin active
defects have also been used for quantum sensing purposes. Their electronic spin states are highly
sensitive to changes in the surrounding environment and as such these defects can also be used
as nanoscale sensors.?*" In all cases, to achieve efficient photonic based computers, a number
of components must be optimised including detectors, photon sources, manipulation tools and

integrated photonic waveguides. !

1.4 CHARGED PARTICLE MICROSCOPY

1.4.1 OVERVIEW

Technologies involving charged particle beams and more specifically charged particle
microscopy have enabled scientists to uncover the remarkable world of the nanoscale. Both

electron and ion microscopes are incredibly versatile tools used for a wide range of applications
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in research and industry settings. Primarily used as tools for high resolution imaging and
nanoscale milling, the scanning electron microscope (SEM) and focused ion beam (FIB) systems
also allows for a host of characterisation and material modification opportunities. Generally
SEM and FIB instruments are combined in a dual-beam unit, however Helium Ion Microscope
(HIM) systems are offered as standalone FIB only systems. Many other charged particle beam
systems exist, including transmission electron microscopes (TEM) or ion implanters but these
have many differences to the typical dual-beam units discussed in this thesis. Typically they
use either much higher energies, broad beams or a combination of both. As they can be used
for defect generation, there is some mention of their use in this thesis, focusing on creation and
modification of solid state quantum emitters. However, all experimental work was undertaken
using SEM and FIB instruments with focused beams and energies < 30 keV and as such the

majority of this thesis concerns the use of these particular systems.

As in their namesake, the underlying operation of these microscopes utilises the charged
nature of these particles themselves. An electric field can be used to accelerate the particles
towards a sample and magnetic or electric fields can then be used to converge the accelerated
particles into a focused beam which can be positioned and scanned across a sample. The Lorentz
force seen in Equation 1.4 describes the force Fona particle with charge ¢ moving with velocity
v in an electromagnetic field with electrical force component E and magnetic force component
B.

F=q¢(E+vxB) (1.4)

Through years of development from the first electron microscopes developed in the 1920s and
30s to modern instruments capable of sub nanometre imaging today the underlying mechanism
relies on the forces seen in Equation 1.4.%> From the acceleration of the charged particles,
convergence into a beam, positioning, scanning, detection and imaging, the underlying operation
of these systems can be described by these forces. Of course the behaviour of electrons and ions
in the solid are still governed by the forces described by Equation 1.4. The following sections

will outline both SEMs and FIB systems. Both in the operating mechanisms behind their use as
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well as the electron/ion interactions with matter.

1.4.2 ScANNING ELECTRON MICROSCOPY

Scanning electron microscopes have been fundamental tools for material imaging and
characterisation since their inception. From high resolution imaging, material characterisation to
nanofabrication, SEMs are highly versatile and useful tools for a range of industry and research
applications. As in the namesake, a focused beam of accelerated electrons, usually up to 30 keV,
scans the sample as defined by the user for imaging, lithography or characterisation purposes.

A brief overview of the operation and some electron - matter interactions will be discussed.

Primary
Electron
Beam
Secondary Auger Backscattered
Electrons \ Electrons Electrons

Characteristic
X-rays

Continuum
X-rays

Cathodoluminescence

SAMPLE

!

Transmitted
Electrons

Figure 1.2: A schematic of the interactions between primary electrons and solid sample outlining
the different scattering and radiation processes. The filled teardrop regions are simplified and
indicate relative volume (2D section) of the different emission types. Resultant electrons are

displayed with solid arrows and electromagnetic radiation is displayed using waved arrows.
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At the sample, the primary electrons (PE) from the SEM column interact in a number of
ways, through elastic and inelastic collisions with the sample matter. A schematic of these
mechanisms and resultant emission types can be seen in Figure 1.2. These scattering events
result in the creation of Auger electrons (AE), secondary electrons (SE) and back-scattered
electrons (BSE). The resultant depth of the PEs in a sample depend primarily on the energy of
the incoming electrons and the sample material. A semi-empirical equation was developed by
Kanaya and Okayama to calculate the range of an electron impinging on a sample which agreed
well with experiments using electrons in energies typically used in SEM and TEM instruments. >
However the scattering induces lateral deflections to the PE and as such results in a teardrop
volume of possible electron locations as is apparent in Figure 1.2. If the range of PEs exceeds
the sample thickness, electrons can be transmitted and detected from both sides of a sample,
leading to an increase in apparent brightness.** It is important to always consider the interaction
volume when undertaking any experiments, as although a focused beam can be on the order of
a few nanometres or less, the total volume can have a significant effect on resolution and the

information collected.

Image formation in a general case, is due to AEs, SEs and BSEs escaping the sample
and being detected by a biased detector in the chamber or column. As the focused beam is
rastered across the sample, a monochrome image can be composed, based on the intensity or
number of electrons detected at each position.> For ultra-thin samples transmitted electrons
can be utilised via detectors below the sample. A recent technique referred to as 4D
STEM-in-SEM (four-dimensional scanning transmission electron microscopy in the scanning
electron microscope) records diffraction patterns of scattered electrons as the beam is scanned
across the sample, allowing for measurements such as lattice orientation in graphene.>°
Electromagnetic radiation of different energies are also emitted and utilised for imaging and
characterisation purposes. X-rays can be generated via several mechanisms and are typically
referred to as characteristic, continuum (bremsstrahlung) and fluorescent X-rays (Fig. 1.2). Of

these, characteristic X-rays are the most widely utilised, containing elemental information that

can be used for the purpose of energy dispersive X-ray spectroscopy (EDS/X).3”-3® Radiation
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at wavelengths in the UV to IR can also be emitted in the form of cathodoluminescence
(CL), fluorescence generated by electrons exciting transitions in semiconductors and insulator
materials. As CL is used significantly in Chapters 4 and 5, more detail on specific mechanisms

and experimental setups is covered in Chapter 2.

Now to focus in more detail on these electron matter interactions, firstly with elastic collisions.
Elastic scattering is mainly due to electrostatic interaction between electrons and nuclei of
sample atoms. As PEs diffuse through a material, elastic sattering events result in a trajectory
change and lead to the characteristic teardrop shaped interaction volume. BSEs are PEs scattered
beyond 90° that have had sufficient energy to escape the sample. With accelerating voltages used
in typical SEMs (< 30 keV), any energy transfer can be neglected. A 30 keV electron when
elastically scattered 180° by a copper nucleus is only ~ 1 eV.?” In order to induce knock-on
effects seen in TEMs where an electron can displace an atom from the material lattice energies

>80 keV are required, far above those found in SEMs. 340

Electron-electron interactions are generally behind inelastic scattering mechanisms and are
the basis for a many of the important phenomena seen in SEMs. The energies utilised are
sufficient to induce ionisation events in the sample. lonised electrons from such scattering can
be from outer shell electrons, resulting in SE generation, as well as inner shell electron ejection.
Inner shell ionisation energies are significantly higher than SE and range from 0.1 - 80 keV.
Inelastic scattering can also induce plasmons of 5-50 eV in which collective oscillations of a

sample’s electron cloud can be excited.?’

While SEMs are generally known to be non destructive, these interactions can result in a
number of phenomena that can in some cases, radically modify materials. Sample charging,
heating and radiolysis must all be considered as possible damage mechanisms in SEMs.
Charging arises from both elastic and inelastic scattering processes and can result in very large
electric fields in insulating materials.*' These fields can be sufficient to induce electromigration
or diffusion of ions in the bulk.*> Phonon generation can also be a significant issue in thin
insulating samples such as polymers and organics. Most processes mentioned so far can lead

to phonon generation and sample heating.** Radiolysis can also occur in some organic and
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inorganic samples. lonisation events can lead to broken bonds and altered electronic states under

electron irradiation, leading to amorphisation of the material. **

1.4.3 Focusep IoN BEAM MICROSCOPY

FIB instruments are analogous to SEMs, where instead of focused electrons, a beam of focused
ions is employed. As with SEMs, a FIB can also be used for imaging, however they are
primarily utilised for their nanofabrication capabilities.*>3>#%47 These instruments allow for
high resolution maskless milling with nanoscale resolution. Due to the destructive nature of the
ion beam microscopes an SEM is often used alongside the FIB in a dual-beam configuration,

allowing for non-destructive imaging and sample positioning.

Ion generation occurs via a number of methods, with several sources used in modern
dual-beam FIB instruments. The two most commonly utilised are the liquid metal ion source
(LMIS) and plasma source (denoted as PFIB instruments). For completeness, another instrument
known as the helium ion microscope (HIM) uses a type of source sharing some similarities with

the LMIS, differing in the use of a gas field ion source (GFIS) with helium or neon ions.*®

As with electrons, there are multiple ion-material interactions possible. These can be grouped
into elastic and inelastic collisions, but given that primary ions have both an electron cloud
and nucleus there are several possible interactions. Electronic energy loss processes can be
considered but in the ion energy ranges used in dual-beam instruments (<30 keV), the dominant
energy loss mechanism is an elastic collision between the nuclei of the primary ion and sample.*’
It is this process that results in sputtered atoms and gives the FIB the maskless nanofabrication

ability.

A schematic of the possible ion-solid interactions can be seen in Figure 1.3. As a primary ion
enters a sample, it can generate a number of secondary particles including secondary electrons.
In fact, an ion incident on a material will result in a significantly higher secondary electron
yield than an equivalent electron.? Elastic collisions will result in a collision cascade below

the sample and result in a number of displaced atoms and/or vacancy generation. " If a collision
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Figure 1.3: A schematic of the interactions between primary ions and solid sample outlining the
different scattering emitted particle processes. The arrows indicate the trajectory of the particles

with electromagnetic radiation displayed using waved arrows.

occurs near enough to the surface this can result in a sputtered atom. Once a primary ion has lost
sufficient energy it will result in implantation. The range of ions is much lower than electrons
and differs based on the mass of the ion. Ga and Xe ions will only penetrate to around 30 nm at

SL37 Similar to

30 keV in Si, compared to the several micron depth range of a 30 keV electron.
electron irradiation, electronic transitions can also be excited leading to the emission of photons

(ionoluminescence) and characteristic X-rays.*’

As FIB instruments are inherently destructive it is of no surprise that materials can be
drastically modified, or even completely sputtered. Sputter yields are highly dependent on the
ion species and incident material, but for heavy ions like Xe incident on Si, measured sputter

rates of around 0.37 um?/nC can result in rapid material losses even at modest fluences.>?
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Collision cascades can quickly result in amorphised layers even before significant sputtering
occurs. For some applications, materials doping is the primary objective but where implantation
is not the primary aim of FIB irradiations, this can similarly effect material quality. A typical
example is seen with Ga staining when preparing lamella samples for TEM investigations. >*>*
FIB irradiations can also induce phase changes in some materials including steel, with even low
fluences causing significant material changes.>>>® Finally, many of the same damage processes
that can occur under electron irradiation can also be considered. The generation of secondary
electrons as a consequence of the collision cascade can induce ionisation events resulting in

similar damage mechanisms seen under electron irradiation.>’

1.4.4 FocuseD ELECTRON/ION BEAM INDUCED PROCESSING

Given the content of the experimental chapters some more detail will be given on a particular
processing technique seen in charged particle microscopy, at times overlooked in literature. The
previous sections mostly focused on sub-surface process but this section outlines mechanisms
seen at material interfaces. Focused electron/ion beam processing uses the kinetic energy of
accelerated electrons and ions, to drive chemical reactions, which result in deposited or etched
material. Although not always apparent, most users of SEM and FIB systems will have had
inadvertent exposure to these techniques in the form of carbon deposition, often seen from
regions of dark contrast surrounding imaged regions at higher magnification. FIB systems also
regularly use metal deposits during lamella preparation in order to preserve the quality of the

sample.*’

Ashas already been discussed, charged particle microscopy can be utilised for nanofabrication
purposes. For FIB systems this can be quite trivial due to the sputtering ability, however in
an SEM, electron energies are generally below the knock on thresholds required to sputter
atoms.>>* Another mechanism exists described under the moniker focused electron(ion) beam
induced processing (FE(I)BIP). In each case interactions between the charged particles can drive

reactions between adsorbates on the surface and the underlying material.

One commonly occurring issue in these systems can be ascribed to residual hydrocarbons
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from lubricants, out-gassing components and unclean materials.>® These residual hydrocarbons
can act as a precursor which leads to deposition of amorphous carbon based materials. The
deposited materials are seen as dark regions in SEM images and can also be lead to bright regions
in photoluminescence (PL) measurements.>’ Measures can be taken to minimise unwanted
deposition, including both chamber cleaning via plasma or gas purging methods and suitable

sample cleaning methods.

The mechanism behind this phenomenon will be described below. Residual gas species
can adsorb to the surface of a material via physisorption. Incoming electrons can then induce
dissociation of these precursors through electron-electron interactions with the molecules. The

different dissociation mechanisms are listed below in Equations 1.5 - 1.8.46

e +AB — A* + B~ (Dissociative electron attachment) (1.5)
e” +AB — A"+ B*+e” (Neutral dissociation) (1.6)

e +AB — A* + BT 4+ 2¢” (Dissociative ionisation) 1.7)
e +AB - A" +BT +e” (Bipolar dissociation) (1.8)

The dissociation of the hydrocarbon molecules leads to the formation of volatile species which
can readily desorb, leaving any remaining material to react and crosslink, resulting in carbon

based deposits on the surface of the material. *

While it may be intuitive to assume that these
dissociation mechanisms are driven by the higher energy PEs in the beam, it is generally accepted
that the lower energy SEs are the driving force behind these FEBIP mechanisms, with electrons
of ~100 eV having the highest probability to induced the molecular dissociation.®! At a fixed

beam current, rates of FEBIP accordingly increase as the beam energies decrease, due to the

increased ratio of SEs leaving the sample to the total number of PEs.%?
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These processes are not limited to deposition of carbon based materials and depending on the
precursor a number of materials can be deposited. More specifically this process is known as
Electron (Ion) Beam Induced Deposition (E(I)BID). Most often organometallic precursors are
utilised with a metal centre surrounded by carbonaceous ligands. Common metal deposition
precursors include relatively simple structures with a COq ligand and a metal centre eg. Cr, Fe,
MO and W or more complex molecules including MeCpPt(Me); with cyclopentadiene ligands

to deposit platinum. %6346
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Figure 1.4: Schematic of electron beam induced deposition and etching processes with a focused
electron beam. a) Electron beam induced deposition using a gas injection capillary to inject an
organometallic precursor with metal centres denoted as large red balls. b) Electron beam induced

etching using a gas injection capillary to inject an etch precursor. Figures sourced from (°°).

An analogous procedure involves the use of alternative precursors intended to etch away
materials. This process is referred to as Electron (Ion) Beam Induced Etching (E(I)BIE). EBIE
can occur via a similar mechanism to that of etching, with electrons driving the dissociative
mechanisms from Equations 1.5 - 1.8. Unlike deposition, the precursors are chosen such that they
can form volatile compounds with the material to be etched, resulting in the new molecule being
desorbed.® Typical precursors include water, a common etchant for carbonaceous material
including graphene® and diamond®® as well as XeF, which is suitable for etching Si;N, and

SiOz.67 Figure 1.4 shows a stylised view of the EBID 1.4(a) and EBIE 1.4(b) processes.
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1.5 SoLID STATE QUANTUM EMITTERS

This section will give an overview of solid state quantum emitters, often termed single photon
emitters (SPE) or even colour centres. Some background is given as well as some more detail on
specific solid state defects in both diamond and hBN. A final section will consider the methods
utilised to create solid state quantum emitters and focus on the use of charged particle microscopy

for this purpose.

If real world photonic quantum technologies are to be realised a suitable source is required.
The generation and emission from an ideal source must fulfill some or all of the following
requirements: Generation of single photons must be controlled or deterministic (often described
as “on demand” generation), the source must emit a single photon 100% of the time, the

individual photons must be indistinguishable and the emission rate must be sufficiently fast.

A number of single photon sources exist including trapped atoms®®7°, trapped ions’!7?,

quantum dots (QD)7>74, attenuated lasers’>’°

, spontaneous parametric down conversion
(SPDC)”” and solid state defects.?”-’® A defect, including vacancies and intrinsic defects or
extrinsic dopants in a material can be treated as an isolated atom or molecule. The host materials

are generally wide band-gap semiconductors with the defect acting as a two-level system within

the band-gap.

Current examples of solid state SPEs include the NV centre and group IV defects in
diamond”?, intrinsic defects in silicon carbide (SiC)®°, carbon based defects in hBN 8!, doped
yttrium aluminium garnet (YAG)®?, vacancies in transition metal dichalcogenides (TMDC)®?
and defects in zinc oxide(ZnO).5* Schematics of a number of these defects can be seen in Figure
1.5. QDs can be considered as solid state SPEs, however, they are not based on atomic defects, as
with those pictured in 1.5. It is worth noting that the performance of QDs is high, with excellent
photon purity® and important experimental demonstrations such as two photon interference

demonstrated with QD based systems. %

Solid state SPEs may be favourable over other single photon sources for a number of reasons.
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Diamond

YAG

Figure 1.5: Various light emitting defects in solid state systems, including extrinsic dopants,
intrinsic defects and vacancies in bulk materials diamond, silicon carbide (SiC), yttrium

aluminium garnet (YAG) and zinc oxide (ZnO). Layered 2D materials such as hexagonal boron

nitride (hBN) pictured can also host light emitting defects. Figures sourced from (7%).

Unlike with trapped atom or ion sources, basic setups can be utilised, moving away from the
bulky and often complicated apparatus required for these schemes. While efforts have been made
to reduce the scale of these traps®’, solid state SPEs offer the potential for chip-scale sources
which can be readily integrated into device structures. ®® Solid state SPEs also offer deterministic
single photon generation unlike SPDCs and are also typically bright with count rates exceeding

1 x 10° counts/s. 8990

Of course solid state SPEs have certain limitations. Solid state materials are limited by many
issues that can directly effect the generated photons. Homogeneous broadening due to the
emission of phonons with short lifetimes, as well as inhomogenous broadening mechanisms
due to non-uniformity of the host material, can be issues that reduce indistinguishability of

photons. ! High refractive index material hosts can also hinder the extraction of photons,
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requiring additional means such as solid immersion lenses to enhance collection efficiencies. *

Photobleaching is another issue faced for some solid state quantum emitters where high pump

laser powers can lead to instability of an SPE.”?

1.5.1 DiamMoND NV CENTRE

Diamond is an allotrope of carbon with tetrahedral sp® hybridised bonds. It is an insulating
material with a bandgap of 5.5 eV.?* It is also a host to a large number of colour centres with
emissions from the UV to NIR.”> The diamond NV centre is one of the most well studied and
understood quantum emitters. The defect consists of a substitutional nitrogen atom at a carbon
site alongside a vacancy marked (V) in Figure 1.6(a). Notably, NV centres were one of the
earliest solid state defects to show true single photon emission.”® The defect is also unique in
that it possesses optically addressable electronic spin with long spin coherence times nearing
second timescales.’ These properties have enabled the demonstration of many groundbreaking

98,99

experiments for solid state defects, including two photon interference , quantum memory

demonstrations '%° and single defect nuclear magnetic resonance (NMR). 01,102
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Figure 1.6: The NV centre in diamond. a) A ball and stick model of the NV centre in diamond
lattice. b) PL and CL spectra of the NV defect showing the emission from negative and neutral

charge states. Figure (a) sourced from ('%°), Reprinted with permission from AAAS, and b) from

(]04).
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The defect has two charge configurations, the neutral (NV?) and negative (NV ) charge states
respectively. Each state has a unique zero phonon line (ZPL) as seen in Figure 1.6(b). Given the
favourable NV~ charge state there has been a significant proportion of work aimed at controlling

the charge state of the centres so that the electronic spin remains addressable. '9>-19

The NV centres can be found natively, however many methods exist to create them with
control and efficiency, including the use of ion implantation 107,108 g 109 SEM 110, TEM 111:112
and MeV electron irradiation. !> While there are many favourable aspects of the NV centre it
is not without some drawbacks. Single NV centres have a broad PSB and relatively dim ZPL

emission only consisting of 3% of the total emission.''*

1.5.2 SINGLE EMITTERS IN HBN

hBN is a layered van-der Waals material. Within each sheet boron and nitrogen atoms are
arranged in a planar hexagonal lattice. Each sheet is weakly bonded by van der Waals forces
which allow for bulk crystals to be exfoliated down to the monolayer level. The material has a
wide band gap of ~ 6 eV. 13116117 A5 with other two-dimensional materials like graphene ' '3:11
and transition metal dichalcogenides (TMDC) '?%!2! 'hBN is favourable in that it can be readily
exfoliated down to the monolayer level. '*> The weakly bonded layers also allow for integration

into heterostructure devices via accessible transfer and stacking methods. 23124

Like diamond, hBN can host colour centres which are discussed in more detail below. These
emitters span the spectral range from ultraviolet (UV) to the near infrared (NIR), are bright, can
be isolated as single defects and have optically addressable spin.’®!?> While these emitters have
many favourable properties, at this stage no single emitter type can fulfill all of the requirements
for an ideal single photon emitter source.®® As a significant portion of the experimental work in
the this thesis is focused on these colour centres, each emitter type or class will be discussed in

their own section.
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Emitter Contr-o llable Single ZPL Spin
Class Creation Defects Position Control Notes
Methods
Generally seen in
41 eV lower crystal quality
! No* Yes® 305 nm No hBN  or regions
Defect .
of higher carbon
concentration.
Blue Electron irradiation is
. Yes Yes 436 nm No requisite to activate
Emitter .
emitters.
The ZPL position
Visible ranges from the blue
* R T g
Emitters No Yes 450-750nm | Yes to NIR for this class of
emitter.
Boron Fully elucidated
Yes No 800 nm Yes atomic structure. Dim
Vacancy Lo .
emission intensity.
Table 1.1: Overview of the different emitter classes seen in hBN. * Some level of control over

the creation of these emitter types is possible, however there is a lack of spatial and or spectral
control in most cases. © Single defects have only been seen under CL excitation in a TEM. As of
yet a single defect has not been measured using optical excitation schemes. t Some visible defects

have shown optically addressable spin, however these are limited to select few defects.

VISIBLE EMITTERS

In 2016 single defects were discovered in hBN emitting with ZPL wavelengths of 550-750
nm. 3126 Since this discovery, a majority of the literature in the field has been devoted to the

study of this class of ”visible” emitters as they have shown many favourable properties including

127,128 h129

high brightness, stability , narrow linewidt and more recently optically addressable

spin. 130,125

A notable feature of this class of emitters is the inconsistent emission wavelengths and spectral
features, including different coupling strength to the phonon modes of the hBN. 3! An example
of the emission from a single emitter can be seen in Figure 1.7(a). Although many defect

configurations have been proposed, there is no confirmation of the true defect structure for this
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class of defects. A strong link to carbon as a requirement for these defects has been demonstrated

but as of yet no clear structure has been shown. %!

Controllable engineering of these emitters has also been lacking and while many possible
methods have been demonstrated, there is as of yet only one consistent method that has achieved
both emitter localisation and consistent emission wavelength. Recent works from Kumar et
al. have demonstrated the use of localised SEM irradiation to engineer a particular class of
emitters with a consistent spectral peak at 575 nm. '3>133:134 Other typical engineering methods

126,136

include incorporation of dopants during growth '3>8!_ high temperature annealing , growth

on pillars 47 plasma treatments 137 MeV electrons 133, Ton irradiation 13140 strain'2® and AFM

nanoindentation. 14!

BORON VACANCY

In recent years another defect in hBN has had a significant proportion of research effort dedicated
to it, due to its optically addressable spin properties. The so called boron vacancy (V) emits
in the near-infrared (NIR) with a broad emission centred around 800 nm.'4>!%3 At present

it is notable that it is the only emitter in hBN with a fully elucidated atomic structure, as

2 143,144
b

well as deterministic creation methods, including neutron Irradiation 142 jon irradiation

femtosecond laser ablation'#> and electron irradiation. '4°

The negative charge state (V™) has a level structure analogous to the NV~ centre in diamond.
It has a ground state triplet configuration, with a zero field splitting of 3.47 GHz (Figure
1.7(c,d)).'? Utilising enhancement from a gold film optically detected magnetic resonance
(ODMR) contrasts of 46% have been experimentally observed.'** However the emission of
the Vi~ defect is relatively weak. Attempts to increase the emission intensity via plasmonic

nanogap cavities have resulted in modest emission enhancement and reduction in lifetime. '+’

While this emitter has favourable spin and the creation is deterministic, the broad, dim
emission means that at this stage there has yet been no sign of single emission from these
defects. The ZPL position is also not clear from the broad spectra, however methods using

cavity enhanced emission has speculated that the ZPL emits at 773 nm.'*® At the present
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time a significant body of the current literature is exploring sensing applications for these
emitters. '4%15%:151 Unlike the NV centre in diamond, there has been no observation of CL with
the typical NIR spectra absent under electron excitation. The experimental work in chapter 5

explores the behaviour of the Vi under simultaneous photo and electron excitation.
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Figure 1.7: Overview of quantum emitters in hBN. a) PL spectra of a typical visible class of

emitter with ZPL position labelled b) CL spectra of the 4.1 eV emitter with deconvolved curve
fits. c) Energy level structure of the Vi~ defect in hBN d) Three ODMR spectra from an ensemble
of Vg~ defects showing the effect of magnetic field on the resonance of ms=+1 and mg-1 states.

Figure (a) sourced from (°2), (b) from (1°3) and (c,d) from ('#*).

4.1 eV EMITTER

One of the earliest known defects in hBN emits in the UV with a ZPL at 300 nm and has been
referred to as the 4.1 eV emitter. The emitter has a very distinct emission spectra with two strong
PSBs emitting at 330 and 360 nm as seen in Figure 1.7(b).'>* The emitters are both CL and PL

active with no notable effects on the emission spectra under different excitation methods.

So far no consensus has been reached on the structure of this emitter but there is evidence to

link the inclusion of carbon into the hBN lattice as a necessity to form these emitters. Secondary
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ion mass spectrometry (SIMS) monitoring of hBN crystals with the 4.1 eV defects showed
increased levels of carbon and oxygen. '>* Furthermore isolated carbon-rich domains were shown
to exhibit this emission on isolated regions of exfoliated hBN crystals. !> Post-growth annealing
in carbon rich conditions can also induce this emission in highly crystalline hBN that otherwise
only showed the excitonic band gap emission prior to any treatments. '>° Notably, several works
using DFT simulations have proposed a defect structure of a substitutional carbon dimer at
neighbouring boron and nitrogen sites (CzCy). 157,158 Longer substitutional carbon chains have

also been proposed including a substitutional hexagonal carbon ring. '>°

Regardless of the true origin of such emission, it has proven to be a useful indicator of an
ability to create another class of emitters outlined below. The work undertaken in chapter 4

describes this correlation in more detail.

BLUE EMITTER

Most recently a new class of defects has been studied and will be referred to as the blue emitter
in this thesis. Originally seen only in CL measurements these emitters were first thought to
be based on residual barium precursor remaining from the hBN growth. 'Y The emitters had a
consistent spectral emission with a ZPL at 436 nm and were seen to be activated by electron beam
irradiation in an SEM (Figure 1.8(a)) A dependence upon the density of the emitters activated
and the overall electron fluence was observed, as seen in Figure 1.8(b). Attempts to see PL
spectra from the emitters was unsuccessful and it was proposed that electron irradiation was

shifting the emitters into an emissive charge state.

More recently Fournier et al '%!

were successful in measuring single defects with the same
emitter in PL. The ZPL was consistent with the prior CL study'% at 436 nm, with photon
counting statistics showing that isolated single emitters could be located (Figure 1.8(c,d)).
Rather than scanning the electron beam to create emitters, a defocused beam was used to irradiate
a series of spots along the flake with a large electron beam current of 10 nA and long overall

time. Isolated emitters were located in regions surrounding these high fluence spots and as such

the fabrication of these single emitters was deemed to have a higher level of control than those
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seen previously in hBN.

Notably, in both works the emitters were only seen in one type of hBN synthesised under high
temperature and high pressure (HPHT) conditions. !61-19%:15% Chapter 4 in this thesis presents
work undertaken on these emitters using both CL and PL techniques to further understand the
nature of these emitters, as the consistent ZPL. and the deterministic nature are highly desirable

for integration into devices.
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1.5.3 CREATION OF SOLID STATE QUANTUM EMITTERS

There are a large number of methods utilised to incorporate solid state quantum emitters into
host materials. In some cases, native defects can be found either as a byproduct of the growth or
manufacturing processes, without any intentional attempts to engineer quantum emitters. Many
of these defects can act as single photon sources but suffer from a lack of determinism with

defects will be distributed randomly. '¢?

To enable integration of solid state quantum emitters into real world devices, ideally there
should be some level of determinism about the creation methods used to generate or activate
these defects. Three significant factors of note when attempting to use any method must be
taken into account. The density of defects required in the host material, whether exact spatial
position is required and specificity of the emitter type to be incorporated. Many examples only
partially fulfill these criteria. A summary of the methods used for solid state emitters in diamond

and hBN has been included in Table 1.2

All the methods listed have suitable applications and are highly material dependent with some
specific notes and examples discussed here. In terms of fulfilling the criteria of deterministic
quantum emitter creation, charged particle microscopy offers an efficient and cost effective
means to achieve these outcomes. Both spatial and density control can be achieved using the
focused beam and calculated dose or fluence. In many situations like diamond NV and group

109,164

IV defects, dopant ions can be used directly from the ion source. Simple vacancies can

also be created directly with charged particle microscopy. FIB systems have been used for
vacancy generation to make the VB defect in hBN as well as sulfur vacancies in TMDCs, 143:83:165
While the energies used in SEMs generally fall below the knock on threshold required to create
vacancies, EBIE type methods have shown an ability to create single photon emitters. Nitrogen

precursors were used to activate NV centres in diamond and aqueous precursors have also shown

an ability to create single photon emitters in hBN. !10:126

As previously mentioned, damage or unwanted material modifications must always be taken

into account, especially when irradiating with high energy charged particles. For example,
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Density | Spatial
Method Control| Control Examples Notes
- Diamond group IV
Growth Yes No defects 193 - Quality of the material
Modifiers - Carbon based defects in | lattice may be affected.
hBN#!
Ion - Unlimited range of ion
Imolanter | YSS Yes* - Diamond NV centres 197108 | types including isotopic
P control.
- Di NV centres ' ,
i l?jnil;;in d Czrrlorj; A Energies up to 30 keV.
FIB Yes Yes defects 164 - Limited choice of ions
_TMDC S Vacancies %3-165 based on source type.
- Diamond NV centres '°
; : : 161
SEM Yes Yes i Blu\e(:eflzln; :’ters ::nkiltltgell i | Energies up to 30 keV.
hBN 132.133,134
TEM Yes Yes - Diamond NV centres 112 | - Energies up to 300 keV.
M . .
ElzZ[ron Yes Yes* - Diamond NV centres '3 - Energies used ~ 2 MeV
Irradiation - Visible emitters in hABN ¥ | but up to 155 MeV. 16
Laser Yes Yes - Boron vacancies in hBN '#° | - Femtosecond laser pulse
Ablation - Visible emitters in hBN 17 | irradiations.
- Generally  material
. . . .| specific and/or limited to
- Visibl . .
Plasma Yes No hBN lés,llbme emitters in choice of suitable plasma
Methods . . 169 source
- Emitters in ZnO . . .
- Quality of material lattice
generally affected.
Annealing Yes No _Visible emitters in hBN 137 | ~ Often used in addition to
Methods other methods.

Table 1.2: Overview of methods used to incorporate or produce luminescent defects in materials.

*Spatial control is only possible utilising masking techniques

with any form of electron irradiation a large number of factors must be taken into account

with effects including heating, electrostatic charging, ionisation damage, displacement damage,
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sputtering and electron beam induced effects.*! Similarly ion beam irradiations can result in
sputtering, vacancy generation, amorphisation and implantation which can negatively impact

the host materials. "
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Methods

2.1 PREAMBLE

UTILISATION OF A SINGLE PHOTON SOURCE in any application requires knowledge of the source
that can only be gained through characterisation. Proper analysis must undertaken so that
the properties such as emission wavelength, brightness, stability and purity among others
can be documented. When working with single photon emitters, photoluminescence (PL)
and cathodoluminescence (CL) are two commonly used characterisation techniques. Multiple
different variants of each are used in research and industry settings, however this chapter will
give an overview of each technique with a particular focus on their use in characterising solid

state quantum emitters. These techniques are used extensively in the experimental Chapters 3,
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4 and 5 and so it also serves to explain the methods used in some additional detail not always
covered in the published research works. Specifics of the experimental setups used for each work

will also be outlined in their respective chapter.

2.2 PHOTOLUMINESCENCE

Probably the most important property of any solid state colour centre is the characteristic
of the light emitted during the relaxation of an excited electron back to the ground state.
PL spectroscopy is used extensively for this purpose and with proper characterisation of the
fluorescence, a range of information can be gathered about the system. PL measurements are
generally undertaken using confocal microscopes which are used across a range of scientific
disciplines, not just photonics.!’"!7! The term confocality refers to the uniform image plane

from which the luminescence information is recorded.

Each particular setup will have differences but most require some basic components in order
to function. Firstly a light source is required in order to excite the defect such that fluorescence
is emitted, usually in the form of monochromatic laser. A series of mirrors are used to align the
beam and an objective or lens used to focus the excitation light onto the sample and collect the
emission. Fluorescence can distinguished from scattered laser light using appropriate filters and
additional optics or fibres can be used to send light to photon counting detectors or spectrometers.
To achieve proper confocality, a pinhole in the form of a physical aperture must be used in
order to restrict lateral diameter and depth of the collected light. Some further discussion on
confocality requirements is available in Appendix A. A simple PL setup can be seen in Figure
2.1(a) with a piezo-controlled scanning stage used for nanometer scale movement of the sample,
thus enabling mapping functionality. As an alternative to sample scanning, a 4f telescope system
may be utilised. This requires two additional lenses before the objective and a scanning mirror.
While slightly more complex to set up, benefits include a larger scanning range not limited
only by a scanning stage and an ability to decouple excitation and collection spots if used in
conjunction with a scanning stage. Also of note in this particular setup schematic, rather than a

separate physical pinhole aperture, the diameter of the fibre core is used to achieve confocality.
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Figure 2.1: Schematic of a simplified photoluminescence setup and Hanbury Brown-Twiss

experiment. a) Schematic of a photoluminescence setup with components labelled. Sample
positioning and mapping can be achieved using the scanning stage. Green and red lines indicate
the excitation and emission paths respectively. Confocality is achieved using the core size of the
fibre. b) Schematic of the Hanbury Brown-Twiss experimental setup with two detectors A and B
connected to a time-correlating start/stop unit. Individual photons are depicted as red circles. c)
An example of the correlation function g (1) using continuous wave (CW) excitation for an ideal

single photon source with g®(0) = 0.

With a suitable confocal microscope the PL emission from a sample can be measured.
Emission from a solid state defect can be varied, with many spectral features present. The
emission wavelength of the zero phonon line (ZPL) gives information as to the energy difference
between the ground and excited states of the defects. Other spectral features such as the phonon
sideband (PSB) can also give other information on ZPL broadening as well as how strongly
coupled the defect is to vibrational lattice modes.'’? In many cases when measured at room

temperature the PSB signals can be more intense than the ZPL. Both the NV centre in diamond
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and 4.1 eV defect in hBN are clear examples of this. '3!3

Generally most PL spectroscopy
is undertaken using excitation energies higher than the emission energy, (Stokes fluorescence);
or by using resonant excitation whereby the excitation energy is exactly matched to the energy
gap of the emitter. In some cases excitation energies below the ZPL are utilised (anti-Stokes
fluorescence) for specific purposes including charge state manipulation !’#, laser cooling !> and

suppression of linewidth broadening mechanisms. '’

2.2.1 SINGLE PHOTON MEASUREMENTS

Isolated single defects are a requisite component for a number of applications. In these instances
PL maps and fluorescence spectra alone are unable to determine whether an emitter is an isolated
or single defect. In order to correctly identify and characterise that a defect is an isolated single
photon emitter, the Hanbury Brown-Twiss (HBT) experiment can be undertaken. !”” A standard
confocal microscope setup as utilised in Figure 2.1(a) can be setup so that the emission from a
defect can be sent to the HBT setup present in the schematic in Figure 2.1(b). The emission
passes a 50:50 beamsplitter, directing light to two single photon detectors, often avalanche
photodiodes (APDs) for visible wavelengths, which are connected to a time-tagging unit. The
unit can register detection events at each individual detector and record the delay times between
successive events. Although not included here, a delay is introduced to one line either via
software or by extending the length of physical connection cable from one detector to the

time-tagging unit.

This setup can be used to identify single emitters by analysing the second-order correlation

function.”! The classical form of this function is shown in Equation 2.1 below.

9P (r) =75 : =
EmEMNEE+ER+T))  (LE)I(E+T))

(EX(DE*(t + T)E(t +T)E)) (Iit)](t +7)) on

Where £(t) and I(t) are electric field and intensity of the light at time ¢ respectively. 7 is
the delay time and (...) symbols are indicative of the average time integrated over a long time
period. For coherent light of constant intensity ¢()(0) = 1 as the value of (I(t)) = (I(t + 7))

for any value of 7. However, when considering an isolated single photon emitter these electric
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fields can be quantised and considered as particles (photons). The equation for g (7) can then

be written in the quantised form as seen in Equation 2.2.

(n1(t)na(t + 7))

@) (r) —
97 = (@) ol 1 1)

2.2)

Where n;(t) is the number of counts registered by detector ¢ at time ¢. From the HBT setup
in Figure 2.1(a) it can be seen that the value of g(®) () is dependent upon the counts registered
by detector A at time ¢ and time ¢ + 7 at detector B. When light is considered to be comprised
of individual photons it is also notable that it should be possible to see g (0) having a value
< 1. As each photon hits the beamsplitter there is a 50% chance that it will be transmitted and
continue to detector A or reflected toward detector B. In fact, for a perfect single photon emitter
this value should be 0, given that it is not possible to have two simultaneous correlation events
at ¢ = 0 when the photons are generated from a source with clearly defined emission events.
If the photons are coming from an ideal single mode source, they can be represented in terms
of a photon number state or Fock state |n), a quantised monochromatic field with n photons.
At 7 = 0 Equation 2.2 can be simplified to Equation 2.3 where n can be considered to be the
number of ideal single photon sources.

g?0)=1- 2.3)

1
n

In reality these conditions are difficult to realise. In a solid state system the signal from
a background source or some fluorescence from the material itself can add to the emission
of photons and increase the value of ¢(*) (0). Slow response times on the detectors and time
correlating unit can also increase the the value of g(?)(0) especially when measuring single
photon emitters with nanosecond scale lifetimes. For an HBT measurement of an ensemble of
two single photon emitters n = 2, from 2.3, the theoretical value of the value of ¢(?)(0) = 0.5
and as such the arbitrary value of the value of (2 (0) < 0.5 has been chosen as an indicator of
single photon sources in peer-reviewed literature. In some cases two emitters spatially located
under the excitation spot can also result in a g(?) (0) < 0.5 if there is a substantial difference in

brightness between emitters.
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Experimental data can also be fit with the three-level model, accounting for any bunching
effects as follows:

gP(r)=1—e™ faem (2.4)

The lifetimes 7; and 79 refer to a fast and slow component, namely the emitter lifetime and

bunching component.

2.2.2 FLUORESCENCE LIFETIME MEASUREMENTS

Another time resolved measurement that is critical when characterising quantum emitters is the
fluorescence lifetime 7 of an emitter. For an ideal emitter acting as a two level system with

ground and excited states |1) and |2) respectively, the lifetime is given by:

TR = 73772607123 @.5)
Hiow
with vacuum permittivity €y, Planck’s constant h, the speed of light ¢, transition dipole
moment between |1) and |2) 122 and angular frequency w. Lifetime can be considered as the
average time for an electron in the excited state to relax and emit a photon.
Experimentally, lifetime measurements require a pulsed excitation source and one APD

connected to a time tagging unit triggered by the source. To extract the lifetime 7, data can be

normalised and fit with exponential curves of the form:
I=ae™r (2.6)

with intensity I, amplitude coefficient « and time 7. Especially for systems with short
lifetimes the incidence response function (IRF) must be measured so as to ensure that the laser
pulse is shorter than the lifetime of the fluorescence signal. This can be achieved by measuring
the scattering of the attenuated excitation source on a material with no fluorescence in the
detection region. For lasers emitting in the visible spectral region, silicon may be used as it

only exhibits fluorescence in the IR range.
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2.2.3 OptIicALLY DETECTED MAGNETIC RESONANCE

For many solid state systems with addressable electronic spin configurations, a means to measure
and control the spin state of system is necessary. Optically detected magnetic resonance
(ODMR) is a particular technique used to polarise and read out the electronic spin state of a
solid state quantum emitter. As Chapters 3 and 5 focus on the NV~ and V™ defects respectively,
focus will only be on spin-1 systems such as these.

These systems have a ground and excited state each with subsystems based on the magnetic
spin My = —1,0, 1. Notably there is also the addition of a singlet state. For the NV~ and V=

the energy difference D, between the spin sub-levels is in the microwave region. 178,142

a) b)
M =1 — Bo=0 —— By>0
X 100
M, =0 2
(%]
c
3
£
Mg = +1 T
Lo M= 1 2
2vBo} o
Mg =-1 ) . ‘ Dy Dg —I YBO Dlg Dg +' VBO
M, =0 MW Frequency (GHz)
Figure 2.2: Electronic level structure and ODMR of a spin-1 system a) The electronic level
structure for a general spin-1 system. Excitation from the My = 0and M, = =1 ground states
is represented by the green arrows. Relaxation from the My = 0 excited state is represented with

a red arrow, indicative of a radiative transition. The grey dotted arrows represent non-radiative
transitions from the My =  =£1 to ground state via a singlet state. (b) Simulated ODMR spectra
under zero magnetic field (B = 0) with fluorescence contrast at the resonance microwave
frequency Dy plotted in black. Blue ODMR spectra shows the same system in the presence of a

magnetic field with typical Zeeman splitting.

Figure 2.2(a) shows the electronic structure for a spin-1 system such as NV~ and V.
Typically a laser (green arrow) can be used to excite transitions into an excited state which can

relax radiatively (red arrow). If a magnetic field is introduced on resonance with D, the electron
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spin can be driven to the Mg £ 1 state. In this state, under laser excitation, spin preserving
transitions allow for the electron to be excited into the corresponding Mg & 1 state. From this
state another non-radiative transition can occur to the metastable state (grey dashed arrow). This
transition is spin selective and more likely from the Mg 4 1 excited state. This non-radiative
transition results in a loss of fluorescence and as such a minima will appear as a microwave is
scanned across the resonance Dg as seen in Figure 2.2(b). If an additional magnetic field B is
introduced the Mg = =1 states can be split in a process known as Zeeman splitting. This results

in two distinct resonances corresponding to each of the My = +1 and My = —1 states.

In a standard experimental setup utilised for the work in Chapters 3 and 5 a microwave antenna
in the form of a copper wire is placed in close proximity to the sample in order to drive the
transition between Mg = 0 and M = =1 states. PL intensity is recorded across the sweep range
with microwave on and off. The difference in intensities can then be extracted to get the raw

ODMR contrast.

2.3 CATHODOLUMINESCENCE

CL as implied by the name, is light generated from the inelastic scattering of primary electrons
(cathode rays) impinging on a sample. Due to the relatively high energy of primary electrons

used for CL characterisation, a very broad range of transitions from the UV to IR can be analysed.

16 179,180,181

It is a powerful tool which can probe band-gap transitions''®, material defects and

plasmonic systems '3

among others. CL analysis can be undertaken in a range of systems
including SEM, TEM and optical microscopes with CL stage. 83184185 Later work in Chapters
4 and 5 utilise SEM based CL techniques for analysis and so more detail will be presented in
this section. Most commonly light is collected via a parabolic mirror located above or below (in

the case of TEM CL) the sample to collimate the emitted light and direct it toward the detection

optics. In some cases lenses or objectives can be placed above or below the sample for collection.

There are two types of CL that can be differentiated based on the phase relationship between

excitation and emission. If there is no phase relationship between and emitted photon and the
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incoming electron the emission is described as incoherent. On the other hand, coherent CL
describes emission with a fixed phase relationship between excitation and emission. Generally
incoherent CL is the dominant form of excitation in most materials. Incoherent emission can be
seen from band-gap and defect transitions and as such is well suited to both host material and

quantum emitter characterisation.

The CL seen from luminescent defect centers is mostly from incoherent emissions. CL is
well suited to characterising these systems and has the benefit of uncovering information about
the host material as well as the defect.!'® Many CL studies have looked into properties of hBN
emitters including the 4.1 eV defect '3!3, blue '®C and visible emitters. 3! Often the emission
seen in PL measurements are not always spectrally equivalent or even visible in CL. In the
case of the V defect the typical broad emission has not been seen under electron excitation. 187
Similarly, for the Nitrogen Vacancy NV centre in diamond under electron irradiation, only

emission from the neutral charge state is visible, indicative of a charge switching mechanism. '**

Time resolved measurements are not only restricted to PL experiments. A unique effect when
undertaking CL. measurements is possible when emission is sent to an HBT setup (see Figure
2.1(b)). SPEs under electron excitation can also emit single isolated photons and as such the
measured photon statistics are identical to those seen in PL experiments with anti-bunching and
a g (0) value trending toward 0. '3%!53 Interestingly for ensembles of emitters, the behaviour
can deviate from the expected g(® (0) = 1 seen in PL when using low beam currents. Significant
bunching at zero time delay or more specifically g (0) >> 1 can occur under electron
excitation. 18%19%1°1 Given a low enough beam current, the time delay between subsequent
excitation events is relatively long when compared to the timescale of the emission lifetime.
As each electron interacts with the substrate material it has sufficient energy to excite bulk
plasmons within the material. These bulk plasmons can decay and excite multiple electron-hole
pairs on picosecond timescales. Based on the lifetime of the emitter these electron-hole pairs
can recombine a the colour centre based on the lifetime of the emitter type. The relatively

short timescales of the electron-hole pair generation as compared to the lifetime means that
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the excitation events can be considered simultaneous. As beam currents increase this effect is

reduced, as seen in the schematic representation in Figure 2.3.

4
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Figure 2.3: Schematic representation of photon bunching under three electron beam currents
(low - high). With decreasing current there is an increase in the bunching at zero delay such that

g?(0) >> 1.
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Recoil Implantation of Gas Phase Precursors

3.1 PREAMBLE

IoN BEAM IMPLANTATION is a commonly used technique to implant or create emitters in a range
of materials. Although the methodology is well established, typical implantation systems suffer
from some drawbacks. This chapter explores and builds upon an alternate technique utilising

recoil implantation with a commercially available dual beam microscope with a FIB system.
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The updated method substitutes the metal thin film utilised in earlier work to implant
NV centres in diamond with nitrogen containing gaseous precursors species, simplifying and
expanding the use cases for this technique.' This chapter includes text and figures from the
peer-reviewed journal article; Gale, A. et al, Recoil implantation using gas-phase precursor

molecules, Nanoscale, 2021.2

3.2 INTRODUCTION

Ion implantation techniques are commonly used to alter material properties for a wide range
of applications. For instance, it has critically underpinned the advancement of semiconductor
industries towards our technology standard today,'®’> and research in fields such as solid
state chemical engineering, optoelectronics, and quantum science have benefited from the
development of reliable implantation technologies.!*>!°* Due to their importance, there
remains intense interest in improving implantation methods, particularly advances in mask-free,
direct-write implantation at precisely-located sites, and fabrication of dopant gradients. For
example, in the field of nano and quantum photonics, precise placement of optical dopants in
photonic and optoelectronic devices is required, and deterministic ion implantation techniques

are therefore highly sought after.

While conventional ion implanters offer a wide range of possible implantation energies and
source ions, they are unable to achieve localized implantation on sub-micron scales without the
need for masking procedures. '°>1%7 Therefore, several methods are commonly used in material
science, based on equipment beyond standard broad-beam ion implanters. This equipment
includes FIB systems, which produce highly-focused, nanoscale beams. However, the ion

species are limited by the ion source, which is typically a liquid metal ion source 7197164,

109

a plasma source '%?, or a gas field ionization source.>! A recent demonstration has expanded this

to a Paul trap, where ions are captured in an electrostatic trap and then accelerated towards

a target, 198199

and techniques such as implantation through a pierced AFM tip have been
used to achieve precise spatial localization.?%?°! In addition, a more specialized technique

was demonstrated recently using a scanning electron microscope and gas-phase precursor
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molecules. 19

202,203,204 i combination with a standard

Further to the above, the use of recoil implantation
FIB system was recently demonstrated.' In that work, momentum transfer from inert ions in
a nano-scale beam to a thin film was used for implantation of the film constituents. This was
shown by implanting group IV elements into a bulk diamond substrate, which resulted in the
creation of group IV color centers. These centers have characteristic PL emissions,”” which were
distinctly identified by confocal PL measurements. The recoil implantation technique provides
control over dopant density using the ion beam irradiation and scanning parameters, and enables
ultra-shallow implantation, with the majority of dopants located within the first 2 nm of the
surface.! Hence, this technique allows for a wide range of implant species using a single ion
source, as well as beam-directed control over the location and density of the dopants. However,
it is limited to the use of solid-state precursors that can be deposited in the form of a removable
film. Here this limitation is eliminated by replacing solid thin films with gases that are injected
5 .

into the system during FIB irradiation. This approach enabled the creation of NV centers??’ in

a diamond substrate by using N,, NH; and NF; as the implantation precursor species.

It is noted that whilst undesired recoil implantation of gas-phase oxygen impurities by broad

ion beams has been observed previously %

, this process has not been used to engineer functional
material properties such as the generation of NV spin defects in diamond demonstrated in
the present work. These results expand the technique of FIB-directed recoil implantation to
encompass the vast majority of the periodic table, demonstrates the use of both inert and reactive

precursor molecules, and negates the need for thin film deposition and removal steps that may

be difficult depending on the properties of the substrate.

3.3 METHODS

3.3.1 PREPARATION OF DIAMOND

The substrate used in this work is electronic-grade diamond (N < 5 ppb) purchased from Element

Six, cleaned prior to experiments by ultrasonication in acetone, isopropanol and piranha solution
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(H,SO,4:H,0, (30%) 2:1 at 150 °C, 2 hours). This sample was then placed without any further

modification in the dual beam microscope.

After irradiation, the sample was annealed at 850 °C for 2 hours in high vacuum (< 2 x 107°

mBar) and cleaned in piranha solution as described above.

3.3.2 IoN IMPLANTATION

A standard dual beam microscope (DBM - Thermo Fisher Scientific Helios G4) was used for the
ion implantations. A 30 kV, 4.7 + 0.3 pA, Ar" ion beam was chosen for all ion irradiations. By
using the included scanning software and precise timing control capabilities of the FIB system,
a variation of the irradiation fluence was achieved by altering the number of passes per unit area
scanned by the beam. In each pass, the beam is scanned in a serpentine pattern with a Dwell
Time of 200 ns, a Point Pitch of 200 nm, and a defocus of 50 um, which yields a fluence of

1.7 x 10'% jons/cm? for a single pass.

3.3.3 Gas INJECTION

The system was equipped with a gas injection system(GIS), with a capillary placed within 500
um of the substrate to locally deliver precursor molecules. A schematic of the experimental
setup can be seen in Figure 3.1 including the gas lines and equipment utilised. For the gas supply
(either N,,, NF,, or NH,), the GIS was connected to an external gas line, through a connector
at the capillary. The gas was then delivered to the capillary through a gas line, where a liquid
nitrogen cold trap was used to minimize residual water content in the gas stream delivered to the
sample. °® During all gas injection experiments the flow was controlled by a needle valve, which
was placed in the gas delivery system. The valve was adjusted until the background chamber
pressure increased from 1.3 x 10~ mBar to 9.0 x 10~> mBar. For experiments with NF; and
NH, an enclosed gas box was utilised with a gas sensor. The gas box was connected to an
exhaust line so that negative pressure was always maintained within the enclosure. Pneumatic
valves were utilised with a bypass pathway at the needle valves allowing for the lines to be

pumped out to the regulator to increase gas purity.
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Figure 3.1:  Schematic of the precursor and GIS setup used for recoil implantation experiments.
The Lecture bottle could be replaced with the desired precursor and similarly for experiments

using NF; and NH; a gas sensor was utilised.

3.3.4 PHOTOLUMINESCENCE MEASUREMENTS

A lab-built confocal PL setup with a 532 nm CW excitation laser was used to investigate the
irradiated regions at room temperature. The setup utilised a 532 nm dichroic beamsplitter
with a scanning mirror (Newport FSM-300) and 4f system for scanning. Mapping data
was collected using an avalanche photodiode (Excelitas SPCM-AQRH) or fibre coupled
spectrometer (Princeton Instruments, Inc.) for spectra. ODMR measurements utilised a copper
wire with a diameter of 30 um placed near the sample. Microwave signal from a generator
(Anapico aspin) was amplified (minicircuits, ZHL-16W-43-S+) and directed through the wire.
The microwave frequency was swept between 2.75 and 2.95 GHz and the PL emission was

recorded using the avalanche photodiode with the microwave on and off.
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3.4 RESULTS AND DISCUSSION

The method uses a standard dual beam microscope (Thermo Fisher Scientific Helios G4),
a tool that is commonly available in microscopy and material science laboratories for
purposes of cross sectioning, lamella preparation for transmission electron microscopy, and
for nanofabrication.’>*’ The same system is typically equipped with a gas injection system
(GIS), where a capillary is placed within 500 um of the substrate and used to locally deliver
precursor molecules for gas-assisted nanofabrication, e.g. chemical vapor deposition or
chemically-enhanced etching of the surface. Here, the same system is utilized for sub-surface
implantation of gas molecule constituents, achieved by injecting and delivering nitrogen-based
precursor gases to a local area of a substrate during FIB irradiation, as is schematically shown in
Figure 3.2(a). As the gas molecules are injected and directed towards the sample, a proportion
will adsorb on the surface. These gaseous molecules will either diffuse on the surface or undergo
thermal or FIB-induced desorption, characterized by the diffusion path length and the mean
desorption time, respectively.>%>” Within this timeframe, high energy primary ions can interact
with the adsorbates, transfer momentum to the molecules, and thus implant their constituents into

the substrate.

Figure 3.2:  Experimental Setup. (a) Schematic illustration of the setup used in the experiments
with stylised N, molecules and a focused ion beam. (b) Chamber scope image of the experimental

setup used for all implantations with false colouring applied to labelled components
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Figure 3.2(b) shows a charge coupled device (CCD) image of the setup during the experiment,
where the GIS needle was placed within 500 um of the sample surface for optimal gas flux
at the surface. Note that the pressure increase is measured at a peripheral point relative to
the substrate — however, the local pressure increase in the vicinity of the processing area is
known to be substantially higher, as typically used for applications in electron/ion beam induced
deposition (IBID).”” Also note that Ar* is used instead of Xe™, because the momentum transfer
is maximized when the atoms are similar in mass, and thus can achieve better implantation
conditions.?’> Furthermore, Ar is lighter than Xe, causing less collateral damage to the host
crystal. Unlike Xe, Ar is not known to produce any luminescent color center in diamond, hence
it should act as a truly inert primary ion in this system. Other ion species commonly found on
FIB units could also be used for this purpose. Commercially available Ne based FIB systems
would further reduce both the mass difference and additional damage to the host crystal. An
energy of 30 keV was chosen for all ion irradiations to maximise the depth of the implanted

nitrogen.

By using the scanning and precise timing control capabilities of the FIB system, a
straightforward variation of the irradiation fluence was achieved by altering the number of passes
per unit area scanned by the beam. Due to the volatile nature of the adsorbates, a refresh time
was also applied, which was set to 10 ms between passes in order to facilitate sufficient time
for the precursor molecules to replenish around the processing site.?"® Specifically, as the ion
beam irradiates the sample, the precursor gas may either be implanted by recoil, auto-desorb
or undergo stimulated desorption caused by the ions and secondary electrons emitted from the
substrate. "’ Hence, during FIB radiation, adsorbates at the implantation site are depleted and
their concentration has to be replenished continuously.?!'? It should be emphasized here that for
this version of recoil implantation, no deposition of a thin film in any form is required, which
also removes the need for post-implantation sample treatments that are needed to remove such

films.

After ion irradiations the resulting PL map of an area irradiated with the precursor NF; can

be seen in Figure 3.3(a). An ion fluence of 7.0 x 10'3 ions/cm? is required to clearly see the
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patterned 4 x 4 um? squares in the confocal PL map. This is higher than but comparable to
previous work using solid metallic precursors, where a fluence of less than 1.0 x 10'? ions /cm?
was needed to observe patterned regions of the same size. ! The direct comparison for creation of
different types of color centers is valid under the implantation and annealing conditions as the NV
was reported to have a creation yield of ~1 % for low energy ion implantation, similar to the yield
of the SiV and the GeV. %1% The values obtained in this study are higher because of the lower
concentration of adsorbates on the surface compared to a solid thin film and the ability for the
gaseous precursors to desorb or diffuse unlike the solid metallic precursor. This naturally results
in a lower probability of the recoil process, and therefore requires higher total fluence values.
Moreover, these values are also significantly higher than using direct nitrogen ion implantation
which often require fluences of ~1.0 x 10'° jons/cm? as there is an added requirement for
momentum transfer between the primary ion and precursor. !°>!%7 As is common for all forms
of ion implantation and observed here, the PL intensity increases up to a maximum and then
saturates or declines as ion fluence is increased. The maximum PL intensity is obtained at a
fluence of 7.0 x 10'*ions /cm? at which point it begins to decrease in the center of the irradiated
region. This is related to the increased amount of collisions within the sample, which leads
to irreparable damage in the crystal and therefore quenching of the emission. The threshold of
decreasing luminescence for ions in related studies on the NV and the SiV were observed to be on
the order of 1013 — 10'*ions/cm?, consistent with the observation of a decreased luminescence
at this fluence. '°>?!! The likely explanation for the observation of a slightly higher value of this
critical fluence is that most of the damage, as introduced by the primary Ar ions, is generated in

a depth below the region of the recoil implanted nitrogen. '

66



Figure 3.3(b) shows individual PL spectra from the square centers, clearly showing the
increased intensity of NV~ emission with a pronounced broad phonon sideband (PSB) and a
characteristic zero phonon line (ZPL) at ~638 nm. Furthermore, in the spectrum a distinct
Raman line at 573 nm is observed, corresponding to the F,, mode (1332 cm™ ) of the sp?
bond, characteristic for the crystal structure of diamond. A further peak is observed at 582 nm,
assigned partially to the G band, indicating some degree of damage in the material, as well as the
NV emission, which is typically present at 575 nm. The presence of the G band in the spectra
of all fluences indicates a damage that is higher than with standard FIB implantation, as much

higher ion beam fluences are required and the G band is typically absent.
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Figure 3.3: PL map and spectra of implanted arrays of NV centers. (a) A room temperature
confocal PL map of square NV arrays implanted using NF ; precursor. The scale bar corresponds
to 5 um. (b) Spectra taken from irradiated areas in (a) corresponding to ion fluences in the range
0f 7.0 x 1013 — 7.0 x 10'*ions/cm?. The NV~ zero phonon line (ZPL), phonon side band (PSB) and
diamond Raman line are labelled for clarity. The spectra have been normalized to the Raman peak

at 573 nm.

Now to a brief discussion on the non-trivial kinetics arising from the interplay of momentum
transfer processes and gas diffusion above and on the surface. Firstly, the choice of a diamond
substrate and PL analysis of NV centers prove conclusively that the nitrogen is implanted
below the surface and embedded in a diamond crystal — i.e., the ion irradiation did not merely
generate a thin film of nitride that can form on some materials as a result of beam-stimulated

chemical reactions between adsorbates and a surface. Next, the appearance of distinct box
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shapes in Figure 3.3(a) with clear edges blurred only by the resolution of the confocal PL
imaging system is a direct indicator that the implantation is initiated by momentum transfer to
adsorbed gas molecules rather than the less-probable process of momentum transfer to gas-phase
molecules above the sample. If the latter was the case, the angular distribution resulting
from non-head-on collisions between primary ions and gas molecules would inevitably result
in blurred, overlapping implantation sites. Finally, it is highlighted that the employed FIB
irradiation conditions do in fact lead to net nitrogen implantation, which is not negated by the
net competing effect of sputtering and desorption stimulated by the ions and emitted secondary

electrons.

Now turning to a comparison of implantation from different gas species and characterization
of the ODMR signal.?”> First, Figure 3.4 (a) shows spectra obtained using different
nitrogen-based precursors, namely N,, NF, and NH;, each of which was irradiated using an
ion beam fluence of 3.5 x 10'* ions/cm?, at a chamber pressure of 9.0 x 10~ mBar. Within
the different regions, NF, showed the brightest PL, followed by N, and NH, respectively.
These variations in efficacy are likely a result of the complex interplay between residence times
of the precursor molecules, ion-adsorbate interaction cross-sections, adsorbate dissociation
mechanisms and chemical effects of reactive H and F species. As an example, NF; and NH,
molecules have longer surface residence times than N,. In turn, it can be expected that NH,
would more likely lead to H-mediated chemical etching of diamond, as it has been shown that
hydrogen containing precursors can etch carbon. This may directly explain the order of the PL
intensity, with NF,, the highest due to long residence times, while for NH, the additional etching
mechanism leads to slow beam-induced volatilisation of the surface.?!%%!3 Moreover, due to

co-implantation of hydrogen, the NV~ center can be depleted and become optically inactive.?!*
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Figure 3.4: Comparison of PL spectra using different nitrogen-based precursors showing room
temperature PL spectra of the implanted regions using a fluence of 3.5 x 10'*ions/cm?. A reference
spectrum of a region irradiated in the absence of a precursor gas is shown for comparison. The
NV~ zero phonon line (ZPL), phonon side band (PSB) and diamond Raman line are labelled for

clarity. The spectra are normalized to the diamond Raman line at 573 nm.

Besides the characteristic PL. emission, a clear PL contrast was observed when applying a
microwave field, a signature of the NV~ ODMR. Specifically, a microwire was placed in the
vicinity (~20 um) of an irradiated square region (7.0 x 10'# ions/cm? fluence, N, precursor)
and the PL contrast was recorded as the microwave frequency was sweeped across the range
2.75 —2.96 GHz. As shown in the inset of Figure 3.5(a) a PL contrast of ~1.5 % was observed
at 2.87 GHz, corresponding to the zero-field splitting of the system, separating the electron spin
|0) and | = 1) sublevels of the ground state (Fig. 3.5(b)). Note that the ODMR peak is relatively
broad, indicative of strain in the sample and the maximum contrast is well below the state of
the art systems reaching 19%.°!> Nevertheless, the ODMR measurement shows the capability

of this technique to generate spin defects in diamond.

A comparison of the effect on gas flux was also undertaken. The same irradiations were
undertaken with varying precursor gas flux controlled by the flow through the needle valve.
The flow rate was controlled via the needle valve and the SEM chamber pressure was used to

monitor the pressures. Figure 3.6 shows PL spectra for an ion fluence range of 1.2 x 104 —
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Figure 3.5: ODMR spectrum and energy level diagram of the NV~. (a) ODMR contrast

measurement of an area irradiated with nitrogen gas precursor. (b) Simplified energy level
diagram of the NV~ system showing spin ground and excited, spin sub-levels and metastable state.
Green arrows refer to the 532 nm excitation laser, red arrows correspond to the ZPL emission
from excited to ground states and the brown arrow shows the non-radiative transition between the

metastable levels.

1.2 x 10" ions/cm? at two gas flux rates, 5.8 x 107 and 9.0 x 10~ mBar. For a given fluence,
the higher gas flux results in higher intensity of ZPL and PSB emissions. In the present system
the adsorption of the precursor gas can be described in terms of a Langmuir adsorption model.
This assumes there is no dissociation of the nitrogen precursor molecules upon adsorption to the
diamond surface and no interaction between the precursor molecules. For a given temperature

with a gas flux .J the precursor coverage @ is given by Equation 3.14:

. SJ/NO
b= TNe+1/7 3.1)

With sticking probability s, density for a monolayer of precursor molecules Ny and precursor
molecule residence time 7. It is apparent that under this model the precursor flux J has a
significant effect on the density of adsorbed precursors. Given that the rates of diffusion,

desorption and dissociation are unaffected by gas flux it is clear that the increased precursor

70



coverage leads to a higher probability that momentum transfer between a primary ion and
precursor molecule will be initiated, resulting in the increased intensity of NV~ emission for

a given ion fluence.
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Figure 3.6: Comparison of PL spectra with differing nitrogen gas flux. Room temperature PL

spectra of the implanted regions with ion fluences listed above in units of ions/cm?. The spectra
are normalized to the diamond Raman line at 573 nm. The measured chamber pressure for each

panel is listed in bold text.

Finally, to exclude the possibility that the NV~ centers were generated by ion beam processing
of native nitrogen impurities in the diamond substrate (N < 5 ppb), or from nitrogen impurities in
the Art beam, implanted regions were compared to areas that were irradiated by the beam in the
absence of a precursor gas. As is shown by the blue spectrum in Figure 3.4(a), the characteristic
NV~ emission was absent from such regions, irradiated using the same ion fluence, confirming

that the observed NV centers were generated through recoil implantation.

Bright square arrays were observed in panchromatic PL. maps of the areas irradiated in the
absence of a precursor gas (Fig. 3.7). However, these emissions were unstable — focusing the
laser spot onto such an irradiated area and taking a further PL map results in a dim spot (Fig. 3.7.
Therefore, the bright square is attributed to carbon deposition via an IBID process stemming
from residual hydrocarbon species on the sample surface.”® The laser dwelling removes the

contamination, which leads to PL quenching in that spot. This illustrates that the low ion
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flux used for the irradiation resulted in a favorable regime between the competing processes

of sputtering, implantation and desorption/replenishment.
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Figure 3.7: Confocal PL maps of regions generated by ion beam irradiation in the absence of a
precursor gas. Maps are shown before and after the laser spot was dwelled over the circled area

Sfor 2 min. Scale bars correspond to 5 pum.

In this work a succinct set of experiments were undertaken — namely, site-selective fabrication

of NV~ centers in diamond using three precursor gases to show that:

e Optically-active defects can be fabricated in the substrate lattice below the sample surface.

e The implantation proceeds through momentum transfer to surface-adsorbed gas

molecules.

e The irradiation conditions lead to implantation at a rate that overcomes the competing

processes of autodesorption, stimulated desorption and sputtering.

e The ion beam scanning can be used to control both the location and the local dose of the

implanted species.

e Both inert and reactive gases can be used as implantation precursors.
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3.5 CONCLUSION

The range and suitability of the recoil implantation technique has been extended and
demonstrated its applicability to elements which are available from a gaseous molecular state.
By delivering gas-phase molecules to the substrate surface by means of a GIS capillary a region
of locally high adsorbate concentrations was produced, which acts as a source of target atoms that
can be implanted through momentum transfer from an energetic ion beam. The principle of this
extension was proven by patterning regions of optically-active NV~ centers in bulk diamond, by
flowing a nitrogen containing gas over the surface during ion beam patterning. After annealing,
the characteristic signature of the NV~ color center, including the spectrum and ODMR signal
with zero-field splitting at 2.87 GHz were observed. Beyond the expansion of recoil implantation
to a wider range of the periodic table, material preparation steps have been simplified by utilizing
a gas phase precursor, where no chemical removal of the target film after implantation is required.
Such a process is therefore more appealing to materials that are chemically unstable or would

be affected by the wet chemical removal process after ion irradiation.
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Site-Specific Fabrication of Blue Quantum

Emitters in Hexagonal Boron Nitride

4.1 PREAMBLE

HBN 1s GAINING considerable attention as a solid-state host of quantum emitters from the
ultraviolet to the near-infrared spectral ranges. However, the atomic structures of most of the
emitters are speculative or unknown, and emitter fabrication methods typically suffer from poor
reproducibility, spatial accuracy, or spectral specificity. In this chapter a robust, electron beam
technique for site-specific fabrication of blue quantum emitters with a zero-phonon line at 436
nm (2.8 eV) is presented. It is shown that the emission intensity is proportional to electron dose

and that the efficacy of the fabrication method correlates with a defect emission at 305 nm (4.1
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eV). Blue emitter generation is attributed to the fragmentation of carbon clusters by electron
impact. The robustness and universality of the emitter fabrication technique is enhanced by a
pre-irradiation annealing treatment. These results provide important insights into photophysical
properties and structure of defects in hBN and a framework for site-specific fabrication of
quantum emitters in hBN. This chapter includes text and figures from the peer-reviewed journal
article; Gale, A. et al, Site-specific fabrication of blue quantum emitters in hexagonal boron

nitride, ACS Photonics, 2022.3

4.2 INTRODUCTION

hBN is an attractive Van der Waals material due to its wide bandgap and chemical stability.
It has been used widely as a thin dielectric layer in electronic devices and a protective cap for
sensitive materials such as transition metal dichalcogenides. Recently, its quantum photonic
properties have gained considerable attention as hBN has been found to host a variety of
single photon emitters (SPEs) that span the ultraviolet (UV) to the near-infrared (IR) spectral

range. 131,126,153,161,216,141,217,218,139

hBN SPEs operate at room temperature and some have outstanding optical properties
including high brightness, linear polarisation and access to the spin states of some of the
defects.3%15%142 The emitters are associated with intrinsic structural defects and extrinsic
impurities in the lattice, and are found in many varieties of hBN samples, including
those grown by the high pressure high temperature method, chemical vapor deposition and
MOVPE. >%13581.219 Numerous distinct defect-related quantum emitters have been identified
in hBN. The various SPEs display a wide range of photophysical properties — including the
emission wavelength, brightness, stability and spin properties. As a result, it is broadly accepted
that numerous defect species are likely responsible for the emissions, but the atomic structures

of most of these are speculative or unknown.

Consequently, numerous experiments have been conducted with the aim to engineer the
emitters deterministically with reproducible emission properties. '®1:143:145 These have met some

success — for example, ensembles of the negatively charged boron vacancy (V™) defect can
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be fabricated, but these emitters are dim and have so far not been isolated at a single defect
level. 43:145:220 Conversely, emitters in the visible spectral range can be engineered at a single
defect level, but fabrication methods that are deterministic both spatially and spectrally remain
elusive. This limits not only studies of defect structure but also efforts at scalable integration of
hBN emitters in photonic circuits and devices. As a result, there is a need for improved emitter
fabrication methods and detailed fundamental studies of specific fluorescent defects that can be

engineered on demand in a wide range of hBN samples.

Here, a robust electron beam technique for site-specific engineering of defects emitting at
436 nm (2.8 eV), referred to as blue emitters throughout the chapter is presented. For the first
time, highly controlled, dose-dependent engineering of emitters is demonstrated. The efficacy
of the method is correlated with a spectral signature of hBN flakes. Employing nanoscale CL
spectroscopy, it is shown that the effectiveness of the blue emitter generation process correlates
with a well-studied carbon-related UV center at 305 nm (4.1 eV). 153154.221,222,157,158,223,224,225
Blue emitter formation is attributed to decomposition of carbon clusters in hBN by electron
impact, and show that the efficacy of the emitter fabrication method can be improved by an
annealing treatment. The findings provide a facile approach for deterministic fabrication of

quantum emitters in hBN with nanoscale resolution.

4.3 METHODS

4.3.1 SAMPLE PREPARATION

Si/Si0O, (285 nm oxide) substrates were first solvent-cleaned and ultrasonicated in acetone then
isopropyl alcohol before being dried in nitrogen. The substrates were further cleaned for 30 mins
in a commercial ozone cleaner before exfoliating hBN using PDMS. Two different hBN bulk
crystals were used: HPHT hBN from the National Institute for Materials Science (NIMS) and
commercially available hBN from HQ Graphene. To remove unwanted residue after exfoliation
the samples were annealed at 500 °C in air for 12 hours before being ozone cleaned for 30
minutes. A tube furnace was used to anneal samples at 1000 °C for 1 hour in a nitrogen

atmosphere (1 Torr, 50 SCCM).
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4.3.2 EMITTER CREATION

Blue emitters were created using an FEI DB235 Dual Beam FIB/SEM microscope. Beam
energies of 5-10 keV and currents ranging from 8.0 pA to 4.5 nA were used for all experiments.
The spectra and time-resolved data in Figure 4.2 were collected from irradiated spots on annealed
HQ Graphene hBN. CL spectra were monitored during emitter creation and used to determine
the irradiation time. The arrays in Figure 4.4 were patterned on annealed NIMS hBN using a
10 keV, 1.0 nA beam on squares of area 20 x 20 nm. The dose was controlled by modulating
the total irradiation time from 1 - 256 seconds. For the 4 x 3 spot array in Figure 4.5, a total
irradiation time of 2 seconds was used for each area. Irradiations in Figure 4.6 were performed
using a 10 keV, 1.0 nA stationary beam (240 seconds for a total dose of 1.50 x 10'2 electrons).
The UTS Logo in Figure 4.1(b) was patterned on annealed HQ Graphene hBN using a Thermo
Fisher Scientific Helios G4 Dual Beam microscope using a beam energy of 5.0 keV and a beam

current of 0.8 nA. The area was patterned for a total of 20 minutes.

4.3.3 CATHODOLUMINESCENCE MEASUREMENTS

CL mapping, spectra and time correlated measurements were collected using a Delmic SPARC
system with a 13 mm parabolic mirror. Data was collected using a beam energy of 10 keV and a
beam current in the range of 0.28 to 1.0 nA. CL was directed to a spectrometer (Andor Kymera
193i) using a slit width of 150 pm. The spectrometer was equipped with a 300 lines/mm grating
for CL mapping and spectroscopy. A pixel size of 200 nm and a dwell time of 10 ms were
used for the map in Figure 4.4(a). For single spectra of the SPEs in Figure 4.2(a), a 430 nm
long-pass filter was placed in the optical path to remove second order features from high energy
CL emission. For time-resolved measurements in Figure 4.2(c), the CL emission was directed to
a Delmic LAB Cube. This encompases a Hanbury Brown and Twiss setup consisting of a 50/50
beam splitter and two photomultiplier tube detectors (Hamamatsu R943-02). The emission was
filtered using a 460+30 nm band-pass filter. The electron beam was scanned across an area of
150 x 130 nm containing an existing SPE ensemble for 1 hour using a beam energy of 5.0 keV

and a beam current of 8.0 pA. Spectra presented in Figure 4.6 were collected at the beginning
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and end of the irradiations outlined above. Integration times of 1 second for non-annealed hBN
and 10 ms and 100 ms were used for annealed NIMS and HQ Graphene samples respectively.

Delmic Odemis software was used for all data collection.

4.3.4 PHOTOLUMINESCENCE MEASUREMENTS

The room temperature PL. measurements in Figures 4.1, 4.2 and 4.4, were conducted using a
lab-built confocal microscope. Briefly, a 405 nm continuous-wave (CW) laser (PiL040X, A.L.S.
GmbH) excites the sample via a 100X objective (NA 0.9; Nikon). The reflection/fluorescence
was filtered with a dichroic mirror (long-pass 405 nm) and collected either by avalanche
photodiode single photon detectors (APDs, Excelitas Technologies) or a spectrometer (Princeton
Instruments, Inc.). For single photon emitter characterization, scanning was done using an XYZ
piezo stage (NanoCube P-611.3), and an antireflection coating lens (350-1100 nm range) was

used for collection.

The cryogenic PL measurements in Figure 4.2 were performed with a lab-built confocal
setup equipped with an open-loop cryostat (a ST500 cryostat, Janis) containing flowing liquid
Nitrogen. A three-dimensional piezostage (ANPx series, attocube Inc.) is located inside
the cryostat to adjust the position of the samples. A cryogenic temperature controller (335,
Lakeshore) was used to adjust the temperature of the samples. A thin quartz window enables
optical access to the samples. A 405-nm CW laser was used to excite the samples through a
100x objective (NA 0.9; TU Plan Fluor, Nikon). Back-collected fluorescence was filtered and

directed either to an APD or a spectrometer (SR3031, Andor).

For time-resolved PL spectroscopy in Figure 4.2, a pulsed 405 nm laser (pulse width of 45
ps) with a 20 MHz repetition rate was used as the excitation source. A correlator (PicoHarp300,

PicoQuant) was used to synchronize PL emission.
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4.4 RESULTS AND DISCUSSION

To engineer emitters using electron beams, two sources of hBN were studied: flakes were
exfoliated from hBN grown using the high-pressure and high-temperature (HPHT) method
(“Type I”’), and from hBN that was purchased from a commercial supplier (“Type II”’). The
flakes were exfoliated onto Si/SiO, substrates and annealed in N, at 1000 °C. The function of
this pre-irradiation annealing treatment is discussed below. Importantly, no additional annealing
was done after electron irradiation. Optical characterisation was performed using a CL system
installed on the SEM used to fabricate emitters, and an ex-situ custom-built PL setup. CL
analysis was performed both during electron beam processing, as well as before/after processing
using a low current density electron beam that modifies samples minimally during analysis. See

the Methods section for additional details.

A schematic of the CL setup is shown in Figure 4.1(a). CL is excited by high energy
(keV) electrons that can excite both defects as well as inter-band transitions and is therefore
complementary to PL performed using a sub-bandgap excitation source. A parabolic mirror

reflects and collimates CL into a setup that enables spectroscopic and correlation measurements.
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Figure 4.1: Direct-write electron beam fabrication of blue emitters in hBN. (a) Schematic

illustration of the electron beam setup used to process hBN and perform CL analysis. (b) Confocal
PL map of the UTS emblem patterned by electron beam irradiation of hBN. The map was collected

using a 60 nm bandpass filter centred on 460 nm. The scale bar represents 5 pym.
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As a demonstration of the spatial control and consistency of the emitter fabrication method
the University of Technology Sydney emblem was written into a Type II hBN flake using a 5
keV electron beam (0.8 nA). Figure 4.1(b) shows a confocal PL map of the emblem acquired
using the blue emission generated using the electron beam. The emission was collected using a
60 nm bandpass filter centered on 460 nm. The fabrication resolution is limited by the diameter
of the electron beam which is on the order of only a few nanometres and electron scattering in
the sample. Electron scattering is a function of the energy used and for hBN flakes up to a few
100 nm and energies of 10 keV as used here, this is up to 1 pm. Given the ability for SEMs to

control acceleration voltage up to 30 keV this could be tuned as required.

Normalised, room temperature CL and PL spectra of the blue emission generated by the
electron beam are shown in Figure 4.2(a). The spectra consist of a dominant peak at 436 nm and
two satellite peaks at 462 nm and 491 nm. These are attributed to a ZPL and a PSB comprised
of two phonon replicas, consistent with prior reports. 101:160:172226 Djifferences between the CL
and PL spectra are caused by a lower resolution of the CL spectrometer (see Appendix A.l,
Figure A.1). A low temperature PL spectrum is shown in Figure 4.2(b). It shows expected
reductions in peak widths and in the relative intensity of the PSB, and the spectrum is consistent

with prior studies of emitters in hBN227-2%8

— the apparent asymmetry in the ZPL is attributed to
a ZA (out-of-plane acoustic) phonon replica detuned from the ZPL by 10 meV, and the longer

wavelength emissions are consistent with the phonon modes of hBN. 172229

Photon emission statistics were analysed using both CL and PL. The blue curve in Figure
4.2(c) is a second-order CL autocorrelation function, 9(2) (1), measured using a 5 keV (8 pA)
electron beam, from an ensemble of the blue emitters. It shows significant bunching, with
a ¢ (0) value of 4.53 + 0.03. Photon bunching is typical of CL emissions from quantum
emitter ensembles excited using a low current electron beam, and has previously been ascribed
to simultaneous excitation of an ensemble by bulk plasmon decay. '*° A mean emitter lifetime
of 2.11 + 0.03 ns was extracted from a single exponential fit of the CL ¢(®) function. This
value is consistent with and typical of the excited state lifetimes of emitters in hBN.?*" A

second-order PL autocorrelation measurement from a single blue emitter generated by an
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Figure 4.2: Optical properties of blue emitters fabricated by electron irradiation of hBN. (a)
CL (blue) and PL (red) spectra collected at room temperature. (b) Cryogenic PL spectrum
collected at 70 K. (c) Second-order CL autocorrelation function (blue) of an ensemble, and a

PL autocorrelation function (red) from a single emitter, measured at room temperature. The
intensity at zero delay time is 4.53+£0.03 and 0.19%0.08, respectively. Background correction was
not employed in either case. A lifetime of 2.11+£0.03 ns was deduced from a single exponential fit
of the CL g curve. (d) PL decay curve obtained using a 405 nm pulsed laser, yielding an excited
state lifetime of 1.85+0.03 ns. The excitation pulse width and repetition rate were 45 ps and 20
MHz, respectively. A 430 nm longpass filter was used for the PL measurement in (a), and a 60 nm

bandpass filter centered on 460 nm was used in (b-d).

electron beam is shown in red in Figure 4.2(c). It shows antibunching with a ¢g(? (1) value
of 0.19 + 0.08. A PL decay measurement that was obtained at 70 K and fitted with a single

exponential function, yielding an excited state lifetime of 1.85 ns, consistent with the mean
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value of ~ 2.1 ns obtained from the CL autocorrelation function of an ensemble of these
emitters. The optical measurements in Figure 4.2 summarise the basic properties of the blue
emitters generated by electron irradiation of hBN, and illustrate the non-classical nature of
photon emission from ensembles and individual emitters excited by electrons and photons,
respectively. For completeness the effect of the electron beam current on the ¢(?)(0) value was
also verified to follow the typical trend of decreasing bunching with increasing electron beam
current. These results are illustrated in the Figure 4.3 which follow the expected behaviour. The
low currents used in these measurements ensure that the incoming electrons are spaced such that
the CL emission is detected in distinct photon packets. Increased currents reduce this spacing
between excitation and emission and as such increase the possibility of non distinct photon
packets at 0 delay time (g(Q)(O)), ultimately reducing the bunching curves. Characterisation
of quantum emitters by both CL and PL is important for future applications of hBN quantum

emitters in nanophotonics and nanoplasmonics, where CL and electron beam techniques play an

increasingly important role.?3!
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Figure 4.3:  Second-order CL autocorrelation data of an SPE ensemble measured with varying
beam currents. A 5 keV beam was scanned over an area of 150 x 130 nm containing an SPE
ensemble with currents of 8.0 pA, 30 pA and 75 pA. The emission was filtered using a 460+60 nm
band-pass filter.
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Now turning to dynamics of the blue emitter fabrication process. Figure 4.4(a) and (b) shows
CL and PL maps of a 3x3 spot array fabricated in an annealed Type II hBN flake as a function
of electron beam exposure time. The electron dose was varied from 6.2 x 10° to 1.6 x 102,
as is shown in the legend of Figure 4.4(c). The CL map was generated by integrating the CL
intensity between 430 and 480 nm, and the PL. map was acquired from the same region using
a 460+30 nm bandpass filter. Both maps show enhanced fluorescence intensity at each spot
irradiated by the electron beam. Figure 4.4(c) shows PL spectra recorded from the nine spots,
and the integrated PL intensity is plotted as a function of electron dose in Figure 4.4(d). The
PL intensity scales linearly with electron dose, over the range used in the experiment. Notably,
such controlled, dose-dependent generation has not been demonstrated previously for quantum

emitters in hBN.

The analysis in Figure 4.4(d) was performed using PL spectra produced using a sub-bandgap
excitation source, and that the CL signal is not appropriate for this analysis. In CL, carriers
are excited across the bandgap, recombination of electron-hole pairs is a competitive process
and CL intensity therefore does not, in general, scale linearly with defect concentration.?” Tt
is emphasized that the data in Figure 4.4 were acquired from hBN that was annealed at 1000
°C before electron beam processing, and that no additional annealing, or other processing was
performed after electron irradiation. The linear dependence on electron dose seen in Figure
4.4(d) suggests that the blue emitter generation rate is not rate-limited by diffusive mass transport
through the hBN lattice, as is discussed below. The dose dependence and general reproducibility

of the method within a flake also suggest that the defects are abundant and distributed relatively

uniformly throughout the hBN lattice.
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Figure 4.4: Dynamics of the emitter fabrication process — emission intensity versus electron dose.
(a,b) CL and PL maps of a 3x3 emitter array generated using a 1 nA stationary electron beam as
a function of exposure time. From top left to bottom right, the irradiation times are 1, 2, 4, 8, 16,
32, 64, 128 and 256 s. The CL map was extracted from a hyperspectral map by integrating the CL
intensity in the spectral range 430 - 480 nm. Intensities are plotted as photon counts per second.
The scale bars represent 2 um. (¢) PL spectra obtained from the nine spots seen in the maps. The
legend specifies the electron dose used to generate each spot. (d) PL intensity versus electron dose

obtained by integrating the spectra in (c).

To further demonstrate the deterministic nature of the emitter fabrication process, a 4 x 3 array
of blue emitters was patterned on an annealed Type I flake using a relatively low electron beam
dose of 1.2 x 10'° electrons per spot. A PL map of the array is shown in Figure 4.5(a) with
the electron irradiated spots highlighted. Brighter PL spots can be seen at these locations with
figure 4.5(b) showing the ¢(*)(0) for each numbered spot. Of these, 4 have a ¢(*) (0) value below

0.5, resulting in an SPE fabrication yield of 33 % before background correction. Although the
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remaining spots cannot be deemed as single emitters, all 12 spots show antibunching. Second
order autocorrelation functions of the 12 spots can be seen in Figure A.2. The saturation behavior
of a representative SPE is shown in Figure 4.5(c), demonstrating a saturation emission rate of

400 kHz at the detector at an excitation power of 2.6 mW.

Note that the emitter generation process is stochastic and spatial resolution is limited by the
electron beam diameter and electron straggle in hBN flakes and the underlying substrate. It is
also clear to see other bright spots corresponding to emitters likely created due to SEM imaging

during sample positioning and possible effects from back-scattered electrons.
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Figure 4.5: Confocal maps of a patterned array of blue emitters with ¢\*) (0) and saturation data.
(a) Confocal PL map of the patterned array with irradiation positions circled and numbered. (b)
Chart of g®(0) values for each emitter in (a). The dotted line signifies a g* (0) = 0.5 indicative

of isolated single emitters. (c) Saturation data from a single blue emitter in (a).

To elucidate the blue emitter generation process further, the processes are studied using hBN
samples that were grown by two methods, and optionally annealed before electron irradiation.
The function of the pre-annealing treatment is demonstrated in Figure 4.6 by CL spectra from
Type I, and Type II hBN that were irradiated in either their as-grown state (black lines) or
after annealing (red curves). The high energy peak at 216 nm is the near-bandgap emission
of hBN,'!® and the starred peak at 432 nm is the corresponding second order peak. The next
prominent feature in the spectra is a strong, narrow mid-near UV emission at 305 nm (4.1 eV)
— the ZPL of a well-documented defect '73:194223:224 that has been ascribed to carbon dimers in

221,222,157,158

the literature, and associated TO phonon replicas at 320 nm (3.9 eV) and 334 nm
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(3.7 V). A third, less intense phonon replica is seen as a shoulder at 351 nm (3.5 eV). The last
peak of interest in the spectra is the blue emission generated by electron irradiation with a ZPL.

at 436 nm (2.8 eV), 11190 which is enlarged in the panels on the right-hand side of Figure 4.6.

Flakes exfoliated from Type I hBN (grown by the HPHT method) were found to exhibit a
strong near band edge emission, and to fall into two general categories, designated Type Ia
and Type Ib in Figure 4.6(a,b). Type Ia flakes do not show the 305 nm UV emission (and the
associated phonon sideband), but instead show broad emissions centered on 259, 299 and 350
nm. Type Ib, flakes are characterised by the 305 nm UV emission (and the associated phonon
sideband). Such differences between fluorescence spectra of Type I hBN have been observed

116

previously and attributed tentatively to intrinsic defects, " *° and variations in carbon and oxygen

content. 1%

A strong correlation is observed, illustrated by the CL spectra in Figure 4.6, between the
305 nm UV emission (~ 4.1 eV) and the efficacy of electron beam irradiation at generating the
436 nm blue emitters. Specifically, the irradiation technique is ineffective in flakes exfoliated
from Type Ia hBN which do not show the 305 nm UV emission, and highly effective in Type
Ib flakes which do show the UV emission. In Type Ia flakes, the electron beam changes the
intensities of broad emissions centered on ~ 259, 299 and 350 nm, but it is very ineffective at
generating the 436 nm blue emission (Figure 4.6(a)). Conversely, in Type Ib flakes, the electron
beam does consistently generate the 436 nm emission, as is illustrated by Figure 4.6(b). This
correlation provides a strong indication that the 436 nm blue emitters are also associated with

carbon, consistent with recent modelling studies.>*!-1>3

The variability between Type la and Ib samples (which were exfoliated from a single crystal
of hBN), can be suppressed by the 1000 °C annealing treatment performed in N, prior to electron
exposure. The vast majority of annealed Type I flakes are characterised by CL spectra dominated
by the 305 nm UV emission. Electron irradiation generated the 436 nm emission consistently
and reliably in these flakes, as is illustrated in Figure 4.6(c). Note that the 216 nm near-bandgap

CL emission is very weak in annealed Type I flakes.
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Figure 4.6: CL characterisation of hBN before and after processing by an electron beam. (a - e)
Normalised CL spectra of five hBN samples before (solid lines) and after (dashed lines) electron
beam processing. Black and red curves indicate samples that were as-grown and annealed at
1000 °C, respectively. Peak positions are indicated on the plots in nanometres and electronvolts
(eV). The asterisk indicates a second order peak at 432 nm. The right panel is a close-up of the
spectral range containing the 436 nm blue emission (and a phonon replica at 461 nm) generated
by electron irradiation of hBN samples that show a sharp UV emission at 305 nm (and associated

phonon replicas at 320, 334 and 351 nm).
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Similar behaviour was observed in commercially-sourced Type II hBN. Typical CL spectra
obtained from flakes of this material before and after electron irradiation are shown in Figure
4.6(d). In as-grown samples, the spectra do not show the sharp 305 nm UV emission, and the
electron irradiation treatment is consistently ineffective at generating the 436 nm blue emission.
However, as is illustrated by Figure 4.6(e), the 1000 °C annealing treatment is again highly
effective at producing the 305 nm emission, and it greatly enhances the efficacy of electron

irradiation at generating the 436 nm blue emitters.

Now moving to a discussion on potential mechanisms behind the annealing and electron
irradiation treatments. In general, annealing can create new defects, cause the diffusion and
restructuring of existing defects, introduce impurities/dopants, and shift the Fermi level which
can alter the charge states of existing defects. Note that the annealing treatment was ineffective
at generating the 305 nm UV emission in a small subset of Type  hBN flakes (and electron beam
irradiation was ineffective at generating the 436 nm blue emitters in this small subset of flakes
both before and after annealing). These flakes are characterised by CL spectra dominated by an
intense near-bandgap emission both before and after annealing, which is an indicator of highly
pristine, high quality hBN. !13-116:233 Therefore it can be concluded that the primary function of
the annealing treatment is not to introduce new defects/impurities, but rather to restructure and
activate existing defects, which likely involve impurity atoms that were distributed unevenly in

the as-grown hBN crystal used for exfoliation.

Returning to flakes that were annealed “successfully”, yielding CL spectra dominated by
the 305 nm UV emission (Figure 4.6 (c) and (e)). The annealing increased not only the flake
sensitivity to the electron beam emitter fabrication process, but also uniformity within the flakes
— meaning that annealing increased the consistency of a linear relationship between electron
dose and intensity of the 436 nm blue emission (illustrated by Figure 4.4 (d)). This implies
that annealing homogenised the concentrations of defects responsible for the 305 nm (4.1 eV)
UV emission. In the literature, this UV emission has been associated with carbon impurities
in hBN, °*?%5 and recent modelling studies suggest the CgCy carbon dimer as the underlying

atomic structure. 2?122157:158 Hence, based on this picture, the results indicate that the annealing
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treatment gives rise to the formation of CgCy dimers in carbon-containing hBN flakes.

Next, focusing on electron irradiation. Energetic electrons can generate new defects and
restructure existing defects. At the electron energies employed here, the primary mechanism
is not the displacement of nuclei via momentum transfer (i.e., knock-on) 39.234 but instead
bond-breaking caused by electron-electron collisions, and transport assisted by drift of ionised
atoms in the presence of electric fields generated in a dielectric by an electron beam.*%!”
Bearing this in mind, with a focus on the observation that electron irradiation is effective at
generating the 436 nm blue emitters only in hBN flakes with CL spectra characterised by the
305 nm UV emission. Specifically, the possibility that the blue emitters are generated purely
because new defects are created by the electron beam is excluded. Whilst defect creation can
occur, a clear prerequisite for blue emitter generation is presence of the UV defects, and it is
reasonable to suggest that these defects are modified by the electron beam. Note also that the
PL intensity of the 436 nm emission scales linearly with electron dose, over at least two orders
of magnitude (10'° to 10'? electrons, see Figure 4.4(d), indicating that atomic drift/diffusion
through the hBN lattice is not the rate-limiting process in annealed hBN flakes. Instead, two
possibilities are considered — electron irradiation may modify the defect charge state or atomic
structure. The former can proceed directly by electron-induced charge transitions in hBN, or
indirectly via band bending>*> caused by electron beam modification of the surface. The latter
is the more likely in the light of modelling studies which indicate that the CgCy dimer is the
source of the 305 nm UV emission, and that calculated PL spectra of isolated and closely-spaced
substitutional carbon atoms resemble the 436 nm blue emission. 22158 Hence, the blue emitters
likely form via restructuring of the carbon dimers through a bond breaking-restructuring process

initiated by electron impact.

4.4.1 CONCLUSION

In this chapter, a robust approach for site-specific engineering of blue quantum emitters in
hBN was developed. This involves a high temperature anneal, pre-characterisation by CL

spectroscopy and an electron irradiation treatment. The fabricated defects emit at 436 nm (2.8
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eV) and the ability to generate these blue emitters by an electron beam correlates with the
pre-existence of carbon-related defects that emit at 305 nm (4.1 eV). The results improve present
understanding of the photophysical properties of hBN, and on the effects of electron irradiation
on defects in hBN. The blue emitter fabrication method is appealing for both fundamental studies
of quantum emitters in hBN and for their integration in photonic nanostructures — it has high
spatial resolution, generates a specific defect species characterised by an emission wavelength

of 436 nm, and the emission intensity scales linearly with electron dose.
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Manipulating the Charge State of Spin Defects in

Hexagonal Boron Nitride

5.1 PREAMBLE

NEGATIVELY CHARGED BORON VACANCIES (V™) in hBN have recently gained interest as
spin defects for quantum information processing and quantum sensing by a layered material.
However, the boron vacancy can exist in a number of charge states in the hBN lattice, but only the
-1 state has spin-dependent PL and acts as a spin-photon interface. In this chapter the charge state
switching of V, defects under laser and electron beam excitation is investigated. A deterministic,
reversible switching between the -1 and O states (V; = V]g + e7) is demonstrated, occurring

at rates controlled by excess electrons or holes injected into hBN by a layered heterostructure

93



device. This work provides a means to monitor and manipulate the V, charge state, and to
stabilise the -1 state which is a prerequisite for optical spin manipulation and readout of the
defect. This chapter includes text and figures from the peer-reviewed journal article; Gale, A.

et al, Manipulating the charge state of spin defects in hexagonal boron nitride, Nano Letters,

2023.4

5.2 INTRODUCTION

Optically-active spin defects in wide bandgap materials hold promise as qubits for quantum
information processing, and quantum sensing with nano-scale spatial resolution. Examples
include the nitrogen-vacancy (N'V ~) and silicon-vacancy (SiV ~) centers in diamond, which have

been used to achieve coherent control and manipulation of spin states . !93-236-237,238

hBN has recently emerged as a compelling wide bandgap van der Waals host of
optically-active spin defects, 14%:239:240,130.241,150,149 The most-studied spin defectin hBNis V, ™,
a negatively-charged boron monovacancy with a ground state electron spin of 1.14%220:144 The
ground state electron spin can be initialised optically, manipulated by a microwave field, and
read out using a spin-dependent PL emission at ~ 800 nm (i.e., using the ODMR technique).

However, like other spin defects in wide bandgap materials>’->4%>43

, the V defect can exist in
a number of charge states.”** It is therefore important to understand Vg charge state dynamics
and stability during optical excitation, and in environments encountered in devices and sensing
applications. In mature systems such as the NV center in diamond, charge state control
has been achieved by various methods that include chemical surface termination’**, optical

246.174 and the use of electrical devices.?*’ In the case of Vy centers such studies

manipulation
are, however, challenging because, only the -1 state of Vg has a known characteristic PL

emission that can be monitored experimentally.

This work utilises optical excitation and concurrent electron beam irradiation to demonstrate
switching as well as reversible, deterministic manipulation of the charge states of V defects in
hBN. Moreover, a layered heterostructure device is utilised to show that the switching is between

the -1 and O states (i.e., V. = Vl(s) + e7), and provide a means to stabilize the —1 state which
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is a pre-requisite for the defect to act as a spin-photon interface. These results provide insights
into Vy charge state dynamics during optical excitation, and in external environments such as
electric fields and ionizing radiation that are encountered in devices and in real-world sensing

applications.

5.3 METHODS

5.3.1 SAMPLE PREPARATION

hBN flakes were mechanically exfoliated with scotch tape onto coverslips coated with ITO to
minimise charging effects in the SEM. Prior to exfoliation, substrates were sonicated in acetone
and isopropanol (30 min each), dried under flowing nitrogen, and cleaned for 10 min using a
commercial UV ozone unit (ProCleaner Plus, Bioforce Nanosciences Inc.). Post exfoliation,

substrates with hBN flakes were annealed on a hotplate at 500 °C for 1 hour.

5.3.2 IoN IRRADIATION

To generate boron vacancies, exfoliated hBN flakes were irradiated by 30 keV nitrogen ions
using a ThermoFisher Helios G4 dual-beam. For the hBN flake in Figure 5.2, an area of 25 x
25um was irradiated using a beam current of 1.5 pA, yielding a fluence of 1.5 x 10'* ions/cm?.
For the device in Fig 5.3, the entire hBN flake was irradiated using a beam current of 59.5 pA

to a a fluence of 1.5 x 10'* jons/cm?.

5.3.3 ScANNING ELECTRON MICROSCOPE AND INTEGRATED PHOTOLUMINESCENCE SETUP

The integrated optical and electron microscopy setup shown in Figure 5.1 utilises the electron
column of an FEI DB235 dual-beam FIB/SEM instrument, and a modified Delmic SECOM CL
system with additional scanning PL capabilities.**3?*° The Delmic system incorporates an oil
objective (Nikon 60 x Plan APO 1.4 NA) with vacuum-compatible oil on a piezo-controlled
3-axis stage to align and focus the laser spot. A coverslip used to support the sample is
mounted on an independently controlled 2-axis piezo stage to allow for sample positioning. An

optically-transparent quartz window maintains vacuum in the chamber. The customised optical
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setup includes a 45 ° silver mirror below the window to direct the optical pathway from vertical to
horizontal. The custom-built laser scanning PL setup includes a fibre-coupled continuous wave
532 nm excitation laser (CNI MLL-U-532) for excitation and a 532 nm dichroic beamsplitter.
A scanning mirror (Newport FSM-300) and 4f system provides full scanning capabilities. A
568 nm long pass filter is used before a multimode fiber and either an avalanche photodiode
(Excelitas SPCM-AQRH) is used for PL mapping or a spectrometer (Andor Kymera 328i) with
a 500 lines/mm grating for spectral measurements. Individual spectra were taken using a laser
power of 400 pW and a 10 s integration time. As this system has been modified in our own
laboratory for such purposes, some further description and analysis of the system is shown in

the Appendix, Section A.4.

Electron irradiation was performed using a 5 keV electron beam. In order to achieve a
coincident laser and electron beam spot, PL. maps were taken and compared to the SEM image
of the same area, with spatial features utilised for alignment. For the experiments in Figure 5.2,
the electron beam spot was defocused to ensure the electron flux was constant across the area
excited by the laser. The electron flux was calculated from the beam current, and the electron
beam area which was measured from carbon deposits made on an unused section of the ITO

substrate.

5.3.4 OpticALLY DETECTED MAGNETIC RESONANCE

For ODMR measurements an ex-situ setup on an optical table was utilized. A 532 nm CW
laser was used for excitation and a copper wire with a diameter of 30 pm was placed near
the sample. Microwave signal from a generator (Anapico aspin) was amplified (minicircuits,
ZHL-16W-43-S+) and directed through the wire. The microwave frequency was swept between
3 and 4 GHz and the PL emission was recorded using an avalanche photodiode (Excelitas

SPCM-AQRH) with the microwave on and off.
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5.4 RESULTS AND DISCUSSION

A schematic of the experimental setup is shown in Figure 5.1(a) — a laser scanning PL system
incorporated in an SEM. The setup enables coincident irradiation of a sample by an electron
beam (yellow) and a laser (green), during PL (red) analysis. Samples used in this work are hBN
flakes that had been irradiated by 30 keV nitrogen ions to fabricate Vi defects. A schematic
illustration of a Vi defect in a single sheet of hBN is shown in Figure 5.1(b). In the -1 charge
state, Vi~ defects are characterized by a broad PL emission at ~ 800 nm (blue spectrum in
Figure 5.1(c)) and a zero-field ground state splitting of ~ 3.5 GHz between the mg = 0 and

m, = +1 spin states (Fig. 5.1(d)). 142

To begin, the effects of a 5 keV electron beam on PL from an ensemble of V,~ defects excited
by a 532 nm laser is investigated. Firstly, it is clear that in the absence of the laser, electron
irradiation did not generate any detectable V= CL, as is shown by the red spectrum in Figure
5.1(c). The electrons do, however, cause quenching of the V= PL signal, as is illustrated in
Figure 5.2(a) by six PL spectra acquired versus the flux (e “/cm?/s) of the electron beam. The
spectra are normalised to the PL spectrum measured at zero flux (i.e., in the absence of the
electron beam). The V= PL intensity decreases with electron flux, whilst the spectral shape
remains unchanged. Moreover, the quenching is reversible, as is demonstrated in Figure 5.2(b)
by the following two plots. The first, in red, is the V;~ PL intensity plotted versus electron flux,
normalised to the PL intensity at zero flux. The plot shows that the quenching is relatively weak
(~ 10%) when the electron flux is low (~ 10'5 e~/cm?/s), and that it increases to over 30% as
the electron flux is increased to ~ 3 x 106 e~/cm?/s. The second plot in Figure 5.2(b) is the
ratio of PL intensity measured before and after irradiation by the electron beam, at each electron
flux (blue). It is constant at ~ 1, showing that the quenching is not permanent — i.e., the PL
intensity recovers when the electron beam is turned off, at all values of electron flux used in the

experiment.
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Figure 5.1: Overview of the experimental setup and V defects in hBN. (a) Schematic illustration
of the experimental setup. A 5 keV electron beam (yellow) irradiates hBN supported by a coverslip
coated with indium tin oxide (ITO). An objective delivers a laser (green) that is coincident with

the electron beam, and collects light (red) emitted by hBN. BP = Band Pass Filter, BS = Beam
Splitter, DM = Dichroic Mirror, LP = Long Pass Filter, APD = Avalanche Photodiode. (b)

Ball and stick model of the V defect in a monolayer of hBN. (c) Representative PL spectrum
(blue) from an ensemble of V,,~ defects excited by a 532 nm laser in the absence of the electron
beam. Also shown is a CL spectrum (red) acquired from the same region in the absence of laser
excitation (electron beam energy = 5 keV, electron flux = 2.9 x 10'% e~ /cm?/s).

(d) Representative ODMR spectrum from an ensemble of V= defects collected ex-situ, outside the

electron microscope.

The effect of the PL excitation laser power on the PL quenching caused by the electron beam
was also studied. Figure 5.2(c) shows a plot of the V;~ PL intensity as a function of laser power
(red). In this measurement, the sample was irradiated by a 5 keV electron beam (flux=7.3 x
10'5 e~ /cm?/s), and the plotted PL intensity is normalised to that measured at each laser power

in the absence of the electron beam. The quenching caused by the electron beam is inhibited by
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Figure 5.2: Charge state manipulation of Vy defects by electron beam and laser irradiation. (a)
PL spectra of a Vi~ ensemble acquired as a function of electron beam flux (the fluxes used are
shown in the legend in units of e~ /cm*/s). The spectra are normalised to the spectrum measured

at zero flux (i.e., in the absence of the electron beam). They demonstrate quenching of the V™

PL emission by a 5 keV electron beam. (b) normalised Vi~ PL intensity plotted as a function of
electron flux (red; laser power = 400 uW). The PL intensity is normalised to that at zero flux. Also
shown is the ratio of PL intensity measured before and after electron irradiation at each electron
flux (blue), demonstrating that the PL intensity recovers when the electron beam is turned off —
i.e., the PL quenching caused by the electron beam is reversible. (c) normalised V=~ PL intensity
plotted as a function of laser power (red). In this measurement, the sample was co-irradiated

by an electron beam with a flux of 7.3 x 10" e~ /cm?/s. The PL intensity at each laser power is
normalised to that measured at zero flux. Also shown is the ratio of PL intensity measured before
and after electron irradiation at each laser power (blue), demonstrating that the PL quenching
caused by the electrons is reversible. The circles and lines in (b) and (c) are experimental data

and guides to the eye, respectively.

the laser — for example, at a relatively low laser power of ~ 10 W, the electron beam reduced
the PL intensity by ~ 40%, whilst at a higher laser power of ~ 4 x 10> W the same electron
beam reduced the PL intensity by ~ 20%. For completeness, Figure 5.2(c) shows a plot of the
ratio of PL intensity measured at each laser power before and after electron irradiation. The plot
confirms that the PL. quenching caused by electrons is reversible at all laser powers employed in

these experiments.
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To summarize, the electron beam causes quenching of Vi~ PL intensity by an amount that
scales with electron flux (Fig. 5.2(b)) and reciprocal power of the PL excitation laser (Fig.
5.2(c)). The quenching is reversible (i.e., the PL intensity is equal before and after electron
beam exposure) at all laser powers and electron fluxes investigated in this work. The electron
and laser beams therefore drive two competing, rate-limited processes that quench and recover
the Vg~ PL emission, respectively. The PL quenching rate scales with electron flux, the PL
recovery rate with laser power, and the steady state PL intensity is determined by these two
parameters. The quenching and recovery is attributed to ionization of V3~ centers and electron
back transfer to VBO defects, as is discussed below. It is also noted that the quenching magnitude
was observed to vary between different flakes of hBN. The flakes vary in their thickness, and
also likely in the densities of both Vi defects and charge traps in the surrounding environment.
The observed variations in quenching are therefore expected and consistent, qualitatively, with

a charge transfer mechanism.

A layered heterostructure device shown schematically in Figure 5.3(a) was used to inject
carriers into hBN and investigate their effects on the PL quenching effect. The device consists of
gold contacts and a pair of few-layer graphene (FLG) electrodes that encapsulate an 80 nm flake
of hBN. An optical image is shown in Figure 5.3(b) with coloured lines indicating the positions
of the hBN and FLG layers. The top FLG electrode was grounded, and a bias voltage was applied
to the bottom electrode. The device was loaded into the SEM and irradiated from the top by a
5 keV electron beam and from the bottom by a 532 nm PL excitation laser. The 5 keV electrons
penetrate through the FLG/hBN/FLG device, into the substrate, as is shown in Figure 5.3(c) by
a plot of %—f versus depth (2). %—f was simulated using the Monte Carlo package CASINO. "
It is the mean energy lost by each electron per unit distance travelled through the sample. The
area under the curve (E) is the total energy deposited into the sample per electron, and it falls34
off to zero at a depth of ~350 nm, the maximum penetration range of the electron beam. For the
flake thicknesses in this work the energy was sufficient to penetrate fully through the hBN. The

area irradiated by the laser was fully surrounded by a region of electron flux through the use of

a defocused electron beam.
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Figure 5.3: Device overview and simulated depth distribution of the 5 keV electron beam. (a)

Cross-sectional schematic of a device comprised of an 80 nm flake of hBN encapsulated by 10 nm
FLG electrodes. The device is supported by a glass coverslip substrate. The hBN is excited by a
532 nm laser from the bottom, and irradiated by a 5 keV electron beam from the top. (b) Optical
micrograph of the device. Coloured dashed lines outline the positions of the hBN and FLG layers.
(c) Simulated depth distribution of the energy loss rate (OF /0z) of a 5 keV electron incident

on the device. At each depth z, OE |0z is proportional to the generation rate of electron-hole
pairs by a 5 keV electron. The range of 5 keV electrons is ~350 nm. The vertical lines show FLG
interfaces. The top FLG electrode is at the surface, and the bottom electrode is at a depth of

90 nm.

The device bias modulates the magnitude of the V3~ PL quenching caused by the electron
beam. Specifically, as is shown by the red curve in Figure 5.4(a), application of a positive or
a negative bias to the bottom FLG electrode enhances or inhibits the quenching, respectively.
In this measurement, the laser power and electron beam flux were both fixed, and only the bias
applied to the bottom FLG electrode was varied — for example, at a bias of -6 V, the electron
beam reduced the V;~ PL intensity by ~ 30%, whilst at +6 V, it reduced the PL intensity by
~ 57%. Conversely, in the absence of electron irradiation, the device bias has no effect on the
Vg~ PL intensity. This is demonstrated by the blue plot in Figure 5.4(a), which shows that the
PL intensity does not change with bias, when measured in the absence of the electron beam.
Similarly in Figure 5.4(b) only intensity is affected under electron irradiation with no spectral

shift apparent under bias.
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Figure 5.4: Electrical modulation of the Vy charge state during co-irradiation by a 5 keV electron
beam and a laser. (a) Normalised Vg~ PL emission intensity plotted versus bias (red). The PL
intensity was measured during irradiation by electrons. The device bias modulates the magnitude
of PL quenching caused by the electron beam. Also shown is the PL intensity measured at each
bias in the absence of the electron beam (blue), showing that the device bias has no effect on

PL intensity in the absence of electron irradiation. The circles and lines are experimental data
and guides to the eye, respectively. (b) PL spectra of the Vi~ ensemble acquired versus bias
(blue-cyan) applied to the bottom FLG electrode during irradiation by the electron beam. The
spectra are normalized to the maximum intensity of a reference spectrum acquired at 0V in the

absence of the electron beam (black).

At this point, the mechanisms behind the Vi~ emission quenching effect must be discussed.
Three potential explanations are that the electron beam: (i) restructures the atomic configuration
of Vy defects or generates new lattice defects through “electron-beam-damage” mechanisms
analogous to those reported in other dielectrics®®!, (ii) promotes relaxation of excited Vg~
centers through a nonradiative pathway such as the intersystem crossing '*? responsible for V5~
ODMR contrast, or (iii) changes the charge state of V5~ centers. Of the possibilities, these
results are consistent only with the latter — specifically, the PL. quenching is due to ionization
(e, Vg — Vlg ) caused by the electron beam, and the PL recovery is due to a photo-activated
electron back-transfer process (i.e., V]g — Vg ) driven by the 532 nm laser. To substantiate this

claim, the operation of the device used in Figure 5.3 is considered in detail.

Figure 5.5(a) is a simplified flat band electron energy diagram of the FLG/hBN/FLG
heterostructure under zero bias. E. is the Fermi level; W is the work function of FLG?>?2; EG,

E. and E,; are the hBN bandgap '’ conduction band minimum and valence band maximum;
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E, and E, are the energy difference between E and the hBN conduction and valence band,
respectively; and z is distance below the top surface of the hBN layer (i.e., ‘depth’ in Figure
5.3(c)). Application of a positive or a negative bias voltage to the bottom FLG electrode

generates applied electric fields, as is illustrated in Figure 5.5(b).
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Figure 5.5: Simplified electron energy diagrams. (a) The device in Figure 5.3 with both electrodes
grounded. (b) The device with positive (left) and negative (right) bias applied to the bottom FLG
electrode. The yellow arrows indicate the flow directions of carriers in hBN. The gray arrows
represent electron-hole recombination occurring throughout the hBN layer (Egn. 5.2), and z is
distance below the top FLG electrode. The concentration of Vg defects has a minimumatz ~ 0
and a maximum atz =~ 50 nm. (¢) Electron-induced ionization (red) of a defect, ionization of an
electron in the valence band (red), and photo-excitation (green) of a defect and an electron in the
valence band. (d) Examples of transitions that involve free carriers in hBN: thermalization of hot
carriers to band edges, recombination of carriers across the bandgap, capture of a thermalized
electron at a trap state, recombination of a trapped electron with a hole in the valence band. In c)

and d) yellow and white circles represent electrons and holes, respectively.
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It is of note that the bias (of up to £8 V) had no effect on the V,~ PL emission in the absence
of electron irradiation. The device bias does, however, modulate the V= emission intensity
during electron irradiation (Fig. 5.4). The 5 keV electrons act primarily as ionizing radiation.

They penetrate the entire FLG/hBN/FLG stack (Fig. 5.3(c)) and excite carriers throughout the

heterostructure:

nes _ 1 0F
ot E, 0z

(5.1)

e . . .
Here, %‘;h is the generation rate per unit volume of hot carriers (both electrons e and holes

253

h) at depth z in the heterostructure =>°, E, is the mean energy that must be lost by the electron

beam to excite one electron-hole pair>>*, %—E is the mean energy lost at coordinate z by a beam
electron per unit distance travelled through the heterostructure (plotted for the device in Figure

5.3(¢)), and f is the electron beam flux.

Throughout the hBN layer, hot electrons and holes (n. ) are excited into the conduction
and valence band, respectively, at a rate that is proportional to %—f. These carriers cascade and
thermalize to the band edges?>> and drift towards the FLG electrodes, as shown by the yellow
arrows in Figure 5.5(b) for the case of positive (left) and negative (right) bias applied to the
bottom FLG electrode. Ultimately, the carriers either flow to the FLG electrodes, or recombine

in the hBN layer. Recombination?> can be expressed as:

on
— = UNeON 5.2

ot e hs ( )
where %—? is the carrier rate of change of concentration due to recombination (indicated by gray

vertical arrows in Figure 5.5 (b)) at coordinate z in the hBN layer, v is the minority carrier

thermal velocity, and o is the recombination cross-section.

The carriers excited by the electron beam are excited not only in the hBN layer, but also in the
FLG electrodes (as per Eqn. 5.1, and the curve of %—f versus z which is plotted in Figure 5.3(c)).
These carriers either cascade, thermalize and recombine in FLG, or are injected into hBN over

the barriers E., E,, E.» and E, ~ shown in Figure 5.5(b). In hBN, the injected carriers thermalize
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to the band edges and contribute to the drift and recombination currents, as is indicated by
the yellow and gray arrows in Figure 5.5(b). However, critically, these electrons and holes are
injected from opposite sides of the hBN layer (at z = 0 and 80 nm), and recombine as they
flow through the hBN. Consequently, the carrier concentrations vary across the hBN — when the
bottom FLG electrode is biased positive (negative), there is a net excess of holes (electrons) at
the bottom (top) of the hBN layer. This asymmetry is important because the depth distribution
of Vjy defects is not uniform, and a net excess of either electrons or holes is therefore supplied

to the defects under different bias configurations, as is detailed below.

The depth distribution of V defects in hBN is determined by the fabrication method. Here,
the defects were generated by 30 keV nitrogen ions. Their concentration has a minimum at the
top surface (i.e., at # = 0 in Figure 5.5) and a maximum at z ~ 50 nm based on Monte Carlo
simulations undertaken using the SRIM software package seen in Figure 5.6. Therefore it is clear
that the Vy; defects are concentrated preferentially near the bottom FLG electrode. Now, when
a positive bias is applied to the bottom electrode, holes are injected into hBN from the bottom
electrode, and electrons from the top electrode, as is indicated by the yellow arrows in Figure
5.5(b). These carriers recombine as they flow through the hBN layer, yielding a net excess of
holes in the V-rich region near the bottom FLG electrode. Conversely, a negative bias gives rise
to the opposite scenario — electrons are injected into the hBN layer from the bottom electrode
and holes from the top electrode. Hence, a net of excess holes (electrons) is supplied to Vg
defects when a positive (negative) bias is applied to the bottom FLG electrode, which correlates
with the enhancement (inhibition) of PL. quenching caused by the electron beam seen in Figure

54.

Furthermore, the excess of one carrier type (electrons or holes) near the bottom electrode is
exacerbated by the fact that more carriers are exited by 5 keV electrons in the bottom electrode
(80 < 2z < 90 nm) than in the top electrode (—10 < z < 0 nm), because %—f is greater in the

bottom electrode, as is seen in Figure 5.3(c). Specifically, %—E ~ 10 eV/nm and ~ 18 eV/nm in

the top and bottom FLG electrodes, respectively.
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Figure 5.6: Simulated depth distributions of the boron vacancy generation rates in an 80 nm flake
of hBN on an SiO, substrate bombarded by 30 keV N* and N," ions. The distributions show that

the Vg concentration has a minimum near the top surface, and a maximum at a depth of ~ 50 nm.

Based on the above, application of a positive (negative) bias to the bottom electrode results
in a net supply of excess holes (electrons) to Vi defects. This correlates with enhancement of
the Vi~ emission quenching (recovery) driven by the electron (laser) beam. In the presence of
excess holes, the quenching is enhanced, consistent with it being caused by ionization (V; —
VI(S) +e7). Conversely, in the presence of excess electrons, the quenching is inhibited, consistent

with it being caused by electron back-transfer (Vg +em — V5.

A consequence and a prediction of the above model is that the modulation caused by the device
bias should invert if the bias configuration is reversed. That is, application of a positive (negative)
bias to the top FLG electrode should inhibit (enhance) the quenching, respectively. This is the
opposite of the behavior seen in Figure 5.4(a), and is indeed what is observed experimentally,

as is shown by the positive slope of the guide line in Figure 5.7(a).
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Figure 5.7: Electrical modulation of the V, charge state during co-irradiation by an electron

beam and a 532 nm laser, performed by applying a bias voltage to the top FLG electrode (the
bottom electrode was grounded), reversed from the regular bias. (a) normalised V,~ PL emission
intensity plotted versus bias (triangles; the line is a guide to the eye). (b) Simplified electron
energy diagrams of the device with positive (left) and negative (right) bias applied to the top FLG
electrode (the bottom electrode is grounded). The yellow arrows indicate the flow directions of
carriers in hBN. The gray arrows represent electron-hole recombination occurring throughout the

hBN layer, and z is distance below the top FLG electrode.

These results do not reveal the exact transitions responsible for the charge state switching.
However, some discussion is presented here on the various possibilities, including speculation
on the most likely pathways. Thus, with reference to Figure 5.5(c) and (d), the following is

presented:

V, = [w]eVl +e. (5.3)

The energy needed to ionize Vz~ centers (§) is provided by 5 keV electrons which can drive
all allowed transitions between occupied and unoccupied states in hBN. That is, 5 keV electrons
can ionize Vg~ centers as well as all electron traps and electrons in the valence band of hBN.
Excitations that promote electrons into the conduction band dominate (over those that promote
electrons into trap states in the bandgap) since the transition probability scales with the density of
unoccupied (final) states.>>® Hence, the most likely V™ ionization pathways promote electrons
into the conduction band. The electrons thus liberated via the forward reaction in Equation 5.3

then cascade and thermalize to the conduction band minimum and are most likely trapped at
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defect states in the bandgap.

The 532 nm laser (hw) can excite transitions between electronic states separated by up
to 2.33 eV. Two examples are shown in green in Figure 5.5(c). Such transitions are likely
responsible for the photo-activation that leads to the formation of Vi~ via the reverse reaction

in Eqn. 5.3.

Carriers that are excited by the electron beam in the FLG electrodes and injected into hBN
cascade and thermalize to the band edges and recombine through pathways such as those shown
in Figure 5.5(d). Excess electrons promote V~ formation, likely through two mechanisms. The
first is capture of thermalized electrons in the conduction band by VBO defects. The second is
enhancement of the the laser-driven Vi~ recovery process, by populating electron traps in the
vicinity of VBO defects (i.e., by supplying trapped electrons for the laser-driven photo-excitation
process in Eqn. 5.3). Similarly, excess holes likely promote VB0 formation, via capture of holes
in the valence band by V™~ centers, and via depopulation of electron traps in the vicinity of Vg

defects.

Finally, the observation that the device bias (of up to £8 V) had no effect on the V™ emission
in the absence of electron irradiation (blue curve in Figure 5.4(a)) is considered — that is, injection
of photo-excited carriers from FLG into hBN appears to not play a role in the observed Vg~
PL emission modulation. This is not surprising since the PL excitation laser promotes Vg~
formation, and whilst electron injection from FLG to hBN is possible, the barriers for hole
injection (Ey and Ey~, shown in Figure 5.5(b)) are greater than the laser energy (/w), under all
bias configurations used in this work. The observation that the electron beam did not generate
any detectable Vi~ CL (red spectrum in Figure 5.1(c)) in the absence of laser excitation is also
notable. This is not surprising for two reasons: (i) the electrons ionize Vi~ centers, and promote
the formation of VB0 defects, and (ii) CL excitation proceeds primarily via the conduction band,
the recombination process is competitive and the most efficient pathways dominate®’ (as a
result, hBN CL spectra are dominated by emissions in the ultraviolet and blue parts of the

spectrum. 123-)

108



Further insights into the underlying mechanisms can be obtained by measurements of PL
quenching and recovery versus the energy of the excitation laser, and time-resolved pump-probe
experiments performed using pulsed electron and laser beams. Given the charge dynamics
seen for other defects in materials such as diamond, it is likely that these involve millisecond
timescales. '** Such studies may shed light on the charge transfer rate kinetics, charge trap

energies, and the roles of one and two photon absorption in the PL recovery process.

5.4.1 CONCLUSION

In conclusion, these results demonstrate reversible manipulation of the charge state of V defects
in hBN. V™ centres are ionized by 5 keV electrons, and the charge state is recovered by
photoexcitation at 532 nm. The two process rates can be modulated by injecting excess electrons
or holes into hBN using a layered heterostructure device which can be used to stabilize the -1
state of the defects. The electrical device provides a simple means to maintain V defects in the

negative charge state, and to improve the robustness of optical applications of Vi~ centers.
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Conclusion and Outlook

6.1 CONCLUSION

The chapters in this thesis outline three works focused on the creation, characterisation and
manipulation of solid state defects using charged particle microscopy. New methods and systems
were developed that led to the creation of solid state defects as well as better understanding the

behaviour for a number of defect systems.

In Chapter 3 a method was developed to deterministically create NV~ colour centres
in diamond using recoil implantation with gas-phase precursors. The method successfully
engineered the colour centres using three nitrogen containing precursors, N,, NF; and NH; using
a commercially available dual-beam SEM/FIB system. Accurate spatial placement as well as a

controlled emission intensity was demonstrated by varying the ion beam position and fluence
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respectively. Spectra and ODMR methods were used to characterise and confirm the creation
of NV~ emitters. The method removed the requirement for solid-state precursor deposition and

wet chemical etching simplifying and expanding the range of possible dopants.

The next chapters focused on single emitters in hBN. In Chapter 4 a novel class of hBN
emitter activated by electron beam irradiation in an SEM was characterised using CL and PL. A
correlation was uncovered between the ability to activate emitters and the presence of the 4.1 eV
emitters using CL spectroscopy. Modification of the existing emitter’s structural configuration
was proposed as a possible mechanism for the activation process. A 1000 °C annealing step
increased the efficiency of emitter activation and allowed for emitters to be created in wider range
of hBN including those from commercial sources. Near deterministic creation was demonstrated
including spatial and spectral selectivity and an array of single photon emitters were created with

a 33 % yield of isolated single emitters.

Finally in Chapter 5 a modified SEM system capable of in-situ PL was utilised to investigate
charge state switching of the V defect in hBN under simultaneous electron and laser excitation.
Reversible switching of the Vi -1 and 0 charge stages was demonstrated with equilibrium states
controlled by electron and photon fluxes. A graphene - hBN - graphene heterostructure device
was used to control excess charge carriers injected into the hBN, enabling a stabilisation method

to maintain the -1 charge state and maintain the addressable spin properties of the defect.

6.2 OUTLOOK

In this section I will outline some possible future direction based on both the work in this thesis

and general outlook based on the direction of current literature.

Some progress has been seen for recoil implantation methods since the publication of the
work in Chapter 3, with thin dielectric films used to implant quantum emitters into diamond. >>®
In this instance a Ga* FIB was utilised, further demonstrating the versatility of this method.

A possible direction would be to move beyond diamond and look at other host materials and

quantum emitter systems. hBN is one possible candidate with several aspects that lend itself
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to this technique. The shallow implantation depth would be suitable given the nanometre scale
thickness of hBN often used in applications. As carbon is readily available and not a typical ion
species found on FIB systems it may also be a suitable dopant given that many hBN defects are

proposed to be carbon related. 3!-221,222,157.158

For solid state emitters in hBN there are still many areas yet to explore. The recent discovery
of blue emitters in hBN has paved the way toward device integration. The work in Chapter 4
has been especially rewarding and has opened up many avenues of research that were previously
difficult or even inaccessible when working with emitters in hBN. Recent work has probed the
cryogenic properties of the emitter and experimentally demonstrated a narrow distribution of the
ZPL emissions as well as a measurement of Rabi oscillations, an indicator that the defect can
support coherent superposition. > Further to this a clear demonstration of two-photon interference
was seen using these emitters, a first for defects in hBN.?>° The deterministic nature of these
emitters has also allowed for consistent coupling of emitters to cavity devices. Previous attempts
at coupling hBN emitters to traditional photonic crystal cavity structures posed difficulties in
matching cavity mode resonances with the emitter ZPL as well as localisation of the emitters
to maximise Purcell enhancement. These efforts either achieved no coupling, used hybrid
structures or relied on a combination of many structures and narrow spectral filtering. 260261262
The ability to both match a cavity design to the ZPL emission of blue emitters, as well as an
ability to activate at the exact position, is something that has greatly increased the efficiency of
coupling emitters to photonic crystal cavity structures. Using the methods uncovered in Chapter
4 a blue emitter in hBN was coupled to a monolithic 1D photonic crystal cavity fabricated
from hBN.? Future works may also look toward alternative strategies for cavity coupled systems

including tunable plano-concave microcavities’%® or fibre-based cavities.?%*

Finally for the charge switching of the V defect undertaken in Chapter 5. Integration of
time-resolved capabilities into the SEM/PL system is a clear next step for this work. This would
require a fast beam blanker synced to the time-correlation unit. As the system already has the
capability to measure g(Q)(T) (See Appendix A.4) this should be within reach. Beyond this,

studying the effects of the electron beam on different hBN emitters is also a viable pathway
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given that little is known about the charge state of these defects.

There is still much to be studied and understood about the creation methods used to engineer
quantum emitters in diamond and hBN, so that they can be successfully integrated into future
photonic quantum technologies. Charged particle microscopy has already shown it’s suitability
as a tool to create and modify defects, but there are many remaining avenues to explore that may
increase efficiency and determinism of the utilised techniques. Fortunately, availability of new
dual-beam systems, as well as the ever increasing number of solid state defects uncovered and
studied give plenty of opportunity to continue research on these topics. The outlook is bright
when looking at the future of charged particle microscopy and their use on solid state defects for

photonic quantum technologies.
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Appendix A

A.1 SPECTROMETER COMPARISON

Three different spectrometers have been used for the experimental work presented across
all chapters of this thesis. They are the built-in CL spectrometer (Andor Kymera 193i),
main PL spectrometer (Princeton Instrument) and spectrometer utilised for work at cryogenic
temperatures (SR3031, Andor), labelled A-C respectively in Figure A.1. For correction, the same
diode laser source (peak centre at 532.3 nm) was used as a reference. The measured laser peak
profiles on each spectrometer are fitted with Voigt function. The major peak component (either
gaussian or Lorenzian peak) is determined as the laser peak. As shown above, the variance is
within 3 nm. This spectra calibration data and all spectra in this thesis are collected with 300

I/mm grating. The calibration of spectrometers (wavelength vs camera pixels) may not be a
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linear relationship, but on the same grating is comparable. For the work in Chapter 4 all three
spectrometers were utilised with the CL spectrometer is selected as the standard. Data taken

from other spectrometers has been shifted towards it accordingly. Specifically, the wavelength

values are manually adjusted, +0.89 nm for the main PL spectrometer and -2.2 nm for cryogenic
temperature spectrometer.
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Figure A.1: Three different spectrometers were utilised for the figures in this work named A-C. The

position of the fitted peaks has been written in the colour corresponding to each curve.

A.2 INDIVIDUAL CORRELATION FUNCTIONS FROM THE ARRAY IN CHAPTER 4

Correlation functions from the array in Chapter 4, Figure 4.5 can be seen in Figure A.2. The

experimental data has been fit with a three-level model:

@) () — 1 _ = =
g7 () =1—(1+a)en +aem (A.1)

Where a is the amplitude parameter, 71 and 7o are lifetime values of the excited and
metastables states respectively. No background correction has been undertaken here and it is

clear that each correlation plot all sites show non-classical g(?) (0) values ranging from 0.2-0.8.
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Figure A.2: [Individual correlation functions for blue emitters in the array from Chapter 4. The
plots are numbered 1-12 corresponding to the sites in 4.5 and have been fitted with a three-level

model in red. The g (0) values are given at the bottom of each plot.

A.3 CL MAPPING OF HEXAGONAL BORON NITRIDE

One benefit of the CL system used in Chapter 4 is the ability to take hyper-spectral maps, or
more specifically, take individual spectra at each pixel to increase the data dimensionality over
a standard panchromatic mapping. A 3 x4 array was patterned with a focused electron beam
onto a Type Ia (non annealed) flake to produced ensembles of blue emitters (dose increasing
left to right, top to bottom). To demonstrate the spatial dependence on the spectral features
of interest a hyper-spectral CL map was taken of the area (10 keV, 1 nA, 130 ms integration,
200 nm pixel spacing). The SEM micrograph shows high contrast areas at the irradiated spots

without a regular contrast visible across the remaining regions of the hBN flake. The dark spot is
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likely due to some contamination during exfoliation. Hyper-spectral CL maps uncover a wealth
of information about the spatial location of important spectral features. The CL maps in Figure
A.3 show the intensity of the spectral features listed. These correspond to approximately the
band-edge emission of hBN (215+12.5 nm), UV defect induced emissions from grain boundaries
and possible strained regions (245+12.5 nm), the 4.1 eV emission (315425 nm) and the blue
SPE emission (455+25 nm). A CL spectra with these regions shaded have been taken at the
location of a blue emitter showing the typical emissions. It is notable that the peak at ~430 nm

is due to the second-order band-edge emission and not the blue emitters.

Focusing firstly on the two highest energy filtered maps shows a relatively homogeneous
band-edge emission on most of the region. The irradiated spots are notably lower intensity,
possibly indicating a reduced crystalline lattice due to electron induced modification or possibly
competitive recombination pathways with the blue emitters formed at these regions. ' '° The next
highest energy map shows brighter regions not visible in the SEM image. These are likely
from grain boundaries or dislocations resulting in trapped excitons at defect sites along these
regions. '80-265 The inverse can be seen in the band-edge emission map with faint dark lines
corresponding to the bright regions in aforementioned map. Next looking at the two lower energy
regions, approximately corresponding to the 4.1 eV emission and blue emitter regions. The
map of the 4.1 eV emission shows a patchy but relatively consistent emission across the flake.
There is an increase in intensity toward the upper edge of the flake possibly indicating a higher
concentration of the particular defect sites in this region. CL studies of these defects have shown
such inhomogeneity in individual flakes based on the location of carbon rich domains. '>> Similar
to the higher energy maps, dark spots are seen at the irradiation sites, indicative of a competitive
recombination pathway, or speculatively, based on the work in Chapter 4, a modification of the
defect to the blue emitter configuration.® Given sufficient resolution of the map, it is possible

that individual 4.1 eV emitters could be isolated. 123116

Focusing finally on the map filtered for blue emission, distinct bright regions are present at
irradiated sites as expected from focused electron irradiations.>!®! It is clear that additional

irradiations from SEM imaging and the CL mapping have also activated such emitters across
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the flake with point-like bright regions distributed across the flake itself.
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Figure A.3: An SEM micrograph, PL confocal map and Hyper-spectral CL maps filtered with the
centre wavelength, x and bandwidth, y in the format x  — y nm of a Type I hBN flake with 3 x4
array patterned with focused electron irradiation. (bottom panel) Selected CL spectra from an

irradiated region with the filtered spectral regions highlighted.
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A.4 CHARACTERISATION OF THE INTEGRATED CONFOCAL MICROSCOPE ON SEM

A.4.1 CONFOCALITY

As the optical system used in Chapter 5 was scratch-built to suit the experimental needs, some
optical characterisation is necessary to properly understand the limits of the system. To first
characterise the theoretical lateral resolution of the system the Rayleigh criterion can be applied
(Eq. A.2). This equation gives the smallest distance in which two point like emitters can be

resolved.

B 1.22)
NAobj + NAcond

R (A2)

With R the resolution limit, A\, wavelength of excitation laser, and NA,; and NA,  the
numerical aperture (NA) of the objective and condenser lens respectively. Calculating for this
setup with a 1.4 NA oil immersion objective and 0.4 NA condenser lens to the collection fibre

give a theoretical resolution limit of 360 nm with 532 nm excitation.

For a confocal microscope setup, a pinhole is required to remove signals from out of focus
regions. Rather than a traditional pinhole, the setup uses the core diameter of the collection fibre
to achieve this confocality. Generally confocality is achieved when the core size is approximately
equal to the diameter of 1 Airy Unit (AU), or more specifically the diameter of the central
intensity maximum to the first diffraction minimum known as the Airy Disk, when taking into
account the magnification of the system. The radius of the Airy Disk (74;,) can be calculated
using Equation A.3 below. It is similar to the Rayleigh criterion however only relies on the
wavelength and NA of the objective. In order to account for the magnification of the system, the

back-projected pinhole radius (rppp) can be calculated using Equation A.4.

0.61\

Tairy = NAobj (A-3)

T'pinhol
rBPP = T (A4)
Msystem
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With 7pinnote the true pinhole radius and Mgy sien, the magnification of the entire system
taking into account objective and fibre coupling lens. For this system 74, is calculated to
be 232 nm. For true confocality to be met the back-projected pinhole radius (rgpp) should be
approximately equal to 74;y,,. For this system the current 7 g pp is 3470 nm. In terms of airy units
this corresponds to a value of ~15 AU. In order to achieve confocality either the focal length of
the fibre coupling lens could be increased or the pinhole radius reduced. Increased confocality
would bring other benefits to the system, including an ability to pinpoint laser excitations to a
specific depth, esepecially important when dealing with non-uniformity of SPEs in solid state

samples.

A.4.2 ADDITIONAL TESTING

Also included here are some maps and spectra taken from early testing of the same setup. Bulk
MoS, was exfoliated onto an ITO coverslip. Monolayer regions were identified and subsequent
PL map and spectra were taken as seen in Figure A.4. The bright and dim regions on the confocal
map (Fig. A.4 (a) correspond to mono and bi-layers respectively. Monolayers of TMDCs have
shown strong luminescence due to their direct band nature at the monolayer limit with spectra
taken from monolayer regions (Fig. A.4 (b)) showing typical PL emission at ~690 nm.”% The
setup also shows negligible background from the substrate. Spectra from a single emitter in hBN
was also recorded as seen in Figure A.4(c). The corresponding (%) (7) measurement can be seen

in Figure A.4(d), with ¢®(0) > 0.5
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Figure A.4: a)A confocal PL map of an exfoliated MoS, flake taken using the integrated CL/PL
setup in 5. The bright regions correspond with atomically thin monolayer portions of the flake. b)
Spectra taken from the bright monolayer regions in a). c) Spectra of a single emitter in hBN. d)

Corresponding g (1) measurement from the emitter in c).
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A.4.3 SETUP IMAGE

As a final addition to this Appendix, I thought it would be fitting to include an image of the setup
that I am particularly fond of. Whilst not adding much to the overall story of this work (except
maybe to highlight the compact nature of the optical pathway). It took many hours of work to
get the system up and running, and at times it appeared that it would never see the light of day.
I am proud of what was done and the results that were collected by this setup, so if nothing else

this is for me.

Figure A.5: Image of the optical setup on the SEM, illuminated by green and red lasers as well as

the white imaging LED.
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